Proceedings of
The 14th Mechatronics Forum International Conference

Mechatronics 2014
June 16-18, Karlstad University, Sweden

In cooperation with IMechE, supported by City of Karlstad, and co-organised by University of Skövde

Disclaimer
The papers published in these proceedings reflect the opinion of their respective authors.
Information contained in the papers has been obtained by the editors from sources believed to
be reliable. Text, figures, and technical data should have been carefully worked out. However,
neither the publisher nor the editors/authors guarantee the accuracy or completeness of any
information published herein, and neither the publisher nor the editors/authors shall be
responsible for any errors, omissions, or damages arising out of this publication. Trademarks
are used with no warranty of free usability.

Copyright
©2014 Mechatronics 2014. Personal use of this material is permitted. However, permission to
reprint/republish this material for advertising or promotional purposes or for creating new
collective works for resale or redistribution to servers or lists, or to reuse any copyrighted
component of this work in other works must be obtained from the Mechatronics 2014
organisation at Karlstad University. However, authors retain the right to reuse, print, publish
or otherwise distribute their own papers or parts thereof.

Proceedings of the 14th Mechatronics Forum International Conference,
Mechatronics 2014

Published by Karlstad University, Sweden
ISBN 978-91-7063-564-9

Proceedings of the 14th Mechatronics Forum International Conference, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

Editorial: Welcome to Mechatronics 2014 in Karlstad, Sweden
With the 14th Mechatronics Forum International Conference, we celebrate 25 years of Mechatronics
Forum conferences. Ever since the first conference in 1989 in Lancaster, the conference has
succeeded in bringing together mechatronics experts, academic researchers and industrial
practitioners alike, from all over the world in order to present and discuss new results and trends in
mechatronics and to act as a stimulus for intensifying mechatronic approaches in research and
product development. With its track record, the Mechatronics Forum conferences are the oldest
series of mechatronics conferences still running.
With the 2014 event, jointly organised by Karlstad University and the University of Skövde with
financial support from the City of Karlstad, the conference sets foot on Swedish soil for the second
time in its history. This conference would not have been possible without the dedication en
enthusiasm of many key players. Philip Moore and Andrew Plummer were among the people guiding
the conference from the side of the Institution of Mechanical Engineers. Rudolf Scheidl, chairman of
the preceding conference in Linz, provided much useful feedback and stimulated us to continue
along the path of mini-symposia. Maria Kull handled all the registration issues as well as the local
arrangements. Members of the International Programme Committee took various roles, not only in
dedicating valuable time to actively reviewing submitted papers but also in identifying Keynote
Speakers and in introducing new faces to the conference community. Through attracting new
research communities and groups to the conference, the conference is continuously being renewed
and enriched. This also demonstrates the high and ever increasing relevance of mechatronics as a
research and applications field, which is the basis for the long-standing success of the conference
series.
Mechatronics is sometimes associated with large complex systems. While such systems obviously
provide some “show cases” for mechatronics, mechatronics becomes more and more important in
our everyday life. Today, many consumer products are to some degree mechatronic products.
Furthermore, the papers in this conference witness of the increasing role for mechatronics in
environmental and social sustainability. Examples of the former are energy harvesting and
minimization of energy requirements, for instance miniature sensors that harvest their own energy.
Examples of the latter are many papers related to assisted living, which is important for an ageing
population and for an inclusive society in which people with impairments can participate actively.
The proceedings of the 14th conference contain about 90 papers which are the result of a reviewing
process that started off with over 140 abstracts submitted. This shows that the reviewing process has
been rigorous to ensure that only papers of highest quality were accepted for publication and oral
presentation. At the same time, many of the final papers included in the proceedings are authored or
co-authored by research students, showing that the conference not only seeks to include new groups
of senior researchers and industrial practitioners, but also embraces talented young researchers.
The Keynote talks will be delivered by four distinguished speakers: Prof. David Bradley will present
“Mechatronics – Past, Present and Future”, Prof. Robert Gao “Intelligent Mechatronics for Advanced
Manufacturing”, Prof. Shigeki Sugano “Human Symbiotic Robot - Design and Human Interaction”, and
Prof. Rüdiger Dillmann “Status and recent progress towards interactive cognitive robot systems”.
The aim of this publication is to present the research results in mechatronics that are now state of
the art, and indicate the possible future lines of development. The reader will appreciate the current
challenges in modeling, control, actuation, sensing of mechatronics systems and the associated
applications in industry and in society.
Leo J De Vin
Jorge Solis
Editors
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CONFERENCE HISTORY
The IMechE Mechatronics Forum
The Mechatronics Forum was established in 1990 as a special interest group dedicated to promoting
mechatronics. Originally known as the UK Mechatronics Forum, its aim was to provide a means of
promoting discussion and active interaction between people in all branches of industry, research and
education. The Forum was to enable the exchange of ideas, sharing of experience, setting of
standards and direction of initiatives within the increasingly important field. The IMechE
Mechatronics Forum, presently one of two working groups within the IMechE MICG, is initiating the
Mechatronics Conference every two years.

Previous Mechatronics Forum International Conferences:
2012 - Linz, Austria
2010 - Zurich, Switzerland
2008 - Limerick, Ireland
2006 - Malvern, PA, USA
2004 - Ankara, Turkey
2002 - Enschede, The Netherlands
2000 - Atlanta, Georgia, USA
1998 - Skövde, Sweden
1996 - Minho, Portugal
1994 - Budapest, Hungary
1992 - Dundee, UK
1990 - Cambridge, UK
1989 - Lancaster, UK

15th Mechatronics Forum International Conference:
2016 - Loughborough, UK
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Mechatronics – Past, Present and Future
Professor David Bradley

Abstract
It is now some 45 years since the term Mechatronics was introduced by Tetsuro Mori to express the increasing integration
between electronics and mechanical hardware. It is also 25 years since the first of what became the Mechatronics Forum
conference series was held at Lancaster University.
This ‘lifetime’ of the mechatronics concept also corresponds almost exactly with the academic career of the speaker, and the
content is therefore very much a personal expression and view of the changes that have taken place in technology and
education over the period, and how these changes have impacted on the ways in which mechatronics is perceived and
viewed. These changes are illustrated by reference to specific technologies and systems, and the way in which they have and
are being deployed across a range of applications. These include autonomous and semi-autonomous systems and associated
technologies along with the rise of cloud-based technologies and the Internet of Things, each of which impacts on the way
mechatronic systems are to be likely to be conceived, designed and implemented in coming years.
However, consideration is not only given in the presentation to the ways in which mechatronics and its associated
technologies have evolved, but also to the challenges facing it in the future. A number of these, ranging from ethical issues
to the changing nature of education, are put forward in the later part of the presentation to stimulate, and perhaps provoke,
discussion.

Bio-sketch
Professor David Bradley has been involved with mechatronics and engineering design since the mid-1980s when he was a
co-founder of what is now the Mechatronics Forum. His research interests over this time have generally been concerned
with the application of mechatronic principles to applications ranging from physiotherapy to power station operation. He is
currently a professorial consultant at the University of Abertay Dundee and a consultant to a research programme on lower
limb prostheses at Leeds University.As one of the founders of the Mechatronics Forum, David Bradley has been involved in
research and education in mechatronics since the mid-1980s when he was at Lancaster University. In 1989, he organised the
first in the series of Mechatronics Forum conferences and was responsible for establishing one of the first mechatronics
study programmes in the UK.
Prof. Bradley’s diverse research interests have focused on the development of mechatronic systems including advanced
robotics in construction and physiotherapy and mechatronics design principles. Current research includes the design of
intelligent and mechatronic systems, system modelling, automated systems for physiotherapy and applications in telecare
and telehealth. He has acted as a consultant on mechatronics education and has been a speaker at international conferences
and workshops, most recently in China, South Africa and South America.
Currently, Prof. Bradley is a Professorial Consultant in Mechatronic Systems at the University of Abertay Dundee, a
visiting professor at Sheffield University and a member of the Mechatronics Forum Committee as well as being a Fellow of
the IET.
He is the co-author of two textbooks on mechatronics as well as many papers on its underlying philosophy, the nature of
mechatronics education and technical issues such as construction robotics and telecare systems.
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Status and recent progress towards interactive
cognitive robot systems
Professor Rüdiger Dillmann

Bio-sketch
Prof. Dr.-Ing. Rüdiger Dillmann received his Ph. D. at the University of Karlsruhe in 1980. Since 1987 he has been
Professor of the Department of Computer Science and Director of the Research Lab. Humanoids and Intelligence Systems
at KIT. 2002 he became director and president of the Research Center for Information Science (FZI), Karlsruhe. Since 2009
he is spokesman of the Institute of Anthropomatics at the Karlsruhe Institute of Technology and founder of the KIT – Focus
Anthropomatics and Robotics.
Professor Dillmann’s research interest is in the areas of humanoid robotics with special emphasis on intelligent, autonomous
and interactive robot behaviour based on machine learning methods and programming by demonstration (PbD). Other
research interests include machine vision for mobile systems, man-machine interaction, computer supported intervention in
surgery and related simulation techniques. He is author/co-author of more than 300 scientific publications and several
books. He is Coordinator of the German Collaborative Research Center ”Humanoid Robots”, SFB 588, Editor-in-Chief of
the journal ”Robotics and Autonomous Systems”, Elsevier, and Editor in Chief of the book series COSMOS, Springer. He
is IEEE Fellow.
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Advanced Mechatronics for Intelligent Manufacturing
Prof. Dr. Robert Gao
Department of Mechanical Engineering
University of Connecticut
Storrs, CT 06269, USA

Abstract
Mechatronics describes the synergistic integration of precision engineering with advanced sensing,
embedded control, and intelligent computation to enable advanced production technologies that
automatically adapt to changing environments and varying requirements when manufacturing a variety of
products with little assistance from the operators, which is the hallmark of intelligent manufacturing.
Advanced sensing, as a key element in the mechatronic paradigm, presents the prerequisite for
realizing intelligent manufacturing. Sensors monitors production operations in real-time, often in harsh
environment, providing input for diagnosing the root cause of quality degradation and fault progression
such that subsequent corrective measures can be formulated and executed online to control a machine’s
deviation from its optimal state. With the increasing convergence among measurement science,
information technology, wireless communication, and system miniaturization, sensing has continually
expanded the contribution of mechatronics to intelligent manufacturing, enabling functionalities that were
not feasible before in terms of in-situ state monitoring and process control. New sensors not only acquire
higher resolution data at faster rates, but also provide local computing resources for autonomously
analyzing the acquired data for intelligent decision support.
This talk presents research on advanced sensing for improved observability in manufacturing process
monitoring, using polymer injection molding and sheet metal microrolling as two examples. The design,
characterization, and realization of multivariate sensing and acoustic-based wireless data transmission
techniques in RF-shielded environment are first introduced. Next, computational methods for solving an
ill-posed problem in data reconstruction are described. The talk highlights the significance of advanced
mechatronics, represented by advanced sensing and data analytics, for advancing the science base and
state-of-the-technology to fully realize the potential of intelligent manufacturing.

Biographical Sketch
Robert Gao is the Pratt & Whitney Chair Professor of Mechanical Engineering at the
University of Connecticut. Since receiving his Ph.D. from the Technical University of
Berlin, Germany in 1991, he has been working in the areas of physics-based sensing
methods, smart structures and materials, energy harvesting, multi-resolution signal
analysis, wireless communication, and energy-efficient sensor networks. He has
published two authored and edited books and over 290 scientific papers in archival
journals and peer-reviewed conference proceedings, graduated over 30 Ph.D. and M.S.
students, and holds 4 patents. For the past 20 years, his research has been continually
funded by federal agencies and the industry, including major initiatives such as
Sensors and Sensor Networks, Emerging Frontier in Research and Innovation and Cyber Physical
Systems by the National Science Foundation (NSF), and Genes, Environment, and Health Initiative by the
National Institutes of Health (NIH).
Professor Gao is currently an Associate Editor for the IFAC Journal of Mechatronics and ASME
Journal of Manufacturing Science and Engineering. He was an Associate Editor for the IEEE
Instrumentation and Measurement and ASME Journal of Dynamic Systems, Measurement, and Control.
He is a recipient of multiple awards, including the 2013 IEEE Instrumentation and Measurement Society
Technical Award, 2012 IEEE Transactions on Instrumentation and Measurement Outstanding Associate
Editor award, 1996 NSF CAREER award, and multiple best paper awards. He is a Fellow of the IEEE
and ASME, an elected Associated Member of the International Academy for Production Engineering
(CIRP), and an elected Member of the Connecticut Academy of Science and Engineering (CASE).
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Human Symbiotic Robot - Design and Human
Interaction
Shigeki SUGANO, Prof. Dr., Waseda University, Tokyo, Japan

Abstract
The development of humanoid robots which can support human labor and assist human daily activities by several combined
communication channels, such as physical interaction and information interaction, is expected to play an important role in
aging societies. Such robots are distinctively called "human symbiotic robots".
In designing of human symbiotic robots, capabilities of ensuring safety and friendliness while interacting with human must
be given top priority. Also the dexterity is required to perform various tasks with human. Under this concept, many kinds
of human symbiotic robots have been developed. However, the robot technology including safety, communication ability,
intelligence and dexterity has not been unfortunately yet to advance.
This is because conventional robotics research has mainly focused on advanced functions of robot software. We should
have more research on robot hardware. Robot intelligence is deeply related to the robot hardware structure what we call
“embodiment”. In addition, if we envisage the harmonious symbiosis of human and robots in the future, we must establish
the system by integrating robot technology and environments, especially the dexterity of robots and structures, and
functions of houses and facilities.
From the above point of view, we have studied human symbiotic robots, human-robot interaction from the point of view of
emergence of mind and intelligence, and the structured environment in the Humanoid Robot project, the WAMOEBA
project and the WABOT-HOUSE project in Waseda University.
In this presentation, I will introduce a concept and design of future robots in human daily life, human-robot interaction and a
design of the structured environment for human and robots.
Bio-sketch
Shigeki SUGANO, Dr.
Associate Dean
School/Graduate School of Creative Science and Engineering
Professor
Department of Modern Mechanical Engineering
School of Creative Science and Engineering
Waseda University

Shigeki Sugano received the B.S., M.S., and Dr. of Engineering degrees in mechanical engineering in 1981, 1983, and 1989
respectively from Waseda University. From 1986 to 1990, he was a Research Associate at Waseda University. Since 1990,
he has been a faculty member in the Department of Mechanical Engineering at Waseda, where he is currently a Professor.
From 1993 to 1994, he was a visiting scholar in the Mechanical Engineering Department at Stanford University. From 2001
to 2012, he served as the director of the Waseda WABOT-HOUSE laboratory. Since 2012, he has been the director of the
Institute for Techno-Innovation in Chubu-Area Industries. Since 2000, He has been a member of the Humanoid Robotics
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Institute of Waseda University. Since 2011, he has served as the Associate Dean of the School of Creative Science and
Engineering, Waseda University. Since 2013, he has served as the Program Coordinator of the MEXT Leading Graduate
Program: Waseda Embodiment Informatics Program.
His research interests include human-symbiotic anthropomorphic robot design, dexterous and safe manipulator design, and
human-robot communication. He received the Technical Innovation Award from the Robotics Society Japan for the
development of the Waseda Piano-Playing Robot: WABOT-2 in 1991. He received the JSME Medal for Outstanding Paper
from the Japan Society of Mechanical Engineers in 2000. He received the JSME Fellow Award in 2006, the IEEE Fellow
Award in 2007. He received IEEE RAS Distinguished Service Award in 2008, the RSJ Fellow Award in 2008, and the
SICE Fellow Award in 2011. He received RSJ Distinguished Service Award in 2012.
He served as the Secretary of the IEEE Robotics & Automation Society (RAS) in 2006 and 2007. He served as a Co-Chair
of the IEEE RAS Technical Committee on Humanoid Robotics from 2005 to 2008. He served as the IEEE RAS Conference
Board, Meetings Chair from 1997 to 2005. He served as an AdCom member of the IEEE RAS and the Associate VicePresident of the IEEE RAS Conference Board from 2008 to 2013.
He served as a Director of RSJ in 1995, 1996, 1999 and 2000. From 2007 to 2012, he served as the Editor in Chief of the
International Journal of Advanced Robotics. He served as the Head of the System Integration Division of the Society of
Instrument and Control Engineers (SICE) in 2006 and 2007. He serves as a Director of SICE in 2008 and 2009. From 2001
to 2010, he served as the President of the Japan Association for Automation Advancement.
He served as the General Chair of the 2003 IEEE/ASME International Conference on Advanced Intelligent Mechatronics
(AIM2003). He was a General Co-Chair of the 2006 IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS2006) and a Program Co-Chair of the 2009 IEEE International Conference on Robotics and Automation (ICRA2009).
He served as the General Chair of the SICE2011 in 2011. He also served as the General Co-Chair of the 2012 IEEE
International Conference on Robotics and Automation (ICRA2012), and the Program Chair of the 2012 IEEE/ASME
International Conference on Advanced Intelligent Mechatronics (AIM2012). He served as the General Chair of the 2013
IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS2013) in Tokyo.

6

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

Controlled mechanical systems, robots, and
adaptronics
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Preventing the capsize of industrial vehicles:
experimental tests on a scaled AGV
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weight and the position of the carried load can vary in a wide
range, while human operators can have only a limited
knowledge of the load inertial properties and stability
conditions.
These kind of vehicles are specifically designed to operate in
narrow spaces, privileging manoeuvrability more than
stability. Furthermore, they are used in warehouses, factories
or other industrial buildings where the presence of vehicles,
human operators and physical obstacles may increase the
accidents probability.
Many forklift manufacturers [3] worked and still work to
increase the vehicle safety and performances, to meet
customer requirements.

Abstract — The stability of industrial vehicles, such as
forklifts and lifters, is very important from a safety point
of view: these vehicles are subjected to variable loading
conditions and their design is often optimized to privilege
handling in narrow spaces instead of stability. To study in
deep the problem of vehicle capsize prevention and to
have the possibility to perform the necessary related
experiments, the authors developed a scaled AGV
(Automated Guided Vehicle). It is a three wheels
differential drive mobile robot. The forces exchanged
among the wheels and the ground are monitored using
low cost load cells. MEMS three-axial accelerometers and
gyros are installed in order to detect inertial loads and to
estimate the vehicle pose and, through a proper filtering,
the ground slope. The trajectory of the vehicle can be
controlled through the front motorized wheels, driven by
speed-controlled drivers. The implemented strategy is
able to identify the loading conditions of the vehicle; the
dedicated algorithm evaluates the position of the center of
mass from static measurements that are then further
refined when the vehicle is in motion. Once the vehicle is
in motion, the controller, to prevent the vehicle capsize, is
able to limit its forward speed without changing the
geometry of the assigned trajectory. The paper aims at
demonstrating the effectiveness of the anti-capsize
proposed approach implemented on low cost real-time
hardware. The test trajectory is composed of a straight
segments followed by narrow curves; the controller is able
to keep stable the vehicle along the curves, reducing its
speed.
I.

In particular, from the statistics about mortal accidents, three
main causes or typology of events can be identified:
1. vehicle instability: wrong load positioning or
inappropriate driver manoeuvres may lead to vehicle
instability, causing, e.g., the vehicle to capsize;
2. dropping the load: load stability on forks depends on
its correct placement/fixing, related to inertial forces
arising during the vehicle motion;
3. vehicle impacting on operators or obstacles.
Increasing the level of intelligence and automation can reduce
fatality occurrence. Many researchers have developed studies
concerning suitable control systems, able to assure the
stability of material handling vehicles, [4],[5],[6].
Two of the main characteristics of an optimal Automatic
Vehicle Protection system (AVP) should be: low cost and
flexibility. A control system, easily adjustable by regulating
few parameters, could be also appreciated in order to make it
applicable to different kinds of vehicles and different vehicle
sizes, even if wheel/suspension arrangement could not be
modified due to design and specification constraints.

INTRODUCTION

According to the statistical data available in literature [1], [2],
industrial forklifts are often subjected to accidents since the
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In past research activities the researchers of the University of
Florence collaborated with PRAMAC Group and have then
decided to design an automated system called AVP able to
identify the load inertial properties and the working plane
inclination, and, consequently, to automatically limit the
vehicle performances to prevent instability [8].
AVP should be very useful to avoid, or, at least, to drastically
reduce deadly accidents due to vehicle instability.
In addition, the AVP system also involves an acceleration
control that may be very useful to prevent load vibration or
fall from forks. As concerns the accidents related to the
potential vehicle impact on human operators or obstacles, the
proposed solution only brings indirect advantages since heavy
loaded vehicles are forced to travel with limited speed and
acceleration. In these operating conditions, the human
operator better controls the vehicle trajectory with the help of
assistance systems able to identify protected or potentially
dangerous areas [7].
II.
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Where:
x O = the centre of the motorized wheel the and origin of
the local reference system;
x (x, y, z) = axes of the local reference system;
x M = centre of the front wheels;
x C = instantaneous centre of curvature;
x β = steer angle with respect to the longitudinal axes;
x φ = angle between the direction of the center of mass
velocity and the longitudinal axis;
x zg, xg = center of mass coordinates;
x vw = driving wheel velocity;
x vg = center of mass velocity;
x Rw, Rg = curvature radii of G and O paths.

THE AVP SYSTEM: PRINCIPLE OF OPERATION

The proposed system was initially installed and tested on a
PRAMAC forklift LX45 [8], shown in Figure 1.

Figure 1. The modified forklift PRAMAC LX 45 on which the AVP system
was initially installed [8]

The LX45 forklift was modified by adding an IMU (Inertial
Measurement Unit), able to measure the vehicle
accelerations, and some further sensors (tachometers and
potentiometers) able to quantify the steering angle β and the
speed of the motorized wheel. The regulator is implemented
on an industrial PC with a real time operating system (Matlab
XPC-Target™) that is able to control the driver of the
motorized wheel. From the above described kinematic
measurements it is possible to reconstruct in real time the
complete kinematics of the vehicle, described in the scheme
in Figure 2. In particular, speed vg and acceleration ag of the
center of mass of the vehicle are described by equations (1)
,(2):
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Figure 2. Kinematic scheme of the LX45 forklift

When the vehicle in not in motion, the stability condition is
assured whenever the projection of the center of mass along
the gravity direction falls inside the support stability area.
The same approach can be used in dynamic conditions; in this
case the gravity force and the inertial forces sum has to be
taken into account in order to determine the capsize
condition. This approach, based on simple considerations, is
also known in literature [4],[5] as the “action line” method.
In particular, once the acceleration ag of the center of mass is
known from (2), the vehicle is stable if the projection of the
sum Fg of weight mg and inertial forces mag acting on the
center of mass of the vehicle lays inside the area described by
wheel contact patches, as visible in Figure 3. In particular, a
safety factor, taking into account the approximations
introduced in the model, should be considered to identify a
restricted safety area.
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The forklift, as other industrial vehicles, will carry a load
which may vary a lot: it is thus important to identify the mass
and the static properties (e.g. the position of the center of
mass) of the carried load. To this aim, the first prototype of
PRAMAC LX 45 was equipped with load cells, as displayed
in the scheme of Figure 4.
This way, it was possible to evaluate the weight of the load
and the quotes xq and zq corresponding to the planar projection
of the load. However from the static measurement it is
impossible to evaluate the quote yq. As a consequence, a first
prudential estimation of yq is performed in static conditions
and then it is updated during the vehicle motion by imposing
the equilibrium (3) according to the static scheme visible in
Figure 5.

yq

zq Pq

l z C2

C4

mq az

G


PQ

C1, C3

C2, C4

y

(3)

O

where: Pq and mq represent respectively the weight and the
mass of the load;

z

Figure 5. Estimation of the quote yq from inertial forces

Ci is the force measured by the i-th load cell.
In Figure 6, some results taken from [8] concerning the
identification of the load position during an experimental test
run are visible.

Figure 6. Identification of a the position of the center of mass of the load

III.

DEVELOPMENT OF SCALED AGV VEHICLE

The experimental activities developed with the cooperation of
the PRAMAC were limited to a very specific vehicle
architecture and sensor layout. Consequently, the authors
tried to generalize the proposed research action line for a
generic AGV with an undefined number of wheels and a
general architecture.
In particular since the capsize of a full scale industrial vehicle
proved to be quite dangerous authors developed a scaled low
cost demonstrator whose safety should be easily managed on
a research laboratory. The scaled vehicle has been developed
as a part of the project “Tecniche di monitoraggio e controllo
di veicoli basate su sensori e modelli dinamici (PRIN 2009)”;
the scaled prototype allowed testing the performance of low
cost hardware for real-time applications.
The AGV visible in Figure 8. is a differential drive mobile
robot (three-wheels). The base is made of polymethacrylate
foil with a 390x300 mm size and a thickness of 6 mm. The
foil works as frame on which most of the components are
assembled. The adopted motors are speed controlled DC
ones; and they are connected to the wheels through a plastic
gearbox (gear ratio 1:4). If higher torques are required (e.g.

Figure 3. Projection of Fg inside the safety area

Figure 4. Forks equipped with load cells
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for higher vehicle loads) also an epicycloidal gearbox, visible
in Figure 7, with a higher reduction ratio can be installed.
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The applications are uploaded on the microcontroller by
using a standard USB port, whereas communication and data
acquisition during vehicle motion is performed using
Bluetooth.
The vehicle is fed using a standard 12V accumulator; its
position can be easily modified to simulate different static
configurations and, consequently, inertial properties of the
vehicle.

Figure 7. Customized epicycloidal gearbox designed and produced in ABS
with fast prototyping techniques

The third wheel (rear wheel) is a pivoted one. Additional
pivoted wheels could be added in order to simulate vehicles
with more than three wheels.
The gearboxes and many other ABS components have been
internally designed and produced using a fast prototype 3D
printer. The frame is connected to the wheels through the load
cells, able to directly measure the vertical reaction forces
exchanged with the ground.
In particular, the cells are self-amplified through a
miniaturized conditioning device, calibrated at the MDM
Lab. A low cost triaxial accelerometer completes the sensor
set of the vehicle, which is controlled using a TI F28335
Delfino Micro-Controller, running at 150 MHz.
The board is completely programmable using MatlabSimulink and provides all the inputs and outputs needed to
acquire the sensors data (A/D converters, encoder interfaces
serial and can bus) and to control the motor drive system
(PWM outputs) which is implemented using a commercial
L298 H bridge.
The main features of the TI F28335 board are visible in
TABLE I.

Figure 8. The scaled AGV prototype [9]

The proposed control algorithm is described in Figure 9. . A
reference trajectory is generated by a “Trajectory Generator”;
the reference trajectory is compared with the current vehicle
position which is estimated on the basis of the kinematic
model of the vehicle and on the wheel rotational speeds
measured by means of two encoders. The Trajectory
Controller uses the corresponding trajectory error to generate
a command in terms of reference speeds for the two motors.
In case of detected dangerous conditions the Anti-Capsize
Controller limits the reference speed imposed by the
trajectory controller and provides the so obtained reference
values to the motor speed controller closing the loop

TABLE I.
MAIN FEATURES OF THE TI F28335 DSP MICROCONTROLLER
Data
Model
Processor
I/O Design Voltage
DMA Controller
On-Chip Memory
PWM outputs
CAN modules
SCI modules
A/D 12 bit channels
GPIO pins
Cost (estimated)

Value
TMS320F28335
150
3.3
SIX Channels
256K x 16 Flash,
18
2
3
16
88
70 (single piece),
20 or less for
large series

M

Units
[MHz]
[V]
[€]

Figure 9. Structure of the proposed controller

IV.

KINEMATIC MODEL

The vehicle kinematics is described by the scheme of Figure
10. and the corresponding relationship (4), where the
translation speed with respect to x and y axes and the yaw
rotation speed are expressed as functions of the rotation
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speeds of the right and left wheels, respectively indicated as
:
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Through the kinematic model, it is possible to calculate the
vehicle speed with respect to an absolute reference frame
(and consequently through integration the corresponding
position).

Figure 12. Continuous path produced by the trajectory generator

The control strategy to track the desired trajectory for the
AGV can be addressed in the following way. A fixed
reference system OXYZ and a second one constrained to the
vehicle (body frame), identified as OvXvYvZv, are considered.
It is thus possible to define a vector of position errors, with
respect to the desired position of the vehicle, (5)

e10 (t)
()
0
e2 (t)
e30 (t)
()

0

e t

The rotation matrix

xd t
yd t
d t

x t
y t
t

(5)

RVO between the fixed and body

reference frame is defined according to (6):
Figure 10. Simplified kinematic model of the vehicle

V.

cos
sin
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TRAJECTORY GENERATOR AND CONTROLLER
The inverse of the

The aim of the trajectory generator is to produce a reference
time law with continuous forward speed.
In particular, the traveling speed profile of the vehicle along
the path is designed considering a classical trapezoidal law,
visible in Figure 11. Moreover, the path is generated in order
to be a continuous a curve; the path is a pattern of straight
segments and arcs of circumference, as shown in Figure 12.

sin
i
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RVO matrix is equal to its transposed thus

it is possible to write the error vector as (7):

e(t)

RV0

T

e0 (t)

(7)

By deriving the error expression (7), it is possible to calculate
the components of the time derivative of the trajectory error
both in terms of longitudinal (vd, v) and turning ( d , )
velocity on the body frame (8):

e1

vd coss e3

v

e2

vd sin e3

e1

e3

Figure 11.

e2
(8)

d

In particular the controller is implemented considering two
SISO (Single Input, Single Output) PID (Proportional,
Integral, Derivative) controllers aiming to regulate separately
the vehicle speed v and the yaw/turning angle θ. In particular,
in Figure 13. some experimental results concerning a multiple
closed loop trajectory are shown: the vehicle describes three
times the same closed loop. Despite some dynamic errors
(overshoot in the turning angle after a curve), the control is
able to compensate the error with respect to the desired
position; at the end of the mission the error in terms of vehicle
position is negligible or however near zero.

Generated trapeizodal speed profile
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the speed limitation applied to the vehicle to avoid its
capsize;
Feedback Controller: the model based controller is
affected by robustness troubles, mainly caused by model
uncertainties, limited bandwidth and non-idealities of the
implemented filters and estimators (e.g. limited slope
recognition). Consequently, the authors introduced an
additional control term through the definition a penalty
state ep which is inversely proportional to the distance
between the projections P’ and the external boundaries of
the safety area. The value of ep is minimized using a PD
(proportional derivative) controller giving as output a
corresponding further reduction of the speed limitation.

Figure 13. Experimental results concerning the trajectory controller
(reference vs. measured trajectory with a travelling speed of 0.8 m/s)

VI.

SPEED MOTOR CONTROLLER

Since the controlled motor is of permanent magnet DC
type, the torque Tmotor is assumed to be roughly proportional to
the current I according to (9):

Tmotor

kT I

kT
R

Ls

V

kT

(9)

As visible in (9) the speed disturbance is roughly proportional
to the motor speed. So the voltage V applied to the motor has
to be increased proportionally to the motor speed and to the
delivered torque. Neglecting the contribution of the dynamics
of the motor circuit, the speed can be easily adjusted
regulating the applied voltage V. The PID controller adjusts
the duty cycle of the H bridge proportionally to the speed
error of the motor.

Figure 14. Action line method applied to the scaled prototype

VIII. TESTING RESULTS
The proposed approach was tested in the laboratory by
verifying the performance of the regulator.
In particular, in Figure 15. the vehicle trajectory of a
benchmark test is shown. The test trajectory is composed of
a straight segment where the vehicle accelerates from
standstill and performs the identification of the position of its
center of mass, followed by a closed loop with narrow curves,
producing an appreciable vehicle unbalance.

VII. IMPLEMENTATION OF THE AVP SYSTEM
Compared to the solution of their previous works [8], the
authors implemented the action line method directly taking
into account the measurements of the forces exchanged
between the ground and the wheels, as visible in the scheme
of Figure 14.
A 3D accelerometer is used to identify gravity direction and,
consequently the ground slope. Finally, similarly to the
original controller applied to the forklift, the inertial
unbalance of the loads during accelerations is used to
evaluate the real quote of the center of mass, which is
supposed cautiously to be initially unknown (i.e. the vehicle
load is unknown).
The implemented controller is mainly composed of two
terms:
x Model Based Controller: once the position of the center
of mass of the vehicle, the trajectory and the ground
slope are known, from the kinematic model of the
vehicle it is possible to calculate the maximum speed
corresponding to an expected projection of the vector Fg
on the borders of the safety area. This value represents

Figure 15. Test path performed by the AGV vehicle

13

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

In figures 16-18 some results of the experiment are shown.
In particular in Figure 16 the amplitude of the distance
between the safety area borders and the projection P’ of the
vehicle center of mass is displayed in two cases:
x Constant Speed (anti-capsize disabled): the vehicle
travels with a constant speed of 0.7 m/s;
x Anti-Capsize controller enabled: the anti-capsize
system is enabled so the speed is reduced to protect
the vehicle from excessive unbalance.
Looking at the achieved results, it is clearly visible that the
controller is able to keep stable the vehicle along the curves
(reducing its speed).
In order to further increase the comprehension of the results,
the position of the projection of the center mass P’ recorded
during the test mission is plotted as to the body reference
frame, OvXvYvZv..
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Figure 18. Position of the projection of the center of mass P’ with respect to
vehicle base and cautious vehicle safety area when the anti-capsize
controller is enabled

IX.

CONCLUSIONS AND FUTURE DEVELOPMENTS

A scaled prototype of an AGV has been successfully built
and used to implement and calibrate an anti-capsize control
strategy. The current vehicle configuration can be easily
adapted to simulate vehicles with different wheel and load
layout. Further research activities will be focused on a
refinement of the controller, with particular attention to the
implementation of an adaptive controller able to self-calibrate,
to better compensate un-modelled phenomena, disturbances
and uncertainties.
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Figure 16. Amplitude of the distance between the center of mass projection
P’ and the borders of the safety area

In particular in Figure 17. the position of P’ when the anticapsize controller is disabled is shown, while in Figure 18.
the same plot is given for the controlled case. It is clearly
noticeable that in case of activated controller higher
fluctuations of the position of P’ projection are measured in
longitudinal directions: these are caused by the rapid
decelerations/accelerations due to the intervention of the
controller.
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I. I NTRODUCTION

Abstract—This paper presents a wave-based bilateral teleoperation scheme for robot-environment interaction tasks. This
bilateral teleoperator is a position-force scheme where the mastermanipulator is controlled by force and the slave-manipulator is
controlled by impedance. In interaction tasks, the manipulator
encounters environmental constraints and the interaction forces
are not negligible. A solution to this problem is to control the
dynamic behavior of the manipulator in addition to controlling
its position or velocity. In order to guarantee a stable robotenvironment interaction and to compensate the position drift, a
motion-based impedance controller is integrated into the wavebased bilateral teleoperator. The controller also allows for a
suitable path tracking, despite the constraints imposed by the
environment. The impedance control scheme has two control
loops. The ﬁrst loop is an inner kinematic control loop where
the reference position for the controller is modiﬁed, according
to the contact forces measured via a wrist force/torque sensor.
The second loop is a motion controller that allows the solution of
the path-tracking problem, even when the system is acted upon
by environmental forces, enabling the slave-robot to maintain
a stable compliant behavior. The asymptotic stability of the
closed-loop slave subsystem, composed by nonlinear slave-robot
dynamics and the impedance controller, is demonstrated in
agreement with Lyapunov’s direct method. The stability, in
the presence of time delays in the communication channel, is
guaranteed because the wave-variable approach is included to
encode the force, position and velocity signals. The performance
of the proposed teleoperator is veriﬁed through some results
obtained from the implementation of tracking and interaction
tasks using a pair of robot manipulators.
Index Terms—Bilateral teleoperator, Impedance control, Interaction task, Lyapunov stability, Wave variables.

The remote control or teleoperation of robotic systems has
become a very interesting topic, because it allows to extend the
impact of control-theory advances to several ﬁelds [1]. Since
the introduction of the ﬁrst master/slave manipulator in the late
1940’s, teleoperation systems have been used for a number
of different tasks. Recently, teleoperators have been used in
[2]-[3] inspired by the Mars Rover mission, robot surgery in
remote communities [4]-[6] and war zones. Moreover, the use
of teleoperation schemes in rehabilitation assisted by robots
will become an useful application in the future [7].
Several industrial and medical processes automated by
robotic technology, require contact or interaction between the
robot manipulator and its environment. The control of this
interaction is crucial for the successful execution of many
practical tasks where the robot’s end-effector has to manipulate
an object or perform some operation on a surface [8]. During
interaction, the manipulator is required to be coupled to the
object being manipulated, i.e., the manipulator may not be
treated as an isolated system. In interaction tasks, the manipulator encounters environmental constraints and the interaction
forces are not negligible. A solution to this problem is to
control the dynamic behavior of the manipulator in addition
to controlling its position or velocity [9].
A teleoperator or teleoperation system consists of a pair of
robot manipulators connected in such a way that a human operator, handling the master-manipulator, operates in a remote
environment via the slave-manipulator [1]. In order to improve
the task performance, the contact force of the slave with the
environment can be reﬂected back to the operator. Adding
force feedback to a teleoperation system can considerably

∗ Corresponding author. The second author was supported by
PROMEP/103.5/12/3953 and PIFI, Mexico. The third author was supported
by CONACYT and PIFI, Mexico.
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improve the operator’s ability to perform complex tasks. In
this case, the system is referred to as bilateral teleoperator.
The desired goal of the slave is to follow the master’s
behavior in terms of force, position and velocity. Under ideal
conditions, this goal is easy to accomplish. However, when
the teleoperation is performed over a large distance, or when
a slow communication channel is used, time delays appear
in the transmission channel between the local and remote
environments. This time delay can cause instability [10].
Control and stability of teleoperators with time delay have
been tackled by several researchers. In [11] Ferrell presented
the ﬁrst work dealing with time delay in teleoperation. In this
case, because force feedback was not used, instability was not
a problem. In 1966 [12], force feedback was used and, in the
presence of time delays in the order of a tenth of a second, the
instability was evident. Later, Anderson and Spong [13]-[14]
proposed a control law, in order to guarantee the stability of a
bilateral teleoperator, based on passivity and scattering theory,
whereas in 1991, Niemeyer and Slotine presented the wavevariable concept, which is a method based on passivity theory
that guarantees stability in the presence of time delay [15]. The
wave transformation has been implemented in teleoperation
systems and satisfactory results have been obtained [16][19]. Recently Wang and Slotine, using contraction theory
of nonlinear systems, extended the wave-variable approach in
order to study the stability of interacting nonlinear systems
in group cooperation [20]. On the other hand, Kawashima et
al. [21] proposed a modiﬁcation of the wave-variable method
with the purpose of obtaining a better force tracking and also
to improve the phase delay induced by the latency in the
communication network.
Internet-based teleoperation is becoming very attractive
since it allows to increase the number of potential applications and an economic installation. However, one of its main
drawbacks are the variable time delays in data transmission.
Several wave-based approaches have been proposed to preserve the stability. In particular, by ensuring the passivity via
conservative energy ﬁlters [18] or time varying gains [22]-[23],
and handling packet looses and blackouts [24]-[25]. Recently,
Rodrı́guez-Seda et al. presented an experimental comparison
study [26] where the approach presented in [18] achieved the
best performance. However, in all control schemes evaluated
during the study, an increment of tracking and force errors are
observed in the presence of variable and large time delays.
In this paper, in order to guarantee a stable robotenvironment interaction and compensate the position drift, a
motion-based impedance controller is integrated into a wavebased bilateral teleoperator. The controller also allows for a
suitable path tracking, despite the constraints imposed by the
environment. The impedance control scheme has two control
loops. The ﬁrst loop is an inner kinematic control loop where
the reference position for the controller is modiﬁed, according
to the contact forces measured via a wrist force/torque sensor.
The second loop is a motion controller that allows the solution of the path tracking problem, even when the system is
acted upon by environmental forces, enabling the slave-robot
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to maintain a stable compliant behavior. In addition to the
theoretical aspects associated with the proposed bilateral teleoperator, this paper also presents simulation and experimental
results involving the use of two robot manipulators.
II. P RELIMINARIES
A. Model of the Robotic System
A simple bilateral teleoperator includes two robot manipulators: the master and the slave. During the performance of
a teleoperated interaction task, the slave-manipulator interacts
with the environment generating contact forces and motion
constraints which can be modeled.
1) Robot Manipulator: The kinematic description of the
robot’s end effector can be performed in joint-space or taskspace. In the ﬁrst case, q represents the joint coordinates
while in task-space, x represents the position between the endeffector and a ﬁxed Cartesian coordinate frame [27].
Direct kinematics mapping K : IRn → IRm , relates the joint
position vector q ∈ IRn with the task position vector x ∈ IRm ,
and is given by
x =

K(q).

(1)

The number of degrees of freedom of the robot manipulator is
represented by n while m is the dimension of its workspace.
First and second time derivatives of (1) correspond to the
differential relationships between velocities and accelerations,
respectively, of the joint and task spaces, given by
ẋ

= J (q)q̇

(2)

ẍ

= J (q)q̈ + J̇(q)q̇,

(3)

where J(q) = ∂K/∂q ∈ IR
is the manipulator Jacobian
matrix and J̇ (q) = dJ/dt ∈ IRm×n is its time derivative.
The joint-space dynamics of a n-link constrained rigid robot
manipulator, interacting with the environment, can be written
as
m×n

M (q)q̈ + C(q, q̇)q̇ + g(q) + f r (q̇) = τ − J T (q)f e

(4)

is the symmetric positive deﬁnite
where M (q) ∈ IR
inertia matrix, C(q, q̇) ∈ IRn×n is the Coriolis and centripetal
acceleration matrix, g(q) ∈ IRn is the vector of gravitational
torques, f r (q̇) ∈ IRn is the vector for the viscous-friction
torques, and f e ∈ IRm denotes the vector of contact forces
[28].
2) Environment: Two main groups encompassing several
environment models, have been used:
• Constrained. Interaction between the robot and a rigid
environment includes the models of impact, contact,
Coulomb friction, and associated constraints.
• Compliant. The environment also can be modeled as a
high-stiffness spring:
n×n

fe

=

K e (x − xe )

(5)

represents the stiffness of an
where K e ∈ IR
object located at xe ∈ IRm . This linear relationship
between force and deformation represents a ﬁrst approach
m×m
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to robot-environment modeling. Hogan [9] proposed a
dynamic-interaction model consisting of a generalized
mass-spring-damper system.

This means that the communications in wave domain is not
only passive, but also lossless. In essence the communication
channel becomes, temporarily, an energy-storage element.
2) Wave Integrals: In a wave-based teleoperation scheme,
both the master and slave robot velocities are tracked. In
theory, this also forces the robot positions to track each other,
reducing the steady-state position error to zero. However, this
relies on the numerical integration of the desired slave velocity
into a desired position, so that in practice the master and
slave may drift apart. Just as the wave signals encode velocity
and force, their integrals encode position and momentum
information. Computing and transmitting these values can
provide explicit position information and prevent the abovementioned problems. The wave integrals are given by
 t
bx(t) + p(t)
√
U (t) =
(14)
u(τ )dτ =
2b
0 t
bx(t) − p(t)
√
V (t) =
v(τ )dτ =
(15)
2b
0
where x(t) is the manipulator position and p(t) the momentum given by
 t
f (τ )dτ.
(16)
p(t) =

B. Wave-variables Method
Wave variables represent an extension to passivity theory,
which enables robustness to arbitrary time delays. Based only
on the concepts of power and energy, they are applicable
to nonlinear systems. In the wave-variable method, wave
variables are used in place of the more conventional power
variables such as velocity ẋ and force f . It can be shown
that, by transforming forces and velocities into wave variables
(u, v) for transmission through the communication channel,
systems could remain stable for any ﬁxed time delay [15].
Niemeyer and Slotine deﬁned right moving waves to be
positive and left moving waves to be negative. Therefore, the
equations that govern the transmission process are
us (t)

= um (t − Tr )

(6)

v m (t)

= v s (t − Tl )

(7)

where Tr represents the time delay from the master to the
slave and Tl represents the other time delay in the backward
direction, index m corresponds to the master manipulator
while s corresponds to the slave-manipulator. The wave transformations are given by
bẋm (t) + f m (t)
√
(8)
um (t) =
2b
bẋsd (t) − f s (t)
√
v s (t) =
(9)
2b
where the characteristic wave impedance b is a positive
constant or a symmetric positive deﬁnite matrix and assumes
the role of a tuning parameter, trading off speed of motion
against level of forces. As presented in [19], the wave-variable
approach is stable as the wave energy is temporarily stored
while the waves are in transit, making the communication
passive.
1) Passivity Condition: The passivity theorem is based on
the input-output system properties and deals with the stability
problem for linear as well as nonlinear systems. In bilateral
teleoperation, the input power Pin is given by
Pin

= ẋ f
T

0

Thus, the desired slave position is based on the master position, preventing any drift. Also notice that these developments
do not affect passivity. When the time delay varies, the
wave signal is distorted. Therefore, both the wave integral,
which determines position tracking, and the wave energy,
which determines passivity, are no longer conserved. However,
as shown in [18], stability can be preserved through the
systematic use of specially designed wave-variable ﬁlters.
III. I MPEDANCE C ONTROLLER
The impedance-control approach used in this paper corresponds to a generalization of motion control in task-space, by
choosing a desired trajectory xd . It attempts to maintain the
following dynamic relationship,
xd − x

= ẋTm f m − ẋTsd f s

= F (p)f e

(17)

where p denotes the differential operator and
F(p)

(10)

where ẋ represents the input vector and f is the output vector
of the communication system. In order to verify passivity, the
overall power input Pin entering the communications
Pin

Eds. Leo J De Vin and Jorge Solis

=

[p2 M d + pB d + K d ]−1

(18)

is the stiffness, B d ∈ IR
is the
while K d ∈ IR
damping and M d ∈ IRm×m is the inertia and they are
symmetric positive deﬁnite matrices, then F (p) is a stable
second order linear ﬁlter.
The impedance error ξ̃ ∈ IRm can be deﬁned as [29]:
m×m

(11)

is considered. Substituting the wave transformation equations,
the power input is computed as:
1
1
1
1
Pin = uTm um − v Tm v m − uTs us + v Ts v s .
(12)
2
2
2
2
In order to compute the stored energy, eq. (12) is integrated
assuming zero initial conditions
 t

 t
1
T
T
u um dτ +
v s v s dτ ≥ 0. (13)
Estore (t) =
2 t−Tr m
t−Tl

ξ̃

m×m

=

x̃ − F(p)f e

(19)

where x̃ = xd −x represents the unconstrained tracking error.
Formally, the aim of our impedance-control approach consists of selecting τ in such a way that:
lim ξ̃(t)

=

0

(20)

˙
lim ξ̃(t)

=

0.

(21)

t→∞
t→∞
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˙
then V̇ (ξ̃, ξ̃) < 0 and therefore, it is possible to conclude
that the origin of the state space is asymptotically stable in
Lyapunov sense.

Note that in absence of contact, i.e. if f e ≡ 0, the objective
of impedance control is equivalent to the objective of motion
control in task-space. Therefore, this approach to impedance
control can be seen as a motion-control approach allowing a
tolerance to error in the tracking of the desired trajectory, in
the presence of interaction forces.
The impedance control structure used in this paper is based
on the concept of inverse dynamics [30]-[31], where the robot
torques are selected as
τ

=

IV. B ILATERAL T ELEOPERATION S YSTEM
Traditionally, the bilateral teleoperators include controllers
like PD or PI, suitable for free-space robot manipulation. However, they present many limitations in interaction tasks because
the contact forces are not regulated. In order to improve the
performance in bilateral teleoperation of interaction tasks and
compensate the position drift, the impedance-control algorithm
(23) is integrated in a wave-based teleoperator. The system
includes the wave-variable transformation in order to guarantee
the stability in the communications in the presence of time
delay. The proposed teleoperation system is shown in Fig. 1.
In the position-force teleoperation scheme, the master’s
behavior is controlled by force and the slave’s behavior is
regulated using the impedance controller. The human-operator
force f h sets the trajectory xm and the velocity ẋm to be
followed by the master-manipulator. Then, the position and
velocity are encoded using the wave transformation and sent
to the slave-manipulator using the communication channel. On
the other side, the desired position xsd and velocity ẋsd for
the slave-manipulator are obtained from the wave transformation. The desired position and velocity are processed by
the impedance controller (23) in order to generate a suitable
slave’s motion, even when the slave-manipulator interacts with
the environment and contact forces f e are generated. The
impedance-controller force is given by

M (q)J −1 (q)[a − J̇ (q)q̇] + C(q, q̇)q̇ + g(q)
+f r (q̇) + J T (q)f e
(22)

with
˙
a = ẍd − p2 F(p)f e + M −1
d [K p ξ̃ + K v ξ̃]

(23)

representing a particular case of the structure presented in [32]
and where K p ∈ IRm×m is the matrix of proportional gains
while K v ∈ IRm×m is the matrix of derivative gains, both
diagonals and positive deﬁnite.
Therefore, the following closed-loop system equation can
be obtained by combining the slave-robot model (4) and the
control scheme (22), as follows,
⎡
⎡ ⎤
⎤
˙
ξ̃
ξ̃
d ⎣ ⎦
⎦
= ⎣
(24)
dt ˙
˙
−1
ξ̃
−M d [K p ξ̃ + K v ξ̃]
A. Lyapunov Stability Analysis
The equilibrium point of the system (24) exists under the
following conditions:
a) A singularity-free work space, i.e. rank[J(q)] = n, is
considered.
b) Since M d > 0 ⇒ ∃ M −1
d > 0, then

fc

K p ξ̃ ≡ 0 ⇐⇒ ξ̃ = 0.
Therefore, the origin of the state space is an equilibrium point
of the closed-loop system.
In order to carry out the stability analysis of equation (24),
the following Lyapunov function is proposed:
⎡ ⎤T ⎡
⎤⎡ ⎤
ξ̃
Kp + Kv M d
ξ̃
˙ = 1⎣ ⎦ ⎣
⎦⎣ ⎦
(25)
V (ξ̃, ξ̃)
˙
2 ˙
ξ̃
ξ̃
Md
Md

fs

(26)

˙
thus V (ξ̃, ξ̃) > 0 as well as a radially unbounded function.
The time derivative of the candidate Lyapunov function (25)
along the trajectories of the closed-loop equation (24) and,
after some algebra, can be written as:
=

T
˙T
˙
−ξ̃ K p ξ̃ − ξ̃ (K v − M d )ξ̃

˙
K p ξ̃ + K v ξ̃.

(28)

˙
= K p x̃ + K v x̃.

(29)

Because x̃ = 0 and x̃˙ = 0 when the contact occurs,
the operator can perceive the interaction. Also, this force
is encoded using wave variables and on the master’s side
the force f m is generated in order to provide the remote
information needed to improve the task performance.
The stability of the bilateral teleoperator is guaranteed since:
1) The human operator and the environment can be modeled as passive systems.
2) The operator and the environmental forces are assumed
bounded.
3) The communication channel is passive according to the
wave transformation.
4) The interaction slave-environment is stable by using the
impedance controller (23).

which is positive deﬁnite due to its quadratic form, while K p ,
K v and M d are diagonal positive deﬁnite matrices chosen in
such a way that

˙
V̇ (ξ̃, ξ̃)

=

This force is used both with the purpose of regulating the contact forces as well as obtaining a compliant slave’s behavior.
However, f c can not be used as feedback force because the
operator could not perceive the interaction. Therefore, in order
to obtain the feedback force and for the human to perceive
the contact forces, we consider only the tracking errors, i.e.
f e ≡ 0, then

K v ξ̃˙ ≡ 0 ⇐⇒ ξ̃˙ = 0

λmin {K v } > λmax {M d }.
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(27)
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Fig. 1.
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Wave-based bilateral teleoperation system with impedance control.

end-effector despite the varying time delays present in the
In order to support the theoretical development presented communication channel.
During the interaction with the wall, the contact forces
herein, this section presents the computer simulation of some
are
regulated by the impedance parameters, which were seteleoperated tasks and the experimental results of an interaclected as: K d =diag{200} N/m, B d =diag{20} N·s/m and
tion task using the proposed teleoperation scheme.
M d =diag{1} kg.
A. Robot Dynamics
The gains for the impedance controller (23) were K p =
The master and slave robots, used in simulation, are iden- diag{60.0} N/m and K v = diag{30.0} N·s/m. K p was
tical and corresponds to a serial link manipulator with two chosen on the basis of a trade-off between tracking accuracy
degrees of freedom. The robot parameters were reported in during the free motion and compliant behavior at the end[33], so the corresponding elements of the model (4) are
effector during the constrained motion, while K v was chosen
deﬁned as follows. First, the manipulator’s inertia matrix is,
in order to guarantee a well-damped behavior.
2.351 + 2(0.084) cos (q2 ) 0.102 + 0.084 cos (q2 )
On the other hand, in Fig. 3 the applied control forces to the
M (q) =
0.102
0.102 + 0.084 cos (q2 )
master
and slave manipulators, are presented. In this ﬁgure,
[Nm · s2 /rad].
(30)
a suitable force tracking can be observed, especially during
The Coriolis and centripetal acceleration matrix is,
the interaction phase. As seen in the simulation, the operator
can perceive the remote interaction between the slave and the
−2(0.084) sin (q2 )q̇2 −0.084 sin (q2 )q̇2
C(q, q̇) =
environment.
0.084 sin (q2 )q̇1
0.0
In order to compare the obtained results with previous
[Nm · s/rad].
(31)
results, the bilateral teleoperator proposed by Niemeyer and
The vector of gravitational torques is
Slotine in [17], was simulated. This teleoperation scheme
38.465 sin (q1 ) + 1.825 sin (q1 + q2 )
g(q) =
[Nm] (32) uses wave variables and a PD controller. The results of the
1.825 sin (q1 + q2 )
teleoperated task are depicted in ﬁgures 4 - 5. In Fig. 4, the
movement of the manipulators in terms of the master and
whereas the torques due to friction are


the slave end-effector paths and velocities, are presented. The
2.288 q̇1
f r (q̇) =
[Nm].
(33) master’s trajectory is followed by the slave end-effector until
0.175 q̇2
it encounters the wall, which imposes a vertical trajectory in
x = 0.4 m. In this ﬁgure, a poor position and velocity tracking,
Finally, the Jacobian matrix of the manipulator is given by
compared with the results presented in Fig. 2, can be observed.
α cos (q1 ) + β cos (q1 + q2 ) β cos (q1 + q2 )
J (q) =
[m] (34) Also, the fast overshoot generated by the interaction produces
α sin (q1 ) + β sin (q1 + q2 ) β sin (q1 + q2 )
an oscillatory behavior, which limits the use of this approach
where α y β are 0.45 m.
in tasks that involves interaction with the environment.
On the other hand, in Fig. 5 the applied control forces
B. Communication Model
to the master and slave manipulators, are presented. In this
The coupling communication channel between the robot
ﬁgure, a suitable force tracking in the absence of interaction
manipulators is a stochastic network model. Both forward
forces is observed, but an oscillatory behavior develops when
and backward are random time-varying delays with minimum
interaction occurs.
value of 100 ms and maximum value of 500 ms.
V. R ESULTS

C. Simulation Results

D. Experimental Setup

In this section, the simulation results for the proposed
teleoperator and the scheme presented in [18], are presented.
The performance is evaluated for free and constrained motion.
In Fig. 2, the movement of the manipulators in terms of the
master and the slave end-effector paths are presented. The
master end-effector position is accurately followed by the slave

In order to support the theoretical development presented
herein and with the purpose of verifying the results obtained
in simulation, the experimental implementation of the teleoperated task described in the previous section, is presented.
The experimental setup (Fig. 6) consists of two robot
manipulators, and they are communicated by sockets in a
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Trajectories and velocities of the manipulators.
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Applied forces to the manipulators.
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local TCP/IP network with time delay T = 100 milliseconds.
The master-manipulator is a Phantom Omni haptic device in
which a multithreaded application was developed in Visual
C++ running with a sample rate of 1.0 milliseconds on a 3.6
GHz Pentium-IV computer.

respectively. The servomotors are operated in torque mode,
i.e. they act as torque sources and receive an analog voltage
as a torque reference signal. Joint position data is obtained
by using incremental encoders installed in the motors while
the velocities are obtained trough numerical differentiation of
the position measurements. In order to read encoder’s data and
generate reference voltages, the robot includes a Precision MicroDynamics Inc. motion control card. The control algorithm
was written in C language and runs in real time, with a sample
rate of 2.5 milliseconds, on a 166 MHz Pentium-I computer.

The slave-manipulator consists of a two degree-of-freedom,
direct-drive robot with a force and torque sensor mounted at
the end-effector. The robot consists of two aluminum links
whose joints are actuated by two Parker Compumotor directdrive servomotors whose torque limits are 150 and 15 Nm,
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In Figure 7, the movement of the manipulators in terms of
the master and the slave end-effector paths and velocities are
presented. The master’s trajectory is followed by the slave endeffector until it encounters the wall which imposes a vertical
trajectory in x = 0.82 m. During the interaction with the wall,
the contact forces are regulated by the impedance parameters,
which were selected as: K d =diag{10} N/m, B d =diag{20}
N·s/m and M d =diag{1} kg. And the tuned gains for the
impedance controller were K p = diag{80.0} N/m and K v =
diag{6.0} N·s/m.

−0.3

Fig. 6.

Master
Slave

Experimental setup.
−0.4

Force sensing was performed by using a 6-axis force/torque
sensor ATI FT Gamma SI-130-10 with force range of ±130
N and torque range of ±10 Nm, which is mounted at the endeffector of the slave-manipulator. The acquisition card for the
sensor was installed on a 3.6 GHz Pentium-IV computer and
the signals were processed using a Visual C++ application.
In order to communicate the robot with the force sensor, a
parallel port communication protocol was developed.
Finally, the slave robot interacts with an expanded
polystyrene wall, which is a material that can be bent without
damaging the robot system. This setup enabled us to test
the proposed control strategy by achieving small, regulated,
contact forces. It is important to mention that, in the presence
of a rigid environment, the system may be forced to follow
the constraint as the motors driving the joints reach their
torque limits, without control of the interaction force. Such
a condition is not present in the experiments reported herein.

y (m)

−0.5

−0.6

−0.7

−0.8

0.55

0.6

0.65

0.7

0.75

0.8

0.85

x (m)

Fig. 7.

Trajectories of the manipulators.

Finally, in Fig. 8 the applied control forces to the master and
slave manipulators, are presented. A suitable force tracking
was observed, especially when the interaction occurs.

E. Experimental Results
The experimental results of the bilateral teleoperator proposed herein are depicted in ﬁgures 7 - 8. In order to compare
with the results obtained through simulation, the experimental
teleoperated interaction task was similar to the one explained
in the section devoted to simulation. The polystyrene wall was
placed approximately at xe =0.82 m.

VI. C ONCLUSION
In this paper, a new approach to bilateral teleoperation for
interaction tasks was presented, which uses an impedance
controller to regulate the interaction between the slavemanipulator and the environment. Wave transformation is also
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Applied forces to the manipulators.

included in this scheme in order to avoid the instability
produced by time delays in the communication channel.
It has been demonstrated that the impedance controller
leads to a closed-loop equilibrium point locally, asymptotically
stable in Lyapunov sense. Such a stability proof is important
to guarantee the suitable operation of the slave-manipulator
during the interaction task.
The performance of the proposed bilateral teleoperator was
tested by simulation and later, validated using an experimental
setup. The simulated and experimental results enabled us
to verify the ability of the proposed scheme to perform
interaction tasks. Such results also allowed us to verify a better
performance of our teleoperator in interaction tasks, compared
to the scheme proposed by Niemeyer and Slotine.
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carry. Beyond that it defines the amount of heat to be
dissipated due to friction which also leads to wear of the
components.

Abstract— In this paper we present an approach to reset a
preload loss in ball screw drives which enables to compensate
losses of positioning accuracy due to wear over lifetime. The
main purposes are reduced maintenance, longer service life and
improved workpiece quality by regenerating the desired preload
conditions which leads to a higher profit for manufacturers.

The conflict between these two requirements depends on
varying rigidity and consequently altering the inherent axial
backlash or clearance between nut, balls and shaft. For this
purpose, in current commercial BSDs, single or double nuts
(see Fig. 1) are commonly preloaded to keep the desired
pretension according to customer specifications.

For this purpose, a novel shape memory alloy actuator module
for ball screw drives has been designed. The device is developed
to be implemented in standard drives without major changes in
component design. It is installed between flanged nut and
counter nut and replaces a spacer usually needed to set a defined
preload. It is required to scale the actuator module over a wide
range of screw diameters respectively nut diameters. Besides
mechanical properties, thermal boundary conditions during
operation of the ball screw drive must be considered. A
prototype is designed and tested; measurements further show
the proof of the concept.

I.

Department of Machine Tools and Forming Technology
Technische Universität Chemnitz
Chemnitz, Germany

INTRODUCTION

Today's economic demands in manufacturing drives the
requirements for high precision and productivity rates in
machine tools design. One of the most common machine tool
drives for linear motion is the ball screw drive (BSD), which
converts rotational motion of the servo motor to linear motion
of the machine tools structural components.
The advantages of modern BSD are high rigidity and low
friction, and therefore a high efficiency of up to 98%
compared to alternative systems like rack and pinion. Due to
less friction and moderate operating temperatures, they
achieve high life expectancies. However, to achieve the
required accuracy, it is necessary to preload the BSD to avoid
backlash which is caused by the clearance between the
contacts of the ball bearings and the threads of nut and screw.
Clearance however, is needed to prevent unnecessary friction
during operation of the BSD. Different preload levels
determine the rigidity and thus the maximum load a drive can

Figure 1. Setup of a linear feed axis with ball screw drive (top), detail of
ball screw drive using double nut with spacer ring (bottom left) and single
nur with lead-offset nut (bottom right)

Moreover, preloading likewise affects friction force and
heat generation during the process. Thus, it causes a varying
initial preload and hence affects the positioning accuracy and
further the service life. In other words the higher the preload,
the greater the stiffness and wear rate. In order to overcome
this problem, an active adjustment of the preload during
operation is required.
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CURRENT STATE OF TECHNOLOGY

A. CHANGE OF PRELOAD IN BSD
In the past, many solutions to alter the preload of BSD
were proposed. Some solutions concentrated on mechanisms
being capable to read-just the preload without disassembling
the ball screw (when BSD is in standstill state), such as
expansion bolts [1], differential rings [2] or worm drives [3].
Beyond that, the first device to vary the BSD preload during
operation appeared in literature as a hydraulic piston gear [4].
Accordingly researchers enhanced the approach by developing
actuators to control the preload [5-11] of BSD. Johnstone is
using a piezomagnetic system, which is located between the
ball nut halves. It exerts a force between both ball nut halves
and varies the preloading accordingly. He also describes a
second system, where a hydraulic cylinder exerts a load to a
rotational motion between both nuts and hence that torque
changes the preload of the BSD [5]. Similarly, Black and
Andonegui apply a pair of electric motors. They are mounted
in or at the carriage connected to the nuts of the BSD [6, 9].
The method of changing the preload of BSDs as described in
[7, 8, 10, 11] is similar to [5]. Instead of using a
piezomagnetic system, they apply a piezoelectric transducer
between both ball nuts.

Figure 2. Force-displacement-temperature diagram of the extrinsic twoway shape memory effect

When an SMA element interacts with a spring load, the
element directly transforms thermal energy into mechanical
energy and generates a work output (i.e., displacement and/or
force). This work varies according to service temperatures, to
the initial pseudoplastic state and to the amount of
deformation achieved by the SMA element under the applied
spring load. Fig. 3 shows the working principle of such SMA
actuator. Actuator recovery force and stroke are represented in
path B-C´.

Preload shifts in BSD during operation due to thermal
loads can be reduced using piezoelectric actuators between the
ball screw nuts [12] or by actively cooling the nuts and/or the
spindle [13]. A component developed by Fraunhofer IWU,
which uses shape memory alloys (SMA) to compensate
thermal expansion and therefor alters the preload of BSD, was
published in [14].
B. SHAPE MEMORY ALLOYS
Due to their high specific workloads and relatively small
spatial requirements, SMA possess an outstanding potential to
serve as miniaturized positioning devices in adaptronic and
mechatronic applications. Compared to other actuators such as
hydraulics, electric motors or piezoelectric actuators, SMA
based-actuators have the highest mechanical work output per
volume.
SMA show the certain ability to recover a seeming plastic
deformation, called pseudoplastic deformation, when heated
up above the transformation temperature. A subsequent
cooling below transformation temperature doesn´t induce any
macroscopic changes. This unprompted process, between the
low temperature phase (known as martensite (Į´)) and the high
temperature parent phase (known as austenite (Ȗ)), is described
as the one-way shape memory effect. When the forward (Ȗĺ
Į´) and reverse (Į´ĺ Ȗ) phase transformations occur under
external stresses, the phenomenon is designated to be the
extrinsic two-way memory effect (TWMSE), as shown in
Fig. 2.

Figure 3. Working principle of a spring loaded SMA element ( ǻF: actuator
recovery force, ǻl: actuator recovery stroke

Literature about SMA actuators [15-17] mostly describes
approaches related to small wire diameters or thin wall strips
which apply pulling forces. In these cases, electrical current
for resistive heating or heating foils are used for activation
and/or peltier cooling units [18] for reduced backward
transformation times. In fact, this conventional way of heating
results in completely controllable and relatively fast actuators.
However, the achievable forces of such systems are usually
only a few newtons.

Further, the mechanical behavior is asymmetric and highly
non-linear with a significant change in stiffness. In order to
apply SMA in actuator devices, a reiteration of extrinsic
TWMSE (path BC) must be realized. To achieve that, an
external load is required to reassume the martensite shape
whilst cooling. In most applications these external loads are
realized by conventional pretensioned springs.

In contrast, machine tools like BSDs are subjected to huge
loads and forces and require a high structural rigidity. Their
deformations caused by thermal load, stress or wear ranks
among the sub-millimeter range. Due to these requirements,
the SMA elements geometry has to be substituted to a solid
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body. As a consequence compact bodies extend design
capabilities, which enables to apply not only tension but also
robust compression and torsion by SMA elements. However,
experimental investigations [19] show an asymmetric
mechanical behavior under load conditions. Hence, a full
comprehensive characterization for each loading condition is
needed since a direct translation of mechanical behavior from
one load condition to the other ones is not possible.
III.
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results were separated in total feed and partial feed of the
machine table. In case of maximum feed rate, the whole
1,500 mm stroke was used. In case of partial feed, the total
feed stroke was divided into three similar successive 500 mm
parts. In a second routine the three parts of the stroke range
have been sequentially driven with a short stop of 500 ms
between the movements. For acceleration and deceleration a
rate of 800 mm/s² has been used.
To investigate the temperature distribution in the ball nut,
several thermocouples were mounted on the outer diameter of
the nuts and between the contact surfaces of both nuts. Also,
significant points on the spindle itself were measured by was
stopping the movement for a short time.

TEMPERATURE DISTRIBUTION IN BSD

Compared to self-adaptive actuators, a manuallycontrolled actuator does rather not change its state by exposure
to temperature changes during operation of the machine tool.
A proper design of the SMA actuators therefore requires
precise knowledge of the temperature distribution in the BSD.

B. RESULTS
Previous investigations showed the average temperature
difference between nuts and spindle to be about 8 K. The nut
temperature was always lower than the spindle
temperature [14]. The same behavior showed the recent
investigations. Beyond that a temperature difference between
both nuts could be recognized. This is caused by the dissipated
heat from the flanged nut to the carriage.

A. EXPERIMENTAL SETUP
Experiments were carried out on a test bench comprising
of a linear motion drive unit and flanged double nut (Fig. 1
bottom left). The applied precision BSD is manufactured by
the Steinmeyer Group. Its nominal shaft diameter is 40 mm
and its shaft lead is 10 mm. The total length respectively the
bearing clearance is 2,450 mm. The support of the BSD itself
consists of a fixed bearing and a floating bearing. The moved
mass has been set to 100 kg. The system has a maximum
stroke of 1,500 mm. Fig. 4 shows the experimental setup.

However it has to be determined, that the temperature of
the spindle itself is highly position- and load-dependent. In
general both ends of the spindle show higher temperatures
than the middle as a result of frictional heat in the bearings.

To understand and analyze the thermo-mechanical
behavior of the test bench certain experimental investigations
are necessary. Firstly, reversing tests were carried out. The

The differences between the single reversing experiments
are marginal and the sequential operation shows the lowest
peak temperatures. The test regime showing the highest peak
temperatures is an oscillation close to the fixed bearing. These
values of highest importance for preselecting a suitable SMA,
The temperature profiles resulting from the tests can be found
in Fig. 5.
C. REQUIREMENTS
As a result of the previous investigations mechanical and
thermal requirements as shown in Table 1 and Table 2 were
defined.
TABLE I.

MECHANICAL REQUIREMENTS

Requirment description

Value

Actuator stroke

~ +10 μm

Actuator blocking force
(~5% Ca = 50% Fpr)

 2050 N

Actuator stiffness ( Rb/t)

 1000 N/μm

TABLE II.

THERMAL REQUIREMENTS

Requirment description

Figure 1. Test bench setup for temperature profile
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Value

Austenite start temperature As

 50°C

Austenite finish temperature ( As + 10 … 20K)

 60 … 70°C

Heating time

 180 s
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Figure 4. Temperature profile for oscillating operation (left) and sequential operation (right) for unique measuring points

IV.

DESIGN OF WEAR COMPENSATION

A. CONCEPTUAL DESIGN
There are several basic concepts for changing the preload
of a BSD. The examples shown here are applicable in double
nut systems. In contrast to single nut solutions, where a pitch
difference between nut and spindle is used to preload the
BSD, a double nut system is rather preloaded by tightening
both nuts against each other. The spacer in between is used to
align both notches and to predefine a certain preload level. In
case of too much preload, the spacer is grinded down by a few
microns to reduce its overall installation size.

Figure 7. Actuator concept three

A major drawback of concept two is the dependency on
the BSD pitch which usually differs from spindle to spindle.
Hence every spindle pitch requires a specific component
which has to be designed. That causes a variety of different
actuators and consequently increases development and
manufacturing costs.

Hence the spacer is the ideal component to add actuators
since changing its axial size directly influences the preload.
The principle of this concept is shown in Fig. 6.

A drawback of concept three is the required pulling
mechanism which has to be arranged around the BSD. This
leads to a bigger diameter which would interfere with
specifications considering cross section. Therefore concept
one has been chosen as a basis for the further component
design.
B. EMBODIMENT DESIGN
Fig. 9 shows the current state of the art design with a
spacer between both nuts. The spacer has to be replaced by an
actuator module that consists of SMA actuators, a locking ring
to keep the SMA actuators in predefined position and a
heating element to operate the SMA actuators. The conceptual
design is also shown in Fig. 9 (right).

Figure 5. Actuator concept one

Instead of changing the axial size both nuts can further be
torqued using an additional actuator. It has to be designed to
create a torsional movement instead of an axial. The principle
of this concept is shown in Fig. 7.

Figure 6. Actuator concept two

An alternative to concept one where the nuts are pushed
apart is to tighten them axially. Therefore the actuator is
placed at the end of one nut and supported at the flange. The
principle of this concept can be seen in Fig. 8.
Figure 8. Current state of the art design without actuator (left) and new
design with actuator (right)
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The mechanism requires a stroke of 10 μm to compensate
the wear in the BSD. Most SMA applications claim a life time
use and hence the applicable stress and strain is limited [20].
Since pseudo-plastic deformation and strain are equivalent and
related to the actuator’s initial length an appropriate strain
level İSMA;max is around 2 to 4%. However in most applications
the actuators are not arranged within the force flux. In case of
the BSD the actuators will rather be there with dynamically
alternating load. Therefore a maximum strain İSMA of 0.5%
was chosen. The design results in a necessary actuator length
of 2mm.

Eds. Leo J De Vin and Jorge Solis

standard BSD with flange and counter nut it uses a feather key
to keep them aligned and preloaded. The number of actuators
can be chosen to more than three to decrease the loss in
stiffness if the available space in the locking ring allows that.
The current actuator design is capable of being used for
both systems with very little adaptation needed. A virtual
prototype for each system is shown in Fig. 10.

BSDs are usually made of steel to achieve an appropriate
stiffness. However, SMA has a rather weak elasticity modulus
ESMA which is just 1/8 to 1/9 of steel (25 GPa). The objective
is to keep the overall stiffness of the BSD as high as possible
while using as little as possible SMA. For the chosen BSD a
stiffness cact of  1,000 N/μm was set to keep the difference
related to the other stiffnesses as low as possible. This is
because the total stiffness of the BSD cBSD is described by the
serial spring stiffness of each individual component:
ଵ
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Figure 9. Virtual prototype of the component design for standard BSD with
feather key (left side) and Unilock™ (right side)

(1)

The value is the same amount of stiffness as the contact
point between bearing steel ball and bearing grove. Due to its
relatively low but high enough transformation temperatures of
As = 62.2°C and Af = 106.7 measured by DSC the preferred
semi-finished SMA rods are of an alloy called “M” by SAES
Getters with a rod diameter of dSMA = 6.35 mm. This leads to
SMA actuators with an approximated stiffness cSMA of around
396 N/μm which means a total number of at least three SMA
actuators to be required.

A prototype based on the design was manufactured and
used for further examination. The amount of SMA actuators
was set to three. The prototype can be seen in Fig. 11.

C. HEATING ELEMENT DESIGN
The heating element is still under development and a final
decision will be made. At the moment it consists of an isolated
wire made of NiCr6015 with a diameter of 0.5 mm.
To estimate the required electrical power input of the
heating element, the power balance shown in (2) is used. The
electrical power Pel appears as the sum of the sensible heat of
the heating wire Pwire, the sensible heat of the locking ring Plock
and the sensible heat and the transformation heat of the SMA
actuator PSMA.
ܲ ൌ ܲ௪  ܲ  ܲௌெ

Figure 2. Current prototyp with three SMA actuators

(2)

V.

The minimum electrical power input of 52,6 W is needed
to heat the wire, the locking ring and consequently the SMA
actuators from ambient temperature up to about 70°C in 180 s
without taking thermal conduction and thermal convection
into consideration. For small parts without isolation a 30%
higher power input can be assumed, leading to a power input
of 68.4 W. This power is induced as thermal energy by the
resistance of the heating wire. A wire length of 3,000 mm was
chosen leading to a constant electrical current of 2 A at
34.2 V.

CURRENT RESULTS AND DISCUSSION

Recently a device with three actuators has been tested
under laboratory conditions. A strain/compression testing
machine was used to verify the basic mechanical operation.
The SMA actuators were deformed and inserted into the
locking ring. The actuator could be placed in between two
testing plates and a zero load contact was established.
After heating the actuator above the transformation
temperature a peak force of 20.1 kN was measured. After
cooling down to ambient temperature, a steady-state load of
1.6 kN was detectable. The difference between them is caused
by the thermal expansion of the surrounding components
including the testing machine. Thus, the system is basically
working but the remaining force is limited. A second test with
smaller dimensions and therefore limited thermal expansion,

D. DETAILED DESIGN
The actuator is supposed to be used for a wide range of
BSDs. The applied BSD used for tests features an Unilock™
called coupling of the double nut system. In contrast to the
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where only single actuators have been examined, confirmed
the previous results. The peak force due to thermal expansion
rises up to 2 kN and the steady-state load finished at about
520 N. This also concludes that only three actuators for the
actuator device are not sufficient, yet. Another actuator is
needed to comply with the premade mechanical requirements
of an actuator blocking force of  2050 N.
VI.

Eds. Leo J De Vin and Jorge Solis
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gearboxes [4],[5]) care must be taken in the identiﬁcation
process.
Different methods of friction identiﬁcation was presented in
many studies. In [6] a neural-network based friction identiﬁcation of a hydraulic actuator was shown. The same method is
applicable for identiﬁcation in other systems using different
actuators, e.g. DC or BLDC motors. A novel method of
approximation of the Tustin friction model was introduced in
[7]. The same method was used for identiﬁcation purposes
using a robotic system in [8] and was successfully applied
for a hydraulic actuator [9]. There are many different methods of identiﬁcation of dynamic (e.g. [10]) and static (e.g.
[11]) friction parameters discussed in the literature; however
practitioners and engineers prefer simpler models that can be
implemented separately in the compensation part of the control
algorithm.

Abstract—In this paper we study two approaches of static friction identiﬁcation in a pendulum system using speciﬁc controlled
motions. We use two models: the well-known Tustin model and
a polynomial model. Both models are identiﬁed using the least
squares approximation method. For the identiﬁcation generated
point-to-point trajectories are designed in such a way that
the closed-loop system guaranties constant velocity and torque
regimes needed for capturing the friction measurement points.
Simple nominal controllers (PI, PD, PID) are used in the closedloop during the friction measurement process. A model-based
compensation method is implemented for tracking improvement.
The identiﬁcation and compensation methods used in this paper
can be implemented in a straightforward way for precision
improvement of industrial mechatronic systems.

I. I NTRODUCTION
Many industrial mechatronic systems, which are used for
positioning purposes, require high precision control. The design of high precision controllers require the identiﬁcation of
the nonlinearities in the system. If the identiﬁed nonlinearities,
such as friction, are used in a model-based design, high
precession control can be achieved. Friction is present and
is an issue in almost every mechatronic system.
Friction is a nonlinear phenomena which always appears
as a resistive force produced by relative motions between
two bodies in contact. This phenomena has attracted research
interest of many scientist in different ﬁelds, e.g. in [1] internal
friction has been identiﬁed in protein folding. To describe the
behavior of friction many static and dynamic models have been
proposed [2]. Static models typically describe the friction force
as a function of velocity, dynamic models deal with behaviors
which are present in low velocity regimes, e.g. Dahl effect.
Early studies (see in [3, Figure 6.3]) show that static models
are able to describe the friction behavior well enough in their
operating range.
In order to improve tracking error of mechatronic systems,
especially at low velocity regimes, the friction parameters
must be identiﬁed properly. Using the identiﬁed parameters,
friction models can be included in the control algorithms in
order to compensate the friction force present in the system.
Since friction is dependent on many factors (e.g. temperature,
lubricant in the gearboxes, wear, backlash, ﬂexibility in the
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Drive
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Motor
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i
n
k

Fig. 1: Left: experimental setup - one link pendulum. Right:
block diagram of the system
Usually in mechatronic systems friction parameters are
slowly changing due to some external factors [5],[12]; thus
the performance of the control system is deteriorating. One
way to prevent this is to repeat the identiﬁcation process
and re-tune the compensator. Another more elegant way is to
use model-based adaptive compensation methods to estimate
the change of friction parameters over time [13] or to use
either disturbance observer or a disturbance attenuating robust
design [14], [15]. According to [16], in robotic systems, decent
improvements can be obtained by adding the static friction
compensation term to the control algorithm, assuming that a
good off-line estimation of friction parameters is obtained and
the variations of friction over time are negligible. A detailed
survey about friction models and compensation methods is
given in [17].
In this paper two types of static friction identiﬁcation

† Corresponding author: Szabolcs Fodor is with the department of Applied
Physics & Electronics, Umeå University, 901 87 Umeå, Sweden
Email: szabolcs.fodor@umu.se
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shaft of the electrical motors and serve as a torque ampliﬁer
for the manipulator joints. Gearboxes can be modeled as a
reduction of motor velocity and increase of motor torque:

methods are presented. The models used here are the well
known Tustin model and a polynomial based friction model.
The parameters for the ﬁrst model were identiﬁed based on the
study presented in [9]. For the second model a straightforward
polynomial ﬁt was used. Both identiﬁcation methods estimate
the parameters based on the least squares method. Periodical
measurements were used for the identiﬁcation process. The
modeled friction was added to the implemented position
control (PI, PD, PID) algorithms to cancel the effect of friction
force present in the system. A simple one degree of freedom
system was used for the experiments (see Fig. 1). Most of the
physical parameters (inertia, length, mass, distance of center
of gravity) of the system were obtained either from CAD
drawings and manuals or by direct measurement.
In this study an impact was put on the simplicity of identiﬁcation and compensation. We wanted a straightforward method
that can be implemented by practitioners and engineers.
The rest of the paper is structured as follows: In Section
II the dynamics of an n-degree-of-freedom manipulator, two
friction models and an approach for their identiﬁcation are presented. Section III describes the friction estimation procedure
and the designed controllers, which are used for measurements
and the compensation method. The experimental results are
presented in Section IV and the conclusion are drawn in
Section V.

q̇i =

1
θ̇i
Gri

(3)

τ g i = G r i τm i

(4)

in steady state velocity regimes. In (3) and (4) it is a requirement for Gri to be | Gri |> 1 in order to reduce the velocity
and increase the torque. With this, the gearbox introduces
supplementary friction Fgi and inertia Jgi . In order to simplify
the model all motor parameters will be reﬂected with respect
to the joint side of the manipulator [18, p. 55-56]:
†
Jm
= G2ri Jmi + Jgi
i

(5)

†
Fm
(θ̇m ) = G2ri Fmi (θ̇mi ) + Fgi (q̇i )
i

(6)

Since the control torque at the output of each joint gearbox
is generated by the motor drive, the torque which actuates the
joints is given in (4).
The dynamical model of an n-degree-of-freedom manipulator which takes into consideration the elastic effect between
the motor shaft and the output of the gearbox and the friction
in the joints is expressed as:

II. M ODELING
M (q)q̈ + C(q̇, q)q̇ + G(q) + τel + Fg (q̇) = 0

We use a one-degree-of-freedom mechatronic system, however the dynamical model is extended for an n-degree-offreedom rigid manipulator. The friction and elastic effects of
the harmonic drives are also included in the model.

(7)

where q is a vector of joint displacements, M (q) is the positive
deﬁnite inertia matrix, C(q̇, q)q̇ represents the centrifugal and
Coriolis forces, G(q) is the vector of gravitational forces, Fg
is the friction force in the harmonic drive and τel is the elastic
torque of the harmonic drive. The stiffness of the gearbox is a
function of deviation of the joint position q and the joint drive
position θ and is given by:


1
θ
(8)
τel = Kel q −
Gr

A. Actuator model with an elastic harmonic drive
Usually, the joints of a manipulator are driven by direct
current motors which deliver the control torque τmi for the
joints. In order to examine the motor currents and voltages
which in real systems are bounded, we use a simpliﬁed
dynamical model of a direct current motor. The electrical part
of the motor model in the ith joint (i = 1, ..., n) is described
as follows [18]:

where the constant Kel represents the joint stiffness. The

dii
+ Kei θ̇i
(1)
dt
with the input voltage umi , armature resistance Rmi , armature
inductance Lmi and speed constant Kei . The mechanical part
being:
dθ̇i
= τmi − Fmi (θ̇i ) + τload
(2)
J mi
dt
where Jmi is the inertia of the motor, Kti is the torque
constant, Fmi is the friction and τload is the load torque on the
motor. The control torque τmi of the motor is calculated by
multiplying the motor current ii with the torque constant Kt ,
thus τmi = Kti ii . The mechanical part of the motor model
has to be modeled together with the manipulator mechanics in
order to capture the dynamics of the coupled system. This is
done taking into account gearboxes which are connected to the

q -1/Gr * T

0.06

u m i = i i Rm i + L m i

~ Error~ [rad]
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Fig. 2: Flexible effect induced by the gearbox
relation between the load torque τload and the stiffness of the
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gearbox is given by τload = − G1r τel . Fig. 2 shows existent
ﬂexibility effect of a gearbox using a part from the trajectory
which was used in the identiﬁcation procedure. Inﬂuence of
ﬂexibility on data from constant velocity steady-state regimes
is negligible, however it is existent and needs to be taken into
account in more advanced control design.

friction model we implement a simple model based compensation method.
A. Friction curve measurement
In a n-degree-of-freedom manipulator when only one joint
moves in constant velocity regimes and the others are ﬁxed,
the inertia matrix M (q) can be discarded since the acceleration
q̈ ≈ 0. Since the other joints are not moving and the velocity
is in the steady state regime the Coriolis and centrifugal forces
are negligible C(q̇, q) ≈ 0 as well. The ﬂexibility in harmonic
drives is also negligible, since it is assumed that during
steady state velocity motions this effect is not inﬂuenced [12].
Combining (2), (7) and the relation between τload and τel will
result in:
† ˙
Fm
(θi ) = Gri τmi − G(q)
(12)

B. Friction modeling
The essentially non-linear behavior of friction is important
to model in the low velocity regimes. If ﬂuid lubrication is
existent in the harmonic drives, at low velocity regimes, we
can expect decreasing friction force with increasing velocity.
This behavior of friction is called the Stribeck phenomena.
Since this phenomena is dependent on ﬂuid lubrication it is
not always possible to capture it in identiﬁcation processes.
In our study two static friction models were used. Both of
them include the Stribeck phenomena. The ﬁrst one is the well
known Tustin model:


−|θ̇ |/θ̇
†
Fm
(θ̇i ) = FCi + (FSi − FCi )eSi i S sign(θ̇i ) + FVi θ̇i
(9)
where FC is the Coulomb friction coefﬁcient, FS is the
static friction coefﬁcient, FV is the viscous friction coefﬁcient
and θ̇S is the Striebeck velocity. It is noticeable that the
upper model has an exponential term. With this, the model
can describe the Stribeck phenomena. To implement direct
compensation the friction model parameters must be identiﬁed.
The ﬁrst identiﬁcation algorithm is based on model (9).
According to this model the friction curve will be exponential.
A linear approximation of the exponential curve is used to
identify the friction parameters. Imagine this approximation
with the help of two lines a and b. The ﬁrst line a is ﬁtted on
the ﬁrst part of the friction curve from 0 to θ̇S and the second
line b on the second part from θ̇S to θ̇max . The aforementioned
method is used for the linearizion of the friction curve and
friction parameter identiﬁcation. The method is detailed in [7]
and [8].
The second model is polynomial. The friction curve is
approximated using an nth order polynomial. Since the positive and negative part of friction will be different, separate
approximations are needed:
†
+
+
n
(n−1)
... + a+
Fm+
= a+
n θ̇ + a(n−1) θ̇
1 θ̇ + a0

θ̇ > 0 (10)

†
−
−
n
(n−1)
= a−
... + a−
Fm−
n θ̇ + a(n−1) θ̇
1 θ̇ + a0

θ̇ < 0 (11)
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Position[rad]

In order to capture the friction points, the planned trajectory
for the identiﬁcation must have approximately constant velocity and motor current regimes. Each friction point is given by
the average of the velocity θi and the motor torque τmi over
such regimes. The planned trajectories must excite the system
trough different steady state velocity regimes which cover the
operation range of the system.
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˙
Fig. 3: Generated reference trajectories (θ̂ref , θ̂ref ) for the
identiﬁcation process

a+
(n...0)

where the coefﬁcients of the polynomials are
= 0 and
−
a(n...0) = 0. The order of the polynomial is up to the user to
decide, but according to our observations in most cases a 3rd
or 4th order polynomial ﬁts well the friction curve. For the
approximation the polyf it Matlab command is used which ﬁts
the data in a least squares sense.

The planned trajectory (see Fig. 3), goes through several
steady-state velocity regimes from low to high velocities and
from high to low velocities. This way two friction characteristics can be obtained in one experiment. The planned
trajectories are generated using simple point-to-point trajectory
generation techniques.
Care must be taken with the gravitational forces during
the identiﬁcation experiment. If it is existent, the measured
velocities and currents will not have constant regimes, this
is why the effect of gravity needs to be removed from the
experimental data before capturing the average velocity and
motor torque values.

III. O FF - LINE FRICTION IDENTIFICATION PROCEDURE AND
COMPENSATION

We use controlled motions to identify the friction in our onedegree-of-freedom pendulum system. Simple nominal controllers are implemented for this purpose. Using the identiﬁed
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IV. E XPERIMENTS

If the physical parameters (distance to center of mass, mass,
inertia) of the link are known, gravity can be removed using
a simple model which simulates the gravitational forces based
on the link parameters. Another solution of removing the
gravity from the friction torque is of planing the motion of
the link to exert forward-backward motions at given constant
velocities. This way the directional dependencies of friction
are neglected and the gravitational forces are separated from
friction forces using the method presented in [5] assuming
certain symmetry.
In our experiments the ﬁrst method was used since all the
physical parameters of the link were known.

For the experiments a one-degree-of-freedom pendulum
system was used (see Fig.1). The link is driven by a 24
[V] PENTA 1M type DC servo motor. An E-MOTION SCASS-70-10 servo ampliﬁer is used for control and monitoring
purposes of the motor drive. The ampliﬁer is a PWM-module
designed for brushed DC motors which provides an output
range up to 700 [W] with 10 [A] nominal current. We saturated
this to our actuator limits with a rated power of 70 [W]
and 3.65 [A] nominal current. The shaft of the DC motor
is connected trough a harmonic drive to the link with a gear
ratio Gr = 50. The position on the motor side is measured
with 150 Pulses Per Revolution incremental encoder and the
position on the link side with a 5000 PPR incremental encoder.
The position and velocity on the motor respectively link side is
calculated based on the measured frequency of the incremental
encoders.

B. Closed-loop controllers used in identiﬁcation
We implemented basic PD, PI, and PID position controllers
with gravity compensation for the identiﬁcation procedure:


1
de
τm i = Kp e + T d
+
G(qi )
(13)
dt
Gri

τm i = K p

τm i = K p

1
e+
Ti

1
e+
Ti






edτ

de
edτ + Td
dt

Link
Encoder

1
G(qi )
+
Gri


(14)

1
G(qi )
+
Gri

(15)

Pendulum
+

DAC

ADC
ds1103

Fig. 5: Experimental setup
A PC is equipped with a data acquisition card which
provides the connection to a dSPACE-DS1103 controller
board. All the measured signals of the experimental setup
are connected to the aforementioned controller board. The
control input is transfered from the PC to the servo ampliﬁer
by an analog voltage. The servo ampliﬁer is also used for
measurement purposes of the motor current. In Fig. 5 a
simpliﬁed block diagram of our experimental setup is shown.
A. Friction measurement and identiﬁcation results
During the experiment the reference trajectory for the
pendulum was planned to cover its whole operating range
(±2π[rad] ). The reference position is generated based on
a linear increase of the reference velocity with a step of
Gr ·0.004[rad/s]. A friction measurement point is determined
by capturing the mean value of the velocity and current in
steady-state regimes. The torque constant Kt of the actuator
is used to calculate the torque τm which is proportional with
the measured current of the DC motor.
We used linear least squares method for identiﬁcation of
the friction parameters. In the ﬁrst case the parameters for the
Tustin model are identiﬁed with the help of two lines, in the
second case a 4th order polynomial is used for the ﬁt. The
friction identiﬁcation results can be seen in Fig. 6 to Fig. 8
and Table I to Table VI.
It is noticeable from the identiﬁcation results that the
parameters do not have a drastic change from the controller
point of view used for measuring the friction curves.

Modeled
Friction

Nominal
Controller

PC with Matlab/Simulink
dSPACE

Servo Amplifier

If a good off-line estimation of the friction parameters is
achieved and we assume that they are not to be affected
by any other parameters over time, a model based friction
compensation block can be added to the controller as a
feedback term. This term will try to eliminate the friction force
present in the system as illustrated below.

-

DC
Motor

L
i
n
k

C. Model based compensation

+

Motor
Encoder
Harmonic
Drive

In (13-15) must be Kp , Td , Ti > 0 and the tracking error is
e = θ̂ref − θi . If the tracking error is e ≈ 0 that means that
constant velocity regimes is guaranteed. The reference trajectory θ̂ref is the point-to-point generated position trajectory for
the identiﬁcation scheme. The algorithm which generates θ̂ref
˙
¨
can also generates θ̂ref and θ̂ref , thus the measured velocity
regimes can be compared with the reference values if needed.

reference
position
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∫

Real Friction

measured position

Fig. 4: Model based friction compensation
We implemented the model based friction compensation for
all our position controllers.
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TABLE IV: Polynomial approximation coefﬁcients (PI)
Linear aproximation (PD)

0.2

0.2

 
†
θ˙i
Fm

Coef.

0.15

0.1

Friction Force[Nm]

0.05
0
-0.05
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a4
a3
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a1
a0

0.1
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(a) Linear approximation

(b) Polynomial approximation

Friction Force[Nm]

TABLE I: Linear approximation coefﬁcients (PD)
Parameters
FV
FC
FS
ωS

0.0105
0.1061
0.1850
1.2532

+

0.0099
0.0898
0.1524
1.3165

Units

−

Linear aproximation (PID)

0.2
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0
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-0.15

[N s/rad]
[N ]
[N ]
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Polynomial approximation (PID)
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Fig. 6: Identiﬁcation with a PD controller

 
†
Fm
θ˙i
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-0.0162
-0.0386
-0.1385
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Velocity[rad/s]

 
†
Fm
θ˙i
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-0.0041
0.0252
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†
θ˙i
Fm

+

Friction Force[Nm]
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Fig. 8: Identiﬁcation with a PID controller
TABLE II: Polynomial approximation coefﬁcients (PD)
 
†
Fm
θ˙i

Coef.
a4
a3
a2
a1
a0

0.0005
-0.0082
0.0449
-0.0938
0.1930

 
†
Fm
θ˙i

+

-0.0005
-0.0069
-0.0356
-0.0716
-0.1596

TABLE V: Linear approximation coefﬁcients (PID)

−

 
†
θ˙i
Fm

Parameters
FV
FC
FS
ωS

0.0100
0.1171
0.1634
1.4557

+

 
†
θ˙i
Fm
0.0099
0.1011
0.1405
1.8005

−

Units
[N s/rad]
[N ]
[N ]
[rad/s]

TABLE VI: Polynomial approximation coefﬁcients (PID)
Linear aproximation (PI)

0.2

0.2

Coef.

0.15

0.1

Friction Force[Nm]

Friction Force[Nm]

0.15

0.05
0
-0.05
-0.1
-0.15
-0.2
-10

Polynomial approximation (PI)

measured
approximated
-5

0

5

a4
a3
a2
a1
a0

0.1
0.05
0
-0.05
-0.1
-0.15

10

-5

0

5

(a) Linear approximation

(b) Polynomial approximation

TABLE III: Linear approximation coefﬁcients

FV
FC
FS
ωS

0.0089
0.1037
0.1612
1.1450

 
†
Fm
θ˙i
0.0079
0.0921
0.1355
1.4325

-0.0002
-0.0038
-0.0209
-0.0412
-0.1490

−

velocity regimes for both negative and positive domains.
Two types of controllers are used for compensation: an very
aggressive and a less aggressive PI controller with gravity
compensation. The same reference trajectory is used for both
cases.
The reference trajectory for the ﬁrst experiment is shown
in Fig. 9 and a part of the trajectories is magniﬁed to
see differences between the two friction models which were
selected for compensation. The same things are shown in Fig.
10 for the case when a less aggressive PI controller is used.

Fig. 7: Identiﬁcation with a PI controller (PI)

+

+

10

Velocity[rad/s]

 
†
Fm
θ˙i

0.0003
-0.0050
0.0283
-0.0566
0.1724

 
†
Fm
θ˙i

measured
approximated

-0.2
-10

Velocity[rad/s]

Parameters

 
†
Fm
θ˙i

−

Units
[N s/rad]
[N ]
[N ]
[rad/s]

TABLE VII: Integral tracking errors for the link (PI)
B. Model based compensation experimental results

No compensation
0.0024[rad]

To show the usage of the identiﬁed results a model based
friction compensation method (Fig.4) is used for tracking
improvement. We designed the reference trajectory for the link
in such a way to have accelerations, decelerations and constant

Polynomial
0.0021[rad]

Tustin
0.0023[rad]

For numerical evaluation of the compensation results the
mean value of the absolute tracking errors were calculated.
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0.45

nevertheless our goal was the applicability of the methods not
the complexity. In our future studies we want to include these
nonlinearities in our controller design.

Model based compensation using a PI controller

0.4
0.35

q[rad]

0.25
0.2

0.3
0.25
14

0.05
0
0

Friction is an important factor which deteriorates performance in high precision control of industrial mechatronic
systems especially in low velocity regimes. In this paper we
studied the identiﬁcation process and applicability of two
friction models: the Tustin model and a polynomial model.
The identiﬁcation has been done in closed-loop using simple
nominal position controllers. We have presented the identiﬁcation procedure for the models using speciﬁc designed
controlled motions. Using the identiﬁed data we apply a
model based compensation method to improve the tracking
of the pendulum system using an aggressive controller and
a less aggressive controller. The presented methods can be
implemented in a straightforward way to improve the precision
of industrial mechatronic systems if drive motor current and
velocity measurements are available, or accurately estimated.
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Fig. 9: Compensation using an aggressive PI controller
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Fig. 10: Compensation using a less aggressive PI controller
TABLE VIII: Integral tracking errors for the link (PI)
No compensation
0.0052[rad]

Polynomial
0.0026[rad]

Tustin
0.0027[rad]

The result are given in Table VII and Table VIII.
It is visible that in the case of the aggressive controller
high precision tracking is already achieved without friction
compensation, however with compensation it is further improved. The disadvantage of using this type of controller, is
that its output may be saturated due to electrical limitations of
actuators, nevertheless if it is used compensation is not needed.
The advantage of using a less aggressive controller with
friction compensation is that tracking error can be signiﬁcantly
reduced without saturating the actuator.
During the experiments we ignored the ﬂexibility and
backlash effects present in the gearbox. Identifying these
physical phenomenas and including them in the controller
design will give further improvements in terms of precision,
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possibilities conventional touch modules have one major
drawback compared to traditional input devices, e.g., a
keyboard or a keypad, etc.: The lack of tactile feedback
to accomplish or conﬁrm input actions. However, haptic
feedback is an important human perception and cannot
be properly replaced by audio or visual stimuli, cf. [1],
[2], [3] and [4]. Therefore, to improve the usability of
touch panels by adding realistic haptic feedback is a
major issue for the scientiﬁc community.
Most of the papers that focuse on the design of
haptic feedback devices can be divided in three categories. The ﬁrst category of papers concerns touch panels
manipulating the surface by a kind of actuators such
as electromagnetic actuators, e.g., piezoelectric bending
actuators or motors, cf. [4], [5] and [6]. The second
category covers electrotactile displays, which control the
electrostatic frictions between user and input device, e.g.,
devices using electrovibrations, cf. [7] and [8]. And the
third category addresses panels requiring some kind of
tools to interact, such as pens. In this case the haptic
sensation is provided by the tool itself and not by the
input surface, cf. [9] and [10].
As the solution approaches for designing haptic feedback are manifold, research is coincidently concerned
with their user friendliness, e.g., [1], [2], [3] and [11].
These mostly empiric application studies address the
sensation of the user in order to ﬁnd the most useful
and convenient feedback. For this purpose the average
error rate and the impact on the time requirement for
fulﬁlling a task are used to benchmark such subjective
characteristics as pleasantness and usability. Although
there has not been a study comparing all possible approaches, following general conclusions concerning the
haptic design can be drawn, cf. [1] [2], [3] and [11]:
• Devices with tactile solution are superior to nontactile ones.
• Haptic feedback improves the user performance as

Abstract— Touch modules are in widespread commercial
and private use. One major drawback of common devices
is their limitation to visual and acoustic feedback. The
so far proposed haptic methods are lacking in realistic
feedback or are improper for integration into existing
systems. Furthermore, temperature drift and offset of
sensors and coupling between actuators and sensors are
major issues. This work presents a novel method for the
realization of haptic feedback which overcomes the actual
challenges.
A test device is built to demonstrate and investigate
the developed method consisting of a display, a projected
capacitive touch (PCT) and an additional transparent
haptic feedback plate. Piezoelectric actuators, which are
mounted at the boundaries, deform the plate dependent
on the force and location of the user-input. Due to the
instantaneous dynamic deformation of the plate the tactile
sensation for the user is comparable to pressing a common
key. The visible area of the display is virtually divided into
different regions providing position dependent feedback.
Regions without any features may also provide no feedback
at all. For regions with different features the intensity of
the feedback can be adjusted, such, that the user can sense
different features by the help of tactile feedback.
The introduced method of haptic feedback seems to be
a promising technology. Applications range from ticketing machines, gaming, industrial automation to banking
automation, etc. Main advantages compared to existing
techniques are the high integrability into existing systems
and the robustness to environmental inﬂuences due to the
absence of moving parts. Efﬁciency and costs concerning
hardware components are a major issue within further
investigations.

Key words: smart materials, haptic feedback, haptic
user interfaces, piezoelectric actuators, touch display.
I. INTRODUCTION
The ﬁeld of touch based interfaces for human-machine
interaction is in widespread commercial and private use
and constantly growing. Despite their almost unrestricted
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well as the user satisfaction.
The preferences on haptic feedback vary between
individuals and cultures.
• Single pulse shapes are slightly more pleasant than
vibrations.
• Intrinsic audio feedback should be avoided, although the combination of tactile, audio and visual
feedback is slightly favored.
Based on the presented studies, an approach is requested, which provides a realistic and uniform distributed haptic feedback like pressing a common key.
Furthermore the haptic device should be easy to integrate
and overcome major challenges as temperature drift
and offset of sensors. With regard to our requirements,
piezoelectric actuators seem to be most promising due
to their effectiveness, durability, size and weight.
So far, several haptic feedback methods using piezoelectric transducers have been introduced. In [4] actuators are attached to a body or directly to the touch
panel of the device, emitting a single pulse or vibration.
Two diverse methods are presented in [5]: A direct
tactile feedback moving a part of the device with the
actuator and an indirect one, where a weight and an
actuator form an entity and are placed within the input
device. In [6] piezoelectric exciters, which are attached
along two opposite edges, induce vibrations triggered by
force sensors above 25kHz to utilize the squeeze ﬁlm
effect. Implementation approaches of haptic feedback
are also the content of diverse patents, cf. [12], [13],
[14], [15] and [16]. However, these approaches are either
lacking in realistic feedback or are not well suited for the
integration into existing systems. Therefore, in this work
we present a novel method for haptic feedback, with
the potential adding a unique property to many digital
devices.
In the following two different embodiments and there
functionalities are described. The main idea of both
is to instantly deform a haptic plate dependent on the
amount of pressure and location of the user-input. First,
a test device is built up consisting of a transparent haptic
plate and an underlying display. For quantiﬁcation and
localization of the input force four strain-gauges are
positioned at the center of each edge. If the amount of
pressure exceeds a certain value and haptic feedback is
programed at the input location, piezoelectric bending
actuators, also located at the edge of the display, bend the
plate. Different feedback signals for different positions
and actions can be applied. In a second step, the location
of the input is provided by a projected capacitive touch,
which is installed in-between the display and the haptic
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•

Fig. 1.

Fig. 2.

Setup of the haptic display.

Display covered by haptic plate with sensors and actuators.

plate. Finally the outcomes are concluded and further
perspectives and challenges are discussed.
II. HAPTIC FEEDBACK OF A TOUCH DISPLAY
USING PIEZOELECTRIC PATCHES
In this section the setups of the test devices and
the implemented functionalities are presented. The basic
concept has also been demonstrated in the preceding
work of Nader and Berger [17] and the applied patent
of Gerstmayr and Berger [18].
A. Demonstration model without touch-screen
The setup consists of a 22” display mounted inside an
aluminum casing, see Fig. 1 and Fig. 2 In front of the
display, with an offset of 2 mm, an acrylic glass of the
dimensions 601 × 398 × 5 mm is ﬁxed at the aluminum
casing using an aluminum frame. Four strain-gauge fullbridges are placed in the center of each lateral edge of
the plate to measure the strains of the plate occurring
from user-inputs. To realize a full-bridge in one point,
the strain-gauges have to be orientated perpendicular.
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The comparison of numerical and experimental results
showed very good accordance.
If the plate is actuated due to a user-input, the straingauges sense a coupled strain of the input force and the
piezoelectric actuation force. This coupling on the strain
measurement is simulated using the numerical simulation
code ANSYS, cf. Fig. 7 and Fig. 8. Fig. 7 shows the
according superposed strains, which are the outputs of
the full-bridges, due to the actuation. Fig. 8 shows the
superposed strains due to a user-input.

The output of this setup is proportional to the sum of the
strains in the according directions. This superposition has
to be considered in further calculations and functions.
Based on the measured strain the applied force and its
location can be determined. The inﬂuent temperature
drift and offset to the force and location information
is compensated accordingly, cf. Section II-B. This preprocessed information is once more electronically processed providing a control signal to the piezoelectric
patch transducers.The sensors and actuators, which are
mounted at the boundary to inﬂuence the visible area
only marginally, are covered by an additional suitable
frame, cf. Fig. 1.

touch sensor

display
piezo actuators

B. Haptic feedback functionality without touch-screen

strain gauges

The schematic of the hardware composition is depicted in Fig. 3. In the case of the absence of a touchscreen, the haptic plate provides the embedded board
with measurement data, which is consequently processed
to determine the position and the possible conﬁrmation
after passing a threshold force. The embedded board
passes position and the conﬁrmation state to the laptop
for visualization, cf. Fig. 4 for the basic functional
principle.
If a user touches the haptic plate, which is clamped
at its boundaries, strain occurs. The strain of the plate
is measured at the locations of the attached four fullbridge strain-gauges (Type Nr. Vichay CEA-13-125WT315) in the middle of the plate’s edges. The signals are
ampliﬁed with a measuring ampliﬁer Vishay BA6600
and processed via an embedded real-time system of type
NI-sbRIO 9636. At the actuation point, which is deﬁned
as a certain level of input force of the touch, the realtime system generates an activation voltage. Four E835 DuraAct piezoelectric driver modules amplify this
activation voltage to drive the 16 piezoelectric patch
transducers of type DuraAct P-876.A15. Consequently
the plate is deformed actively providing the introduced
haptic feedback, see also Fig. 5. The activation voltage is
applied unless the input force of the touch is decreased
to a speciﬁed level. In that case the piezoelectric patch
actuators relax and the interacting touch plate moves
back to its initial position.
All piezoelectric patches are connected parallel in
groups of four. The ampliﬁers provide the actuators
with a voltage of 250V, if feedback is activated. Fig. 6
shows the numerical determined displacement of the
acrylic plate due to piezoelectric actuation. Due to the
activation of the piezoelectric patches with 250V a
maximum deﬂection of 0.05mm emerges in the center.

laptop

TCP/IP

Fig. 3.

amplifiers
embedded
real-time system

Hardware setup for haptic feedback demonstration model.

Fig. 4. Functional connection of measurement and activation without
touch screen.

force

key stroke

actuation
point

deflection

Fig. 5. Principle of the functionality depicted in the force-deﬂection
relation.

Additionally to the triggering of the activation voltage
the embedded board also computes the position of the
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haptic feedback is provided and entered calculation is
computed. Additionally a visual feedback together with
the intrinsic audio feedback of the piezoelectric actuation
is provided. A digital ﬁlter is used to reduce offset and
drift of the sensor signals in order to guarantee a precise
position determination as well as repeat accuracy of the
haptic feedback. Drift, offset of the sensor and the effect
of the digital ﬁlter on the sensor signal is demonstrated
in a representative test case. Figure 9 shows four fast
and one slow valid inputs, with and without offset and
drift compensation, respectively.

Fig. 6. Numerical simulation of the deﬂection of the haptic plate
due to actuation with 250V in m.

sensor voltage (mV)

1500

1000

500

0
10

Fig. 7. Superposed inplane strain distribution of the haptic plate
due to actuation with 250V .

Fig. 9.

original signal
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20

30

40

time (s)

50

60

70

Original and ﬁltered sensor signal due to ﬁve user touches

C. Position detection with strain-gauges
touch while passing the actuation point, denoting a valid
input. The respective force and position data of each
valid input is transferred via TCP/IP to a laptop, which
is used for visualization. The mouse can be controlled by
the user via touching the acrylic plate. Input ﬁelds can
be accessed by pressing the haptic plate at the according
position. For demonstration purpose a windows application in form of a calculator is programmed. Each input
ﬁeld, more precisely numbers and arithmetic operation,
can be accessed by the user. For any valid input a

In the initialization process the offset is adjusted by a
hardware-reset of the measurement ampliﬁers. The continuous compensation of the drift is realized as follows:
An averaging ﬁlter computes the mean value from the
actual signal value. In case of a user-input, the last mean
value before the input is remained unchanged. Otherwise the deﬂection of the actuation would additionally
increase the long-term drift and therefore lead to a wrong
average. However, the drift compensation is realized by
subtracting the computed average value from the actual
measured signal independent of a user-input for every
full-bridge, respectively. Expressed in an equation the
ﬁlter for the x-coordinate reads
AV Gi = (1 − k)AV Gi−1 + kF BSi ,

(1)

DM Si

(2)

= F BSi − AV Gi .

where AV Gi is the actual averaged signal, AV Gi−1 is
the previous averaged signal, F BSi is the actual fullbridge strain-gauge signal, DM Si the corrected respective superposed strain-gauge signal and k is a weighting
factor for each measurement point. The weighting factor
k is determined to a value of 0.02 for the used sampling
time of 50ms. In case of a user-input, k is set to zero

Fig. 8. Superposed inplane strain of the haptic plate due to user-input
of 20N .
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series the polynomial is determined for the calibrated
area by averaging the results.
The calibrated area comprises only the affected points,
where features are provided, cf. dashed vertical green
line in Fig. 11. Therefore, the equation for the 5 measurement points of the x-axis reads

2
1
0
−1
−2
10

⎡

5
position y−axis
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A−1
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(5)

xi,pix

with an denoting the vector of the polynomial coefﬁcients, xi,pix the vector of the desired pixel values and
Axi,mes the matrix with the measurement results. In this
range a ﬁnal positional deviation of a maximum of 4.7
mm at a standard deviation of the measured deviation
of 1.7 mm is observed. At the periphery, positional
deviation of 20 mm occur due to the chosen polynomial parameters. Measurements, graph of the selected
polynomial and position error are depicted in Fig. 11.

and for AV Gi−1 the last value before the user-input is
used. The strain-gauges sensors are calibrated relatively
to each other such, that all sensors provide the same
signal when pressing the middle of the touch panel.
To obtain the coordinates, the normalized difference
of each opposite sensor-pair signal is computed, see
Equ. (3) and Fig. 10.

D. Demonstration model with touch-screen
xi,mes

DM S3 − DM S1
DM S4 − DM S2
=
; yi,mes =
.
DM S3 + DM S1
DM S4 + DM S2

Since many devices use capacitive touch panels to navigate, the foregoing construction is enhanced to handle
touch control as well as the so far described additional
haptics. Therefore, a projected capacitive touch sensor
(type: Zytronic ZYBX19) consisting of a glass plate with
an attached sensor foil is inserted between the display
and the acrylic glass plate. In order to avoid contact
with the haptic acrylic glass plate the capacitive touch is
bonded directly to the frame of the display, which leads
to a distance to the haptic plate of 1.2 mm, cf. Fig. 12
for the cross-section of setup. Due to the lack of physical
interaction following impacts occur:
• The stiffness of the plate remains unchanged, which
means that no additional actuation is needed for
bending.
• The active area of the capacitive touch remain
undeformed for all operational conditions.
• An varying air gap due to the deﬂection of the
haptic plate occurs, which inﬂuences the capacitive
value of the sensor conﬁguration and has to be taken
into account in the touch-controller settings.

(3)

The ﬁgure shows a nonlinear but likely symmetric function mainly dependent on one coordinate. Assuming the
axis to be approximately decoupled, hence, the coordinates can be determined independently. The translation
of the function in terms of coordinates is performed by
using a third-order polynomial, which reads exemplarily
for the x-coordinates
a0 + a1 xi,mes + a2 x2i,mes + a3 x3i,mes = xi,pix ,

(4)

where an denotes the polynomial coefﬁcients to be
determined, xi,mes the measured value and xi,pix the
desired pixel value. This polynomial is determined for
the medial cross-section and adapted to the whole touch
panel along the according axis.
To determine the coefﬁcients of the polynomial following calibration method has been applied. The display
is divided into 7 equidistant distributed measurement
points along each axis. Consequently, the touch panel
is segmented in 36 rectangles. At the 49 deﬁned corners
of the rectangles a deﬁned point load is applied. The
distance of the calculated cursor point to the actual
impact point is computed. After several measurement

E. Haptic feedback functionality with touch-screen
The schematic of the hardware composition is depicted in Fig. 13. The two different measurement devices
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of the strain-gauges is compared to the actuation
point and an actuation voltage is provided if the
threshold force is reached and a feature is deﬁned.
The position of the input is now provided by the
capacitive touch.
With this combination new features can easily be provided. Depending on the position detection the software
running on laptop can choose different kinds of haptic
feedback:

housing

Fig. 12. Cross-section of the setup with integrated capacitive touch
panel.

•

•

Fig. 13. Functional connection of measurement and activation with
touch screen.

of strain-gauges and capacitive touch are used to detected
different kinds of user-inputs:

•

6

Comparison of measurement and evaluated polynomial.

display

•

5

•

User is touching the plate, but not completing an
input: A soft touch by a user’s ﬁnger is detected
by the capacitive sensor, which can track now the
ﬁnger’s path. Therefore the sensor can constantly
provide the position as output.
User is pressing the plate: If the user would like to
complete an action and presses the plate, comparable to pressing a button, the strain-gauges detect
the deformation of the plate. The sensor output

•

42

Active haptic feedback: At the touched position a
ﬁeld with a certain function is located. If a userinput leads to an action, haptic feedback is provided
to conﬁrm the input.
No active haptic feedback: The position of the user’s
ﬁnger is not on a ﬁeld with a certain function.
No sudden active deformation of the plate as described above is provided when the threshold force
is passed.
Special haptic features before conﬁrmation: To
increase the usability, especially for people with
special needs, additional haptic feedback can be
provided, as long as threshold force is not reached.
Effects like constant upward bending or vibration
of the plate can be applied. This can be used as
feedback to the user that a special region of the
plate, e.g., location of a button or its edge, is
touched or passed, cf. [19].
Separation of wiping and pressing. The user can
conﬁrm immediately without releasing the ﬁnger
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F. Conclusion
This paper demonstrates a new haptic feedback composition. A haptic feedback plate with strain-gauges and
piezoelectric actuators is demonstrated, which can be
applied to almost any existing device. When activated
the piezoelectric patches bend the haptic plate. Moving
parts are not needed in the presented setup. The position
of a user’s touch impact can be localized via the straingauges. The accuracy of the position determination with
strain-gauges deviates in the calibrated area about 5 mm
from the actual impact. In case of the availability of a
capacitive touch screen underneath the haptic panel, no
measurable deviations between impact point and cursorposition occur. Either an air gap of 1.2 mm thickness nor
the applied voltage of 250 V to the piezoelectric patches
have any impact on the accuracy of the capacitive touch
sensor.
The main advantages compared to existing techniques
are the high integrability into existing systems and the
robustness to environmental inﬂuences, due to the lack of
moving parts. Furthermore, the concept is adaptable for
many user requirements and can also provide different
haptic sensations. Therefore, the introduced method of
haptic feedback seems to be a promising technology.
Major issues within further investigations are efﬁciency
and costs concerning hardware components. Downsizing
and large haptic areas compared to the demonstrated
model size are further challenges to overcome.
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insensitivity to system parameters variation. SMC controllers
suffer from the chattering problem which must be considered
in the controller design [6, 7]. In this study we will focus on
sliding mode controllers for cart-pole system in order to
guarantee the system stability. In [8], sliding mode controller
has been introduced to control the under-actuated cart-pole
system. In this method, the overall system was decoupled into
two systems each subsystem has its own target in terms of
sliding surface. An intermediate function connected the
secondary target conditions with the main target, in order to
force both subsystems to move toward the stability,
respectively. Many controllers have been designed based on
the same decoupling concept, such as [9] where the sliding
mode controller was designed based on time varying sliding
surface in order to enhance the system response. For more
effective tuning of the control parameters, a decoupled sliding
mode with fuzzy neural network controller was developed in
[10], where the control parameters were tuned based on the
fuzzy sets. However the friction effects have not been
considered in the mentioned above works.

Abstract— This paper presents three control techniques for
controlling the classical cart-pole system, which is considered as
a bench mark problem for under-actuated systems. Two
nonlinear robust controllers have been designed based on sliding
mode control method. The overall system model has been divided
into two subsystems for the cart and the pole. For each
subsystem a sliding surface has been designed. The first
nonlinear controller has been proposed based on a hierarchical
sliding surface which has been constructed based on the
subsystem sliding surfaces. The nonlinear control law has been
derived by using lyapounv function. In the second technique, a
coupling function has been designed to link between the two
subsystems. This function ensures that the subsystems will be
driven to stability position consecutively. In addition, a linear
LQR controller is presented and compared with the proposed
nonlinear controllers. The cart-pole model has been simulated by
using MATLAB Simulink. For testing purposes, nonlinear
friction model has been added to the system model. This friction
force works as an uncertainties source that affects the controller
performance. The results have shown the effectiveness of the
proposed sliding mode controllers to stabilize under-actuated
systems despite the friction effects.

I.

Hierarchical sliding mode technique has been introduced to
combine the cart and the pole position in one control law [11].
In this method, a global sliding surface was introduced as a
function of the subsystem sliding surfaces. The control law was
designed based on the global surface where both of the
subsystems are considered. In [12], adaptive fuzzy law has
been suggested with hierarchical sliding mode for more
effectiveness in tuning the control parameters. The same
technique has been used to control different forms of under
actuated systems [13, 14] .

INTRODUCTION

Under actuated systems are defined as the systems that
have fewer numbers of inputs than its degrees of freedom.
They have been applied in various fields such as aerospace
engineering, walking robots design and marine engineering.
The advantages of under-actuated robots are reducing the
consumed power and decreasing complexity of the mechanical
design. Additionally, an under actuated control algorithm
might be designed as an emergency pack up controller for any
sudden failure of the system actuator [1].

Based on the above-mentioned discussions, this paper
compares between the main two sliding mode control
techniques for cart-pole under actuated systems. The first
technique has been designed based on hierarchical sliding
surface control. The subsystems sliding surfaces have been
defined as the first level of sliding surfaces. A second level
sliding surface has been introduces based on the first level
surfaces, and the control law has been designed based on
lapynove function and the higher level sliding surface. In the
second method, a coupling function has been designed to link
between the two subsystems. This function ensures that the
secondary subsystem will be driven to the stability if the
primary subsystem is stable. By using lapynove function, the
control law is derived based on the primary subsystem and the

Cart-pole system has been widely used as a bench mark
problem for nonlinear under-actuated systems. This system has
two degrees of freedom and one input. Numerous linear
control methods have been applied to control the cart-pole
system. In these controllers design, the system model is
linearized around the equilibrium point and the conventional
control techniques are applied directly. However, the global
stability is not guaranteed due to model approximation [2-4].
Since1970s, Sliding mode control was introduced as a
robust nonlinear control technique which has been applied for
many applications [5] . The main advantages of this method
are stability guarantee, external disturbance rejection and
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coupling function. The control techniques were applied on the
under-actuated cart-pole system. In the system model, the
friction force that caused by the cart motion will be considered
by a nonlinear friction model. This force works as disturbance
which affects the controller performance. Finally, the sliding
mode controllers have been compared with LQR method in
presence of friction forces.

Where, FS is static friction force, FC is Coulumb friction force,
Ẋd is the dead zone velocities, VS is Stribeck velocity, n is
form factor, and b is the viscous friction coefficient.
The system states will be defined as
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MATHEMATICAL MODEL

Cart-Pole system has two degrees of freedom, X is the Cart
displacement, and θ is the pole angular position, as shown in
Figure 1. If the cart mass and the pendulum mass were
donated by M and m, respectively. L is the length between the
pivot and the pendulum center of gravity C.G, g is the
acceleration of gravity, I is the pendulum mass moment of
inertia with respect to its C.G., Ffr is the friction force between
the cart and the rail and q is the friction coefficient in the
pendulum pivot. Based on D’Alembert’s principle, the
equations of motion are deduced to be:
F

T , x3

The system model in the state space representation will be:

The rest of paper is organized as follows. The system model
is derived in Section 2. Controllers design for Hierarchal and
Coupling function methods is discussed in section 3. The
results and discussion are presented in Section 4. Finally, the
conclusion is provided in section 5.
II.
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III.

CONTROLLER DESIGN

In this section two sliding mode control techniques will be
designed based on the derived model. For both algorithms the
cart-pole model will be decouple into two subsystems: the cart
and the pole. The controller will be designed based on a
hierarchical sliding surface, where the other technique depends
on a coupling function. According to equations (4)-(7), we can
represent the cart-pole system as:

For the friction Force Ffr, most of the former work, dealing
with the CIP, either has applied a viscous friction model
(linear) or has neglected its effects. However, the friction
phenomena encloses many terms such as Stribeck effects,
static, Coulomb and viscous frictions [15, 16]. Thus,
exponential friction model is chosen, to address all listed
friction parts, as follows

Ffr

if X d X d

x2

(8)

x2

D1 ( x)  E1 ( x) F

(9)

x3

x4

(10)

x4

D 2 ( x)  E 2 ( x) F

(11)

D1 ( x), E1 ( x), D 2 ( x) and E 2 ( x) are nonlinear functions of the
system states. Equations (8) and (9) represent the pole
subsystem; equations (10) and (11) represent the cart
subsystem. Where

Figure 1. Cart-Pole system
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From (12) and (13)
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The sliding mode control law is designed based on the
constructed sliding surface. Since only one control action is
available in the cart-pole system, more advanced technique is
needed to control the two system variable with one control
law. Two techniques will be presented the following
subsection.

(21)
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Where
Kt

A. Hierarchical Sliding Mode Controller (HSMC)

K
E1  C E 2

The first term of the control law is an estimated value from the
system model; it will be donated as Fˆ where

To solve problem stated above, hierarchical sliding surface
will be introduced as

S1  CS2
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From (23), the control law could be written in the following
form

λ1 and λ2 are positive constants. Sliding surfaces S1 and S2 are
constructed based on the values of λ1 and λ2 appropriate
selection of these values will achieve the desire response.

SH

(20)

Substituting from (9), (11) in (20), and from (20) in (16), the
following equation will be formed

According to sliding mode control theory, two sliding
surfaces, S1 and S2 will be designed for each subsystem where

S1
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Where C is a positive constant which refers to the coupling
factor. The new sliding surface is a function of S1 and S2, thus
the control law will be derived based on the Hierarchical
sliding surface. The lyapunov-like function will be in the form
1 2
(15)
V
SH
2

The applied control force F on the cart will achieve the control
objective, where both of the cart position and the pole angle
are coupled in the sliding surface S H. However, the designed
control law suffers from high frequencies because of the sgn
function which will cause a chattering in the control signal.
Thus, the sgn function in (24) will be replaced with sat
function as follows.

As it is known from sliding mode theorem, in order to
achieve the system stability the control law must match the
following reaching condition

F

V

S H S H d K S H
S H sgn(( S H ) d K
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Where η > 0 , this condition ensures that the system will be
driven into the sliding surface. The control law will be driven
as follows: from (14)

SH

S (E  C E2 )
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)
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B. Coupling Function Sliding Mode Controller (CFSMC)
C. Linear quadrature regulator controller (LQRC)
In this controller the system will be decoupled to primary
and secondary subsystem according to equations (8) - (11).
The pole will be defined as the primary subsystem and the cart
will be the secondary subsystem. Two sliding surfaces will be
constructed as it is described in equations (12) (13). First, the
control law will be designed based on the primary sliding
surface (the pole sliding surface S1). Then, a coupling
intermediate function is introduced to link between the
primary and the secondary subsystems. This function ensures
that the secondary subsystem will be driven into the stability
point once the primary is achieved.

LQR control technique is widely used for linear control
applications. For cart-pole system, many LQR controllers are
designed based on the linearized system model. A fourth order
linear model (two second order linear equation) is expected
after linearizing the system equations (1) and (2).
If the system states vector is x =[X Ẋ θ θ̇]. By
approximating the system around the equilibrium point where
x= [ 0 0 0 0], the overall system linear equation is obtained.
If the general state-space form is
x

The control law will be derived as follows. Based on
lyponove function for the primary sliding surface S1
1 2
(27)
V
S1
2
The reaching condition will be
V S1 S1 d K S1
(28)

where, x is state matrix (1x4), u control signal matrix (1x1), A
is state parameters matrix (4x4), B is control signal parameters
matrix (1x4). Since only one control action (the applied force
on the cart) is available, u = F. The equivalent state-space
linearized system equation is

S1 sgn(( S1 ) d K

§T
¨
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As it was Explained in above subsection, and by following the
same procedure for deriving the control law, the applied
control force will be
F
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Where, Z is a function of S2 which means that the sliding
surface S2 was incorporated into the sliding surface S 1 through
Z function. The new sliding surface has changed the control
target for the primary subsystem from θ=0 and θ̇=0 to θ=z, θ̇
=0. The objective (S2 = 0) is now embedded in the main
control target through the variable Z which is defined
sat (
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This control law can only guarantee the pole angle stability,
but the control objective is to move the pole and the cart
subsystems toward the sliding surfaces S1 and S2, respectively,
where the overall system stability could be achieved. In order
to achieve that, an intermediate coupling function Z has been
introduced to link between the two subsystems sliding
surfaces S1 and S2. The function Z design is introduced as
follows:
First, the first sliding surface will be reformed to be

Z

·
¸
¸
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The following state feedback control law is applied based on
LQR theory.

u F

(31)

 KL x

(34)

where K is the optimal feedback gain matrix required to obtain
minimum performance index J.

Where, ZU is the upper limit of the function; ΦZ is the function
boundary layer. Z is abounded oscillatory function decays to
zero. When Z reach zero, S1 will be zero according
to (30).

f

J

³ (x
0
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where Q and R are the actual symmetric matrices selected by
the designer. Gain matrix KL is calculated by solving the
reduced-matrix Riccati equation (36) after obtaining matrix P.

AT P  PA  PBR1BT P Q

Figures 1-3 show the cart-pole response with HSMC, as it
seen the pole will start with initial angle 0.3 rad before it is
driven to reach the stability position before 6 seconds. The
cart is able to reach the stability in spite of the friction forces.
The control force response shows the ability of the system to
reach the stability position without chattering in the control
signal.

(36)

0

where P is an intermediate matrix utilized to calculate gain
matrix [17]
KL

R 1BT P
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(37)

Controller parameter Q should be carefully selected based on
the priority of the states. From a control point of view, pole
angle is much more important than cart position X. Therefore,
a large value should be selected for the angle element in the Q
matrix. Selection of the R matrix value depends on the control
signal constraints. Based on the values of Q and R, feedback
gain matrix KL is obtained.
IV.

RESULTS AND DISCUSSION

Simulation has been performed with MATLAB Simulink
which was utilized to solve and simulate the cart-pole system
dynamics provided by equations (4) - (7). The two designed
sliding mode control schemes, HSMC and CFSMC, have been
applied on the system. The conventional LQR is also
simulated and compared with the proposed controllers.

Figure2. Pole angle response with HSMC

For testing purposes, the friction force between the cart and
rail was considered according to Eq. (3). This force acts as an
uncertainties source. All cart-pole and friction force
parameters are listed in Table 1. The controller parameters for
HSMC are chosen as λ1=4, λ2=0.8, C=0.65, K=50 and Φ=0.2.
For CFSMC the selected control parameters are λ1=4, λ2=0.8,
Φ = 0.2, K=50, Φz = 5, and Zu = 0.9. The selected parameters
for LQRC were R = diag [20 1 5 1], Q =0.01 , and generated
feedback gain vector KL = [315.8724 51.4292 -22.3607 17.9642].
TABLE I.

Figure2. Cart displacement response with HSMC

SYSYTEM PARAMETERS

Parameter

Value

Unit

M
m
L
I
g
q
Fs
Fc
Vs

0.882
0.32
0.3302
7.88x10-8
9.8
0.0001
0.1
0.08
0.1

kg
kg
m
kg.m2
m/s2
N.s/rad
N
N
m/s

b
n
Ẋd

1.3
4
0.05

N.s/m
m/s

Figure3.Control force response with HSMC

Simulation results for CFSMC show the effectiveness of the
coupling function to drive the pole and the cart to the stability
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position. According to Figures 4-6 the pole angle reaches the
stability position without any oscillations. The intermediate
coupling function is able to drive the cart displacement to
equilibrium point and the saturation function has eliminated
the chattering effects from the control signal.

Figure7. Pole angle response with CFSMC

Figure4. Pole angle response with CFSMC

Figure8. Cart displacement response with CFSMC

Figure5. Cart displacement response with CFSMC

Figure9.Control force response with CFSMC

Generally, sliding mode control has shown more ability to
control nonlinear under-actuated system in presence of friction
forced. The two techniques, HSMC and CFSMC, were able to
stabilize the cart-pole system without any oscillations in the
response signal. The main difference between the two
controllers is in combining the two subsystems in one control
action. In HSMC, the subsystems equilibrium points are
reached together through the hierarchical sliding surface. On
the other hand the subsystems target positions in CFSMC are
reached one by one by according to the coupling function.
Table 2 shows a comparison between HSMC and CFSMC. As
it is shown in this table, in order to link between the two

Figure6.Control force response with CFSMC

For comparison purposes, conventional LQR technique has
been compared with the proposed nonlinear controllers.
Figures 7-9 show the LQR controller response. Due to system
linearization and friction effects, some oscillation could be
noticed in the system response, especially for the cart
displacement response.
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4.

subsystems, only one control parameter C is needed in
HSMC. However, for CFSMC design two control parameters
Zu and Φz must be selected carefully to achieve the desired
response.

5.
Table 2.

Coupling
parameters
Subsystem Sliding
Surfaces reaching
Control
law
derived based on
Secondary sliding
surface S2

V.

HSMC and CFSMC

HSMC

CFSMC

C

Zu and Φz

S1 and S2 together

S1 followed by S2

S global surface

S1 primary surface

Included in
control law

the

6.
7.

8.

Not included in
the control law,
but linked through
Z function

9.

CONCLUSION AND FUTURE WORK

10.

In this paper, two robust sliding mode control techniques have
been designed to control the under-actuated cart-pole system.
The friction effects have been considered in the system model
through a nonlinear friction force. In the controller design, the
two subsystems targets have been considered in the control
law by two different techniques, HSMC and CFSMC. The
proposed controllers were compared with the conventional
LQR control method. Simulation results have shown the
effectiveness of the proposed controllers, HSMC and CFSMC,
to stabilize the system in spite of the friction force. Due to
friction effects, oscillations could be found in the LQR results.
The sliding mode controllers HSMC and CFSMC have been
found to work well in the simulation environment. However,
HSMC shows an advantage of using less numbers of control
parameters. It would be interesting to apply both of HSMC
and CFSMC experimentally, where some factors must be
considered such as actuator dynamics and the cart limits.
Some of these issues are currently being investigated by the
authors

VI.

11.

12.

13.

14.
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background, the motivation came up to evaluate the recently
developed L1 adaptive control approach. This robust adaptive
control scheme seemed to be suitable for the purpose of
achieving provable stability with ensured performance. This
would allow to certify the control system for the safety-critical
balancing wheelchair. In this paper, we consider the pitchdynamics, only. Other inﬂuences, such as longitudinal- and
yaw-dynamics are not neglected, but regarded as bounded
external disturbances.
The paper is structured as follows: In the next section, the
nonlinear system equations together with the linearized model
are presented. Those have been taken from literature but are
recalled here, since they are needed later in order to render
the model in a suitable form for the L1 controller. A standard
LQR approach was utilized for ﬁrst experiments. The results
in this section are highlighting the need for an adaptive
control scheme. In section III the direct MRAC approach
is presented, and real-world test trials are demonstrating the
beneﬁts of the approach. After that, the L1 adaptive control
concept is summarized. A major focus is put on deriving the
bounds for the parameters to be adapted. For adaptation, as
usual, a projection algorithm has been deployed. In section V
simulation results with both synthesized and real-world control
command signals are presented and discussed. The paper is
ﬁnished by some conclusions and plans for future work.

Abstract—In this paper, a systematic comparison of two different
adaptive control strategies is presented. The system under consideration is a balancing double chair that is intended to be used
in public. Therefore, it represents an instable as well as safetycritical system. The well-established direct MRAC approach from
our previous work is used as a starting point. In order to be able
to consider unknown actuator dynamics and other simpliﬁcations
made during the modeling process, the L1 adaptive approach has
been selected, because it ensures robustness along with predeﬁned
performance in the presence of the aforementioned uncertainties.
The various parameter bounds are calculated in a systematic
manner and explored by Monte Carlo Analysis. The simulation
results show signiﬁcantly different behavior for the two adaptive
control schemes when stimulated by synthetic step response or
real-world control commands. These results are in agreement
with remarks in the literature, subject to the L1 control behaviour
for set point vs. tracking control with time varying reference
signals. However, both methods provide sufﬁcient performance
to be used in real-world experiments.

I. I NTRODUCTION
Balancing transportation systems like personal scooters, and
also wheelchairs have gained a lot of attention from the
robotics and control community. Recently, there has been an
increasing interest shown by the industry to commercialize
those systems in a multitude of applications starting with
recreational applications to medicine technology. A variety
of system designs have been developed, reaching from chairs
with variable height [1] to double seaters [2]. In the latter
work by Straußberger et al. it has been shown that an adaptive
scheme is suitable to grant uniform driving experience under
various load conditions and physical shape of the passengers.
In this previous work, a direct MRAC adaptive controller
has been deployed. With the migration from a pure research
and benchmark system towards commercialization, however,
security aspects have to be considered in much greater detail than in bare research applications. Although the MRAC
worked very well during the experiments with the system in
Fig. 1, a formal veriﬁcation, i.e. a proof of stability and a
safe estimate regarding the attainable stability region has not
been achieved, except for the linearized model. However, it is
known that unmodelled dynamics can cause difﬁculties in the
model reference concept. This concern regarding our approach
was brought up by various experts in the ﬁeld. Against this

II. M ATHEMATICAL M ODEL AND L INEAR C ONTROLLER
The mathematical model has been obtained from the work of
Hoebarth [3]. It has been enhanced by viscose friction terms.
A derivation of the systems equation can also be found in [4].

∗ Corresponding author: Johannes Reuter

Fig. 1. Experimental platform MonoChair2
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=

2


2
4J2R rR
2
+
m
s
+
J
+
R
13R
R
D2
 2
 R 2
mP sP + J1P sin (θ) + J3P cos2 (θ).

The model with isolated second derivatives on the left hand
side is given by


(2)
ṡ = M−1 (q) − g (q) − c (q, s) − μ(s) + τ
with components



(3)
c1 (θ, θ̇, γ̇) = −mP sP sin(θ) θ̇2 + γ̇ 2

c2 (θ, θ̇, γ̇) = sin(θ)γ̇ mP sP vL +



2 mP s2P + J1P + J3P cos(θ)θ̇ (4)


c3 (θ, γ̇) = −mP s2P − J1P + J3P cos(θ) sin(θ)γ̇ 2 (5)

Fig. 2. MonoChair2 and local coordinate system
TABLE I
S YSTEM PARAMETERS
Distances from the middle of the wheel
axis:
center of gravity of the wheels
center of gravity of the pendulum
Values of mass:
mass wheel
mass pendulum and driver
Values of mass inertia:
moment of inertia pendulum around x
moment of inertia pendulum around y
moment of inertia pendulum around z
moment of inertia wheel around x and z
moment of inertia wheel around y
Miscellaneous parameters:
wheel diameter
gravity

g1 = g2 = 0
sR
sP

0.35 m
0.7127 m

mR
mP

5 kg
224 kg

J1P
J2P
J3P
J13R
J2R

240 kg m2
240 kg m2
5.6 kg m2
0.138 kg m2
0.683 kg m2

DR
g

0.47 m
9.81 m/s2

g3 (θ) = −gmP sP sin(θ)
2(M1 + M2 )
2
=
u1
DR
Dr
2(M2 − M1 )rR
2rR
=
=
u2
DR
DR
= −M1 − M2 = −u1

τ1 =
τ2
τ3

u1 and u2 , i.e. the sum and difference of the motor torques
M1 and M2 are considered as control inputs. Please note that
u1 has impact on the forward motion as well as the pitch
moment, where u2 solely affects the yaw motion. The friction
force and torques are modelled by
⎛
⎞
μ1 v L
μ(s) = ⎝ μ2 γ̇ ⎠ .
μ3 θ̇

As opposed to the ”Segway-type” systems in the literature, the
MonoChair2 system is controlled via Joystick, not by actively
displacing the center of gravity of the body. We recall the
equations here in some detail, since they are needed to derive
the boundaries for the L1 adaptive controller. The nominal
system parameters are presented in Tab.I. The generalized
velocity vector s is given by s = (vL , γ̇, θ̇)T . γ and θ are the
yaw and pitch angle, γ̇ and θ̇ the respective angular velocities
and vL the forward velocity in x direction, ref. to Fig. 2.
Vector q = (x, γ, θ)T represents the generalized coordinates.
The equation of motion is then given as
M (q) ṡ + g (q) + c (q, s) + μ(s) − τ = 0

(6)

It is worth mentioning that the inverse of M(q) preserves its
structure,
⎛ m
⎞
m13
33
0
− Δ(θ)
Δ(θ)
⎜
⎟
1
0
0
M−1 (q) = ⎝
⎠
m̃22
m13
m11
0
− Δ(θ)
Δ(θ)
with mij being the elements of M and Δ(θ) as given by
1
det(M(q))
m̃22
= m11 m33 − m213


8J2R
2
=
2 + mP + 2mR (mP sP + J2P ) −
DR
m2P s2P cos2 θ


8J2R
2
=
2 + 2mR (mP sP + J2P ) +
DR
(7)
mP J2P + m2P s2P sin2 θ

(1)

Δ(θ) =

with g containing the gravitational torque, c comprises of
centrifugal and coriolis moments, μ(s) is the friction vector,
and τ the vector representing the input torque. The matrix of
inertia is given by
⎛ 8J2R
⎞
+ mP + 2mR
0
mP sP cos(θ)
2
DR
⎠,
M(q) = ⎝
0
m22
0
2
mP sP cos(θ)
0
mP sP + J2P
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t

is a function of the pitch angle θ, only. This means, the
second derivative of γ is directly affected just by the second
components of the vectors on the right-hand side, and these
elements do not effect the pitch and longitudinal acceleration.
This fact allows for a separation of yaw and pitch dynamics,
however, they are not fully decoupled.

PitchAngle Θ in °

10

In the sequel, the forward velocity as well as the yawdynamic are not considered explicitly. Their impact on the
pitch-dynamics is modeled via external disturbances. Deﬁning
the new state vector x = (θ, θ̇)T , the nonlinear state space
model for the pitch dynamics is obtained in chain form to
ẋ1

=

x2

ẋ2

=

f (x, vL , γ̇) + g(x)u1

Eds. Leo J De Vin and Jorge Solis

1 person (80kg)

5
0
−5
−10

Measured Pitch Angle Θ
400

(8)

2 people (nominal case)

450

500
Time in s

Reference Pitch Angle Θ
550

600

Fig. 3. Driving performance without adaption, (see text)

with
f (x, vL , γ̇)

g(x)

=

=

1
[m13 (c1 + μ1 vL )+
Δ(x1 )
1
Δ(x1 )



where kTnom is the nominal state feedback vector and Am the
stable closed loop dynamics matrix with eigenvalues λ1m =
−2.48 + j0.01 and λ2m = −2.48 − j0.01.

(9)

m11 (−c3 − g3 − μ3 x2 )]

m13
−2
− m11
(10)
DR

The arguments of c1 , c3 and g3 are omitted here, for better
readability.

C. Performance Analysis

A. Linearization
The designed LQR controller has been tested on the
MonoChair2 system. A typical ride is shown in Fig. 3. The
pitch angle usually varies between ±5◦ . During the time
periods where the measured angle is above 10o , the reference
value is 0o . During this phase a person embarks the chair
with the controller switched off, while data still has been
recorded. As mentioned before, the system is controlled via
joystick, which, as far as the forward motion is concerned,
basically commands the pitch angle of the chair. Fig. 3
exempliﬁes that the system reacts differently depending on the
mass. The controller has been tuned for the nominal case of
mP = 224 kg, assuming the chair is occupied by two people.
The test has been performed both with a single person riding
and with two passengers. As can be seen, in the ﬁrst phase
the system responds with a pitch angle that is signiﬁcantly
smaller than the reference angle. If the system does not
respond immediately to the joystick commands, the driver is
prone to bend the joystick even further, causing a delayed,
yet larger than intended control command. This makes the
driver feel insecure and thus leads to a very uncomfortable
driving experience. In the nominal case with two people riding,
the tracking of the reference angle is better, as can be seen
from Fig. 3 From the control point of view it can be stated
that the nominal feedback controller is too stiff if the mass
is reduced signiﬁcantly. In that case the controller keeps the
system always very close to the upright position, thus, together
with the signiﬁcant friction, the chair is not prone to move.
These initial trials have led to the assumption that adaptive
control could signiﬁcantly improve the driving performance.

Linearization around the equilibrium point x = 0 yields

 

0
1
0
ẋ = Ax + bu1 =
+
u1
a21 a22
b2
with
a21

=

a22

=

b2

=

Δ0

=



m̃11 gmp sp
1
8J2R
=
+
m
+
2m
P
R gmp sp
2
Δ0
Δ0
DR


1
8J2R
m̃11 μ3
−
= −μ3
+
m
+
2m
P
R
2
Δ0
Δ0
DR


1
8J2R
2mP sP
−
+
2 + mP + 2mR
Δ
DR
DR
 0

8J2R
2
2 2
2 + mP + 2mR (mP sP + J2P ) − mP sP
DR

For the nominal case one obtains




0
1
0
ẋ =
x+
u1
6.154 −0.0004
−0.0142
with eigenvalues λ1 = 2.4806 and λ2 = −2.481.
B. LQR Design
For the nominal case, a controller based on the LQR approach has been designed. Choosing the weighting matrices
Q = diag(20, 1) and R = 1 yields
kTnom

=

Am

=

(−863.94, −348.22)
(11)


0
1
T
A − bknom =
, (12)
−5.886 −4.852
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where data has been continuously recorded for three different
driving situations. The ﬁrst phase represents the close-tonominal case with two people riding the MonoChair2 . The
ﬁrst component of Δk is shown below. As before, the time
periods where the measured pitch angle θ is above 10o marks
the change of drivers, while the system is switched off. As
can be seen, the value of Δk changes signiﬁcantly, depending
of the load. The results clearly show the beneﬁts using an
adaptive control approach. The reference angle is tracked quite
closely. Therefore, all drivers were experiencing a similar
driving performance. It has to be pointed out that an increase
in Δk actually reduces the aforementioned stiffness of the
control loop. This is due to the fact that the second element
of input vector b is negative and thus the elements of kTnom are
negative, see (11). Therefore, a positive value of Δk reduces
the control effort, leading to a less stiff loop in case of lighter
load. Nevertheless, since these are real driving cycles, the
comparability is not fully given. The difference in Δk is not
just due to the load, but also due to the particular joystick
commands, ground conditions, etc.

PitchAngle Θ in °

10
5
0
−5
−10

Measured Pitch Angle Θ
50

100

150

2 people
800

200

Reference Pitch Angle Θ
250

300

1 person (95kg)

350

400

1 person (80kg)

Adapted State Feedback Δ k

Δk

600
400
200
0

50

100

150

200
250
Time in s

300

350

400

The problem with this approach is the fact that it is based on a
number of simpliﬁcations which are done in order to enable the
linear MRAC approach. The system has been linearized, the
dynamics of the electric motors as well as friction phenomena
have been neglected, and external disturbances have not been
considered.

Fig. 5. Performance using the MRAC approach. Only the ﬁrst component of
Δk is shown.

III. M ODEL R EFERENCE A DAPTIVE C ONTROL
It is well known that for linear systems without unmodeled
dynamics and stable zeros an adaptive controller using a
model reference adaptive scheme can be proven to be stable.
Therefore, an MRAC approach using adaption laws based
on hyperstability theory has been selected. Background information can be found e.g. in [5],[6]. The currently used
MRAS approach for the MonoChair2 is described in [2]. The
architecture is depicted in Fig.4, which presents a classical
MRAC state feedback structure.
reference model

x M (t ) AM xM (t )  bM r(t )
r (t )

U nom

unom(t)
-

u (t )

'u(t )

plant

x (t )

A p x(t )  b p u (t )

IV. L1 - A DAPTIVE C ONTROL
In recent years, a solution for the shortcomings of the classical
MRAC approach has been proposed by Hovakimyan and
Cao [7], using a so-called L1 adaptive control approach.
This method is considered to allow for formally provable
performance and robustness in the presence of known and
unknown disturbances as well as unmodeled dynamics. This
method has been applied to a number of practical applications
in the context of both, none safety-critical [8] as well as safetycritical systems [9], [10]. In this paper, the pitch-dynamics is
considered only, and the impact of the yaw-dynamics as well
as the forward velocity are treated as uncertain disturbances.
Thus, we have a system with matched uncertainties and therefore follow the line as described in chapter 2.4 [7] . For the
sake of completeness we brieﬂy describe the basic elements
of theL1 adaptive control approach, however, the reader is
referred to [7] for a thorough treatment. The architecture
basically comprises of three subsystems. An estimator of timevarying disturbances σ(t) and parameters Θ(t) and ω, a state
estimator, providing x̂, and the controller, providing the control
input u(t) as depicted in Fig. 6. The parameter and disturbance
estimator takes upper bounds of the signals and parameters and
ensures that the estimated parameters stay within the speciﬁed
bounds via a projection law. The control system is assumed
to have the following structure. The plant model is given by

x M (t )

x (t )

e (t )

k
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T
nom

'u(t ) 'k (t ) x(t )  'U (t )r (t )
T

adaptation laws

Fig. 4. Used Model Reference Control Architecture

The nominal system is stabilized via kTnom using the state
feedback obtained by the LQR approach of the previous
section. In addition, a control input Δu is generated by the
variable feedback vector ΔkT . Fig. 5 shows an experiment

ẋ(t) = Am x(t) + b(ωu + f¯(t, x(t))),

54

x(0) = x0

(13)
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A. Model Rendering
Plant

In order to render the system (8) into the structure of (13), let
Low Pass Filter

g̃(x)

-

-

Control Law

ω

Adaptation Laws

ω̂u(t) + Θ̂(t)||x(t)||∞ + σ̂(t)
kD(s)(kg r(t) − η).

− g̃(x)kTnom = (b2 − g(x))kTnom

(20)

The errors (19) and (20) have to be fed via the input vector,
thus they have to be divided by b2 in order to obtain the control
structure
1
1
ẋ = Am x + b(ωu − g̃(x)kTnom x + f˜(x, vL , γ̇))
b2
b2
1
= Am x + b(ωu + (1 − ω)kTnom x + f˜(x, vL , γ̇)), (21)
b2

(14)

(15)
(16)

which has the form of (13) with

1
where k is the controller gain, the gain kg = − (1,0)A
−1
m b
ensures zero steady state error, and D(s) represents a strictly
proper transfer function. In this control law, the unknown
function f¯(t, x(t)) is linearly parameterized by

f¯(t, x(t)) = Θ̂||x(t)||∞ + σ̂(t).

(19)

In order to incorporate the error caused by using the linearized
input vector we have

The control law is generated by the feedback structure
=
=

g(x)
,
b2

f˜(x, vL , γ̇) = f (x, vL , γ̇) − (a21 , a22 )x.

where Am = A − bkTnom is the system matrix of the LQR
approach II-B. ω is an uncertain input gain and f (t, x(t))
includes nonlinearities and disturbances. The state predictor
is given by

η(t)
u(t)

=

which is 1 for x = 0. The remaining nonlinearities and
disturbances are given by

Fig. 6. Structure of the L1 Controller for a nonlinear system with matched
uncertainties and unknown input gain

x̂(0) = x̂0 .

g(x) − b2

be the linearization error in (10). The true state feedback
provided by the vector kT would thus be g(x)kTnom x, and
the error introduced when using the linearized input vector
−g̃(x)kTnom x. Since b = (0, b2 )T , the uncertain gain ω is

State Predictor

˙
x̂(t)
= Am x̂(t) + bη(t),

=

1
f¯(t, x(t)) = (1 − ω)kTnom x + f˜(x, vL , γ̇))
b2

(22)

B. Boundary Type Analysis
(17)

In order to obtain guaranteed robustness and performance, it
is required to consider the type of bounds of the Jacobian
∂ f¯
of f¯(t, x(t)) as well as of ω. It is shown that || ∂x
|| is not
uniformly
but
only
semi-globally
bounded
for
all
x. This
˙
Θ̂(t) = ΓP roj(Θ̂(t), −x̃(t) P b||x(t)||∞ ), Θ̂(0) = Θ̂0
requires a more involved evaluation of the control parameters
˙
σ̂(t)
= ΓP roj(σ̂(t), −x̃(t) P b),
σ̂(0) = σ̂ (18) in comparison to the case with uniformly bounded derivatives
[7]. The partial derivatives subject to the elements of x are
˙
ω̂(t)
= ΓP roj(ω̂(t), −x̃(t) P bu),
ω̂(0) = ω̂
given by


with adaptation gain Γ, state prediction error x̃(t) = x̂ − x,
∂ f¯
1 ∂f
= (1 − ω)knomi +
− a2i , i ∈ {1, 2}(23)
and P is the positive deﬁnite solution of the Lyapunov equation
∂xi
b2 ∂xi
ATm P + P Am = −Q, Q > 0. Γ is the adaptation gain that
governs the robustness of the parameter estimate and thus the with

control loop.
∂
∂f
1
Δ(x1 )
= 2
(m13 (x1 )(c1 + μ1 vL ))−
∂x
Δ
(x
)
∂x
i
1
i
The structure in (13) is suitable to be built upon the linearized
∂
approach of the last section by including the errors induced by
m13 (x1 )(c1 + μ1 vL )
Δ(x1 ) +
the linearization as well as by the non-considered disturbances.
∂xi
∂
The actual input into the system is therefore composed of
m11 (−c3 − g3 − μ3 x2 ) −
Δ
the nominal input unom = −kTnom x from the LQR controller
∂xi

and an adaptive portion uad to be determined. The control
∂
m
(−c
−
g
−
μ
x
)
Δ(x
)
11
3
3
3 2
1 .(24)
architecture is shown in Fig. 6.
∂xi
The estimation of the unknown parameters is done according
to the following projection laws [7]
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Considering the derivatives of Δ(x1 ) being
∂
Δ(x1 )
∂x1
∂
Δ(x1 )
∂x2
one obtains
∂f
∂x1

∂f
∂x2

=

2m2P s2P cos(x1 ) sin(x1 )

=

0

the condition
||G(s)||L1 <

=

∂c1
∂x1
∂c3
∂x1
∂g3
∂x1
∂c1
∂x2

=
=

=

−gmp sp cos x1

=

−2x2 mp sp cos x1

=

C(s)

=

G(s)

=

Lρr

(sI − Am )−1 b
ωkD(s)
1 + ωkD(s)
(1 − C(s))H(s)

(26)
(27)
(28)

=

ρ
df (ρ)
ρr x

with ρ = ρr + γ̄1 and arbitrary γ̄1 > 0. Finally, B has to be
chosen such that f (t, 0) < B ∀t > 0. In order to evaluate
(25) the bounds B, ρr , dfx (ρ) have to be determined, while an
increasing γ̄1 adds some safety margins to the design. Based
on these quantities, the parameter k and transfer function
D(s) are determined. Since the adaptation process involves
projection, the bounds of the parameters ω, Θ and σ need to
be provided, i.e.

−mp sp sin x1


−mP s2P − J1P + J3P (− sin2 x1 + cos2 x1 )γ̇ 2

=

H(s)

Lρr then is deﬁned as

−mp sp cos x1 (x22 + γ̇ 2 )


(25)

Lρr is used to provide an upper bound on the partial derivatives. For arbitrary x with ||x||∞ < ρr the partial derivatives
are semi-globally bounded by dfx (ρr ) > 0


 f (x) 


(29)
 x  ≤ dfx (ρr ),
1

with
∂m13 (x1 )
∂x1

ρr − ρin − ||H(s)C(s)kg ||L1 ||r||L∞
L ρ r ρr + B

must be satisﬁed by proper design of the controller gain k and
the strictly proper ﬁlter transfer function D(s). The transfer
functions in (25) are given by


1
∂
m13 (x1 )(c1 + μ1 vL )+
Δ(x1 )
Δ(x1 )2
∂x1
∂
c1 −
Δ(x1 )m13 (x1 )
∂x1
∂
Δ(x1 ) +
m13 (x1 )(c1 + μ1 vL )
∂x
1


∂g3
∂c3
−
−
Δ(x1 )m11 −
∂x1
∂x1

∂
m11 (−c3 − g3 − μ3 x2 )
Δ(x1 )
∂x

 1
1
∂
m13 (x1 )
c1 − m11 μ3 ,
Δ(x1 )
∂x2

=
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ω

∈

[ωmin , ωmax ]

Θ
σ

∈
∈

[−Θρr , Θρr ],
[−Δ, Δ],

with Θρr = dfx (ρ)
with Δ = B + ,

>0

C. Control Parameters and Bounds

From (7) it follows that Δ(x1 ) = 0 ∀x1 ∈ R. Therefore, the
partial derivatives are bounded. However, due to the quadratic
and linear dependency on x2 in (3) and (5) as well as in (24)
they are not uniformly bounded, i.e. the bound depends on
the states. Following the L1 framework, this requires a rather
involved approach for determining the controller gains and
ﬁlter. To this end, bounds on the partial derivatives depending
on ||x||∞ need to be determined. Physically, the pitch angle x1
is limited to ±10o , and the initial angular velocity is assumed
not to exceed ±45o /s. Therefore, the initial conditions can be
assumed to be bounded by

A robust control design should consider change in the physical
system parameters as well as a high margin on the signal
amplitudes that can possibly occur. Therefore, the bounds have
been computed using Monte Carlo analysis. All system parameters have been varied up to 20% of their nominal values. In
addition, the mass of the passengers has been varied by 50%.
The values of the joystick command signal r(t) cannot exceed
8o , ie. 0.135 rad. Therefore ||r||∞ = 0.15 has been chosen.
Moreover, the pitch angle cannot exceed 10o , and the angular
velocity is assumed to never exceed 90o /s, which is a very
conservative guess and thus ||x||∞ ≤ π/2 = ρr . To add some
safety margin, ρ = 2 has been chosen. In the Monte Carlo
runs the pitch angle and angular velocities have been varied
in the speciﬁed range. Further, Monte Carlo runs have been
executed to determine the limits on B. For the time varying
disturbance functions, i.e. vL (t) and γ̇(t), the maximum speed
of 18km/h =
ˆ 5m/s and maximum yaw rate of 2πrad/s are
assumed. Figure 7 shows the results for 105 Monte Carlo runs.
From that study, B = 0.2 and dfx (ρ) = 3000 are determined,

||x0 ||∞ ≤ ρ0 ≤ π/4.
Furthermore, the homogenous solution regarding the initial
conditions of the reference system is bounded by ||xin ||∞ ≤
ρin = ||eAm t ||∞ ρ0 . In order to design a L1 control system
that is guaranteed to keep the reference trajectory bounded
within a speciﬁed limit, i.e.
||xref ||∞ ≤ ρin < ρr .
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a comparison with the MRAC results has been performed.
In a second step, the performance using real input data is
also analyzed. The adaptation gain Γ in (18) has been set to
105 for all experiments, which is a value commonly found in
the literature. A signiﬁcantly lower gain was found to provide
parameter adjustments that are too slow in order to properly
react on the parameter changes.

||df/dx||1

3000
2000
1000
1

2

3

4

5

6

7

8

9
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10
4

x 10
0.1

A. Step Response Analysis

0.06
0.04

Three cases have been considered. A nominal case where
the parameters are assumed to be known exactly, and two
cases with reduced and increased payload mb , respectively.
For evaluation of the disturbance rejection, a high sinusoidal
yaw rate has been chosen with magnitude 45◦ /s and period
2π s. The results are shown in Fig. 9 and 10. As can be
seen, the performance with regard of tracking the reference
model as well as disturbance rejection is very well for both
controllers. The initial condition of x0 = (5◦ , 0◦ /s)T is
controlled to zero faster by the direct MRAC approach. As far
as robustness is concerned, both controllers are performing
equally well. It is apparent that with regard of disturbance
rejection both controllers are working properly, however, the
L1 controller in this study outperforms the direct MRAC
approach signiﬁcantly, as can be observed in Fig. 9. However,
in order to achieve this performance, initially chosen bounds
for the parameter adaptation have been signiﬁcantly altered
from the ones originally calculated in (30). The parameters
after tuning where selected to
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Fig. 7. Results of Monte Carlo boundary determination with 105 samples
2
which yields Lρr ρr = π/2
dfx (ρ)π/2 = 6000. The other
boundaries are obtained by

ω
Θ
Δ

∈
∈
∈

[0.5, 1.5]
[−7000, 7000]
[−0.25, 0.25].

(30)

ω ∈ [0.2, 3.8], Θ ∈ [−4000, 4000], Δ ∈ [−2, 2].

As will be discussed in the next sections, these values had to
be altered in order to achieve good performance in case of
parameter variation. In order to determine the controller gain,
ﬁrst a simple but common choice is made for D(s), by using
just an integrator. This leads to the transfer function
C(s) =

(31)

In particular ω and Δ have been signiﬁcantly changed . This
will be discussed in the next section. The control inputs show
a very similar behavior. Interestingly, the L∞ controller reacts
slower when returning to the upright position, leading to the
signiﬁcantly bigger error spike, in particular in case c), with
the highest load. The parameter estimation in the L1 controller
is very agile, while the elements of Δk in the MRAS approach
reach stationary values after one or two pulses. Gains and
adaptation parameters for the MRAS approach have been
left unchanged for this study. The adaptation for the MRAS
approach is consistent with the real-world results in Fig. 5. The
stiffness of the controller is reduced for the case with lower
load by increasing the Δk(1) value to a positive number,
as opposed to the higher load case where Δk(1) reaches a
signiﬁcant negative value. For both the nominal as well as for
the low load case a), the unknown input gain ω stays close

ωk
.
s + ωk

The evaluation of the left- and righthand side of (25) for
different gains k is shown in Fig. 8. It becomes apparent that
the condition is fulﬁlled for k > 12. This value is slightly
higher than the value that would have been obtained if a
globally uniform bound on (29) had been assumed. In that
case, the simpler condition ||G(s)||Lρr < 1 could be used
instead of (25), which is also fulﬁlled for k > 12. For this
evaluation, the nominal case ω = 1 has been used. Choosing
the lower bound of ω, e.g. ω = 0.2, the condition (25) is
fulﬁlled for k > 60. In the simulations below, a value of
k = 150 has been chosen in order to increase performance.

−3

||G(s)||L , RHS

2.5

1

V. S IMULATION R ESULTS AND D ISCUSSION
The L1 adaptive controller has been implemented and tested
in simulations. In particular, the step response performance
has been investigated in order to analyze the boundaries, and
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Fig. 8. Values on the left- and righthand side of inequality (25) for ω = 1
(left) and the case ω = 0.2 (right).
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Fig. 10. Estimated parameters σ̂, Θ̂ and ω̂ and adapted MRAS state feedback gains

non-nominal cases. In particular for the higher load condition
c), the error can become above 1◦ , which is signiﬁcant. While
the adaptation of the direct MRAS Δk parameters reaches
steady state, this is not the case for the parameters of the L1
approach. They are rapidly changing due to the time-varying
disturbances. However, they stay within the bounds, for the
sake of the projection algorithm. Both approaches can follow
the reference model, yet even with fast adaptation, the errors
are signiﬁcantly higher in this application when using the L1
approach.

to one, while in case c) it increases to about two. This is
inconsistent with the actual value of ω, that can be shown
to stay close to one. The function σ(t) stays close to zero,
however, reacts with a signiﬁcant magnitude on the falling
edge of the pulse signal. The fast adaptation of the parameter ω
seams to be responsible for the good rejection of the sinusoidal
disturbance by the L1 controller. From Fig. 11 it can be seen
that besides the initial phase, the control input signals are very
similar.
B. Simulation with Real Input Data

C. Discussion
In order to obtain a better understanding how the controller
will perform under real-world conditions, the joystick signals
recorded during the experiments in sec. II-C have also been
used as input commands to the control systems. The adaptation
gain, bounds as well as the controller gain k have been left
unchanged. Again, three test cases have been investigated. As
becomes clear from Fig. 12 and 13, the performance is now
signiﬁcantly different. While for the nominal case both controller perform similar, the MRAS shows better results in the

The achieved results show signiﬁcant differences. While the
performance with the synthetic step control signals created
results in favor of the L1 approach, this is not the case when
using real-world input data from the joystick. Although the
system is persistently exited, and the parameter adaptation
acts very fast, the L1 controller as designed here, does not
achieve the very good performance of the direct MRAC. This
could not be achieved, neither by tuning the adaptation gain
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Fig. 12. Comparison of M RAS and L1 control performance

Γ, nor by changing the controller gain k. The direct MRAS
approach has been left unchanged from the implementation
on the physical system. This behaviour has been described in
the literature. In [11] the performance differences between set
point control vs. tracking control is discussed. A reason for
the decreased performance for time varying reference signals
is seen in the presence of the low pass ﬁlter in the L1
architecture. Therefore, a reason for the observed behaviour
might be a yet not properly designed ﬁlter transfer function
D(s). Here, just an integrator has been selected so far. A
higher order transfer function might be beneﬁcial. This has to
be investigated in future work. An interesting observation can
be made related to the parameter estimation. While the MRAS
approach reacts exactly as physically expected, i.e. reaching a
suitable steady state value subject to the load, the estimated
values of the function σ(t) and parameter Θ do not offer an
easy interpretation. One reason stems from the fact that the
nonlinearities and disturbances are linearly parameterized by
(17), which has no unique solution. Therefore, the estimation
of Θ̂ and σ̂(t) may by more or less arbitrary. However, since
the boundaries and prerequisites are met, the convergence and

stability results obtained in [7] are still applicable. As mentioned before, the actual bounds for the simulation had to be
changed signiﬁcantly in order to achieve decent performance.
Therefore, the effort that has been made for determining
bounds that are safe from a stability point of view, makes only
a minor contribution when it comes to tuning the parameters
manually. The latter is true for the synthetic and real-world
signals. It is also very interesting that in the implementation
used here, the L1 performs well with the step inputs, but
performs poorly when using slowly but continuously varying
stimuli. Again, this might be due to an unsuitable choice of
D(s). The L1 control approach that has been applied follows
the line of chapt. 3 in [7]. Another opportunity would be
to consider a simpler strategy by lumping all uncertainties
and nonlinearities into σ(t) and having a constant unknown
parameter vector assumed for Θ. The adaption process in this
case signiﬁcantly differs from the one used here and might
achieve better results. These questions will be addressed in
future activities.
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VI. C ONCLUSIONS AND FUTURE WORK

R EFERENCES

In this paper, two different adaptive schemes for stabilizing
a balanced chair have been presented. The performance of
real world experiments using the direct MRAC approach has
been used as a baseline. The parameters for the simulation
studies have been adopted without change. An L1 controller
has been designed for comparison, in order to obtain an
adaptive controller that can be proven to be stable assuming
that disturbances and parameter variations are bounded. The
results that have been achieved so far are yet preliminary.
While the L1 controller performs well using synthesized
stimuli, the real-world inputs caused major errors, compared
to the MRAC performance. Several options will be considered
for further investigations. First, the choice of D(s) will be
revisited. Second, it will be investigated if the theoretical
performance bounds are actually met, and third, rendering the
uncertainties and disturbances differently might lead to a better
and physically more plausible result. Nevertheless, the results
are positive subject to the basic performance and therefore,
the L1 controller will be implemented on the MonoChair2 in
order to evaluate the performance on the physical plant. Like
with the MRAC approach, it is suitable that the system can be
stabilized with the nominal state feedback, only. Therefore,
scaling of the contribution of the adaptive part is easy and
safe.
So far, solely the performance of tracking a desired pitch angle
has been evaluated. The ultimate goal would obviously be to
track the desired velocity proﬁle, commanded by the joystick
directly, as opposed indirectly via the pitch angle. This would
require the design of the adaptive controllers for the third order
system that includes the velocity. This is planned as a future
work as well.
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UHSUHVHQWDWLRQ RI ZRUNSLHFH ZKLFK LV D ELF\FOHIUDPH DV EDVH
SRLQWV 7KH VNHOHWDO OLQH UHSUHVHQWDWLRQ LV H[WUDFWHG IURP SRLQW
FORXG GDWD RI D ELF\FOHIUDPH :KHQHYHU D &$' PRGHO RI WKH
ZRUNSLHFHLVQRWDYDLODEOH.LQHFW)XVLRQEDVHGVFDQQLQJV\VWHP
LV GHYHORSHG WR UHFRQVWUXFW WKH PRGHO RI WKH ZRUNSLHFH $
JUDSKLFDO XVHU LQWHUIDFH *8,  LV GHYHORSHG WR GHILQH V\VWHP
SDUDPHWHUV YLVXDOL]H WKH PRGHO DQG LQVSHFW WKH HQGHIIHFWRU
SDWK IRU VDIHW\ DQG SHUIRUPDQFH DQDO\VLV 7KLV UHVHDUFK
VXFFHVVIXOO\ LPSOHPHQWHG WKH JHQHUDWHG SDWK RI VSUD\ JXQ
SDLQWLQJ WDVN IRU ELF\FOHIUDPHV RQ <$6.$:$ 02720$1
(3; SDLQWLQJ URERW LQ LQWHJUDWLRQ ZLWK WZR FRQYH\LQJ
V\VWHPV IURP UHFRQVWUXFWHG ' SRLQW FORXG GDWD RI YDULRXV
ELF\FOHIUDPHV
.H\ZRUGV 0DQLSXODWRU 6SUD\ SDLQWLQJ 3DWK SODQQLQJ 6NHOHWDO
UHSUHVHQWDWLRQ0RGHOUHFRQVWUXFWLRQ5RERWIHHGHUV\VWHP

,

,1752'8&7,21

,Q WKH ODVW IHZ GHFDGHV WKH PDMRULW\ RI WKH URERWL]HG
VSUD\LQJ WDVNV DUH GHYHORSHG IRU DXWRPRWLYH LQGXVWULHV $
PXOWLD[LV URERW DUP KDV EHHQ LQWURGXFHG IRU VSUD\ SDLQWLQJ
RSHUDWLRQ RI YDULRXV FRPSOLFDWHG REMHFWV DQG VXUIDFHV $Q
RSHUDWRU VKRXOG WHDFK WKH PRYHPHQW RI WKH VSUD\ JXQ WR WKH
URERW E\ LQWHUUXSWLQJ WKH SURGXFWLRQ OLQH SURFHVV +RZHYHU
SURJUDPPLQJ DQ LQGXVWULDO URERW E\ WKH RUGLQDU\ WHDFKLQJ
PHWKRGWKURXJKWKHXVHRIWKHURERWWHDFKSHQGDQWLVDWHGLRXV
DQGWLPHFRQVXPLQJWDVNWKDWUHTXLUHVVNLOOHGH[SHUWLVH
,Q RWKHU KDQGV WKH VSUD\ SDLQWLQJ PDFKLQHV ZLWK D VSUD\
JXQ PRYLQJ XS DQG GRZQ ZKLFK LV NQRZQ DV UHFLSURFDWRU
KDYHEHHQXVHGWRDXWRPDWHVSUD\SDLQWLQJIRUVPDOODQGOHVV
FRPSOLFDWHG SURGXFWV DV VKRZQ LQ )LJ D 0RUHRYHU VNLOOHG
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KXPDQODERULVXVHGLQILQDOILQLVKLQJWRXFKRIVSUD\LQJDWWKH
FRUQHUVDQGMRLQWVVXFKDVELF\FOHIUDPHVDVVKRZQLQ)LJE
+RZHYHU LW LV HYLGHQW WKDW WKH GHVLJQ RI D QHZ VSUD\
SURFHVVLQJOLQHDQGDXWRQRPRXVWUDMHFWRU\JHQHUDWLRQUHTXLUHV
UHVHDUFKHV DQG GHVLJQ EHIRUH LPSOHPHQWDWLRQ>@ :KHQ WKH
VKDSH RI SURGXFWV KDV EHFRPH FRPSOLFDWHG LQGXVWULDO URERWV
KDYHUHFHQWO\EHHQLQWURGXFHGWRFRSHZLWKWKHVHUHTXLUHPHQWV
LQYDULRXVDSSOLFDWLRQVVLQFHWKH\KDGKLJKSHUIRUPDQFH>@
,Q PRVW FDVHV KRZHYHU WKH URERW FRQWURO FRPPDQGV DUH
JHQHUDWHGE\W\SLFDOWHDFKLQJPHWKRGRIVNLOOHGZRUNHUVDWWKH
ILHOG

D
E
)LJ&XUUHQWO\H[LVWLQJELF\FOHIUDPHSDLQWLQJPDFKLQH /HIW DQGILQDO
ILQLVKLQJZRUNE\KXPDQODERU 5LJKW 

1RZDGD\VDXWRQRPRXVVSUD\LQJ SDLQWLQJLVDQLPSRUWDQW
SURFHVV LQ LQGXVWULHV IRU VHYHUDO UHDVRQV 7KHUHIRUH UHFHQWO\
HIILFLHQW DQG UHOLDEOH VSUD\ JXQ SDWK SODQQLQJ KDV EHHQ DQ
DFWLYH UHVHDUFK DUHD>@ 5HIHUHQFH >@ SURYLGHV D JXLGHOLQH
IRU WKH QHZ WHFKQRORJ\ GHYHORSPHQW LQ SDWK SODQQLQJ DQG
SUHVHQWVDUHYLHZRIDXWRPDWHGWRROSDWKSODQQLQJPHWKRGVLQ
LQWHJUDWLRQ ZLWK FRUUHVSRQGLQJ DGYDQWDJHV DQG GLVDGYDQWDJHV
RI WKH FXUUHQW WHFKQLTXHV &$' EDVHG URERW SDWK SODQQLQJ LV
GHYHORSHG IRUWKHVSUD\ SDLQWLQJRI FRPSRXQGHG VXUIDFHVDV
LQ >@ FRPPRQO\ VHHQ LQ DXWRPRWLYH PDQXIDFWXULQJ ,Q WKLV
DSSURDFK WKH GLUHFWLRQ RI WKH VSUD\JXQ LV GHWHUPLQHG E\
WDNLQJWKHDUHD ZHLJKWHGDYHUDJHIURPELJ SDWFKHVZKLFKDUH
IRUPHG E\ VWLWFKLQJ VPDOO VXUIDFHV WRJHWKHU 2WKHU DSSURDFK
DVLQ>@LVYLVLRQEDVHG PHDVXUHPHQWGHYLFHWKDWPHDVXUHV
WKHUHODWLYHSRVWXUHEHWZHHQWKHSDLQWLQJHQGHIIHFWRUDQGWKH
SODQHLQGHWHUPLQLQJWKHWDJSRLQWVRIWKHVSUD\JXQSDWK
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7KH DLP RI WKLV SDSHU LV DXWRQRPRXV SDWK JHQHUDWLRQ IRU
VSUD\JXQRI'2)URERWDQGJHQHUDWLRQRIFRQWUROFRPPDQGV
RIVSUD\SDLQWLQJWDVNIRUELF\FOHIUDPHVIURPSRLQWFORXGGDWD
RIWKHZRUNSLHFHZLWKRXWWKHVXEVWDQWLDOQHHGRIWHFKQLFDOVNLOO
6XEVHTXHQWO\ WKH URERW VWD\V DFWLYH LQ WKH SURGXFWLRQ OLQH
XQOLNH WKH WLPH FRQVXPLQJ WHDFKLQJ PHWKRG 7KHUHIRUH
QHLWKHUVSHFLDONQRZOHGJHQRUVNLOOLVUHTXLUHGLQWHDFKLQJWKH
URERWLQFRPSDUDWLYHO\YHU\VKRUWWLPHZLWKRXWLQWHUUXSWLRQRI
WKH V\VWHP 0RUHRYHU WKH V\VWHP SURYLGHV JUDSKLFDO XVHU
LQWHUIDFH IRU RSHUDWRUV WR LQVSHFW WKH VDIHW\ RI RSHUDWLRQ DQG
SHUIRUPDQFHDQDO\VLV
7+5((',0(1$7,21$/02'(/%8,/',1*$1'
+$1'/,1*
0RGHO UHFRQVWUXFWLRQ RI XQNQRZQ ZRUNSLHFHV ZKLFK DUH
YDULRXV ELF\FOHIUDPHV RU WKH DYDLODELOLW\ RI &$' PRGHO LV
WKH SULPDU\ LVVXH LQ GHDOLQJ ZLWK ' SRLQW FORXG GDWD EDVHG
SDWKSODQQLQJ7KHELF\FOHIUDPHLVWKHPDLQSDUWRIWKHELNH
RQWRZKLFKWKHZKHHOVDQGRWKHUSDUWVRIWKHELF\FOHDUHILWWHG
7KH PRVW FRPPRQ VKDSH RI ELF\FOHIUDPH LV WKH GLDPRQG
IUDPHZKLFKORRNVOLNHWZRWULDQJOHVSXWWRJHWKHUDVVKRZQLQ
)LJ
,,

Eds. Leo J De Vin and Jorge Solis

%LF\FOHIUDPH

.LQHFW
6HQVRU
3

3

D
7XUQLQJ
7DEOH
$GMXVWDEOH/LQNDJH


.LQHFW6HQVRU

=

;

E

<



)LJ D 3URSRVHGVFDQQLQJV\VWHPVHWXS WRS DQG E 5HDOWLPHVFDQQLQJ
V\VWHPVHWXS ERWWRP 

3URFHVVRIUHDOWLPHPRGHOUHFRQVWUXFWLRQRIWKHZRUNSLHFH
LV VKRZQ LQ )LJ  ZKLFK GHSLFWV WKH GHSWK LQIRUPDWLRQ
VXUIDFHPDSSLQJDQGILQDOO\UHFRQVWUXFWHG'PRGHO

)LJ7\SLFDO%LF\FOHIUDPHDQGLWVWXEHSDUWV OHIW DQGDELNHRIWKLVIUDPH
ULJKW 

$ 0RGHO5HFRQVWUXFWLRQ
7KH ' PRGHO RI ELF\FOHIUDPH LV UHFRQVWUXFWHG LQ UHDO
WLPH E\ XVLQJ .LQHFW)XVLRQ EDVHG DOJRULWKP LQ PRYLQJ WKH
.LQHFWVHQVRUDURXQGWKHZRUNSLHFHRUURWDWLQJWKHREMHFW7KH
.LQHFW)XVLRQDOJRULWKPIXVHVPXOWLSOHYLHZSRLQWVRIWKHVFHQH
LQWR D VLQJOH XQLILHG ' PRGHO>@ 7KH FXUUHQW .LQHFW
SRVLWLRQLVVLPXOWDQHRXVO\REWDLQHGE\WUDFNLQJWKHOLYHGHSWK
IUDPH UHODWLYH WR WKH JOREDO PRGHO XVLQJ D FRDUVHWRILQH
LWHUDWLYH FORVHVW SRLQW ,&3  DOJRULWKP ZKLFK XVHV DOO RI WKH
REVHUYHGGHSWKGDWDDYDLODEOH
7KHSURSRVHGPRGHOUHFRQVWUXFWLQJV\VWHPVHWXSLVVKRZQ
LQ )LJ D $V VKRZQ E\ WKH ILJXUH WKH VFDQQLQJ V\VWHP
FRPSULVHV RI IRXU FRPSRQHQWV QDPHO\ 7XUQLQJWDEOH.LQHFW
GHSWKFDPHUDD&RPSXWHUDQGWKH2EMHFWWREHVFDQQHG7KH
KRVW FRPSXWHU IRU WKH VFDQQLQJ LV HTXLSSHG ZLWK 1YLGLD
*UDSKLF &DUG ZKLFK VXSSRUWV &8'$ &RPSXWH 8QLILHG
'HYLFH $UFKLWHFWXUH  ,Q WKH H[SHULPHQWDWLRQ D GHVNWRS
FRPSXWHUZLWK,QWHO&RUHLSURFHVVRU*+]UDWHDQG*%
5$0 PHPRU\ LV XVHG ZLWK D JUDSKLFV FDUG RI 19,',$
*H)RUFH*7;7LZLWKPHPRU\FDSDFLW\RI*%


)LJ5HFRQVWUXFWLRQRIELF\FOHPRGHORQSURFHVV

% 0RGHO3UHKDQGOLQJ
$XWRQRPRXV SDWK SODQQLQJ IRU WKH VSUD\ JXQ LV WDUJHWHG
IRUYDULRXVGLIIHUHQWURERWIHHGLQJV\VWHPVDQGZLGHYDULHW\RI
ELF\FOHIUDPHV7KHUHIRUHWKHUHFRQVWUXFWHG'PRGHORU&$'
PRGHO VKRXOG EH SURSHUO\ WUDQVIRUPHG LQ RUGHU WR XVH WKH
PRGHO IRU SDWK SODQQLQJ DOJRULWKP +HQFH WKHUH RXJKW WR EH
XQLILHG ZD\ RI KDQGOLQJ DOO NLQGV RI IUDPHV IRU GLIIHUHQW
FRQYH\LQJV\VWHPV
7KH IORZFKDUW LQ )LJ  VKRZV WKH PRGHO SUHKDQGOLQJ
PRGXOHLPSOHPHQWHGIRUWZRFRQYH\LQJV\VWHPV3DQG3LQ
)LJ D DERYH DUH WKH RULJLQ SRLQW WUDQVIRUPDWLRQ IRU WZR
GLIIHUHQW FRQYH\LQJ V\VWHPV QDPHO\ FRQYH\RURQJURXQG
&RQYH\RUV\VWHP DQGFRQYH\RUIURPFHLOLQJ +RRNV\VWHP 
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5HFRQVWUXFWHG0RGHO
SO\ RU&$'

8VHU,QSXW
&KRRVHFRQYH\LQJ
V\VWHP 

Eds. Leo J De Vin and Jorge Solis

9HUWLFDOZLQGRZIRU
ZRUNSLHFHSDVVDJH

([WUDFW9HUWLFHVIURP
0HVK
7UDQVIRUPDWLRQRI0RGHO
DQG2ULHQWDWLRQDGMXVWPHQW
5HPRYHQRQIUDPHSDUW
(J3DUWRIWXUQLQJWDEOH 
0RGHO6DPSOLQJDQG
VPRRWKLQJ
0HDVXUHPHQWVFDOLQJ
GRZQ PRUPP 

+ +RRNHG 

&RQYH\HU+RRN

& &RQYH\RU 

:LQGRZ
+HLJKW

+RRNV\VWHP2ULJLQ
'HWHUPLQDWLRQ
$OJRULWKP

5RW7UDQVODWLRQ
IRU&RU+ 

6KHOI
KHLJKW

6DYHG0DWUL[
&DOLEUDWLRQRIVFDQQLQJ
V\VWHP 

0RGHO5HDG\

)LJ6LGH9LHZRIZRUNDEOHDUHDDQG)UDPHSDVVDJHYHUWLFDOZLQGRZDUHD
'LPHQVLRQVLQPP 
&RQYH\RU2IIVHW'LVWDQFH



)LJ)ORZFKDUWRISUHKDQGOLQJDOJRULWKP

)LJEHORZVKRZVIHZRIWKHLPSRUWDQWVWDJHV RIPRGHO
SUHSURFHVVLQJRIWKHVFDQQHGPRGHOZKHUHWKHUHGGRWGHSLFWV
WKH RULJLQ RI WUDQVIRUPDWLRQ IRU HDFK SHUVSHFWLYH FRQYH\LQJ
V\VWHP
&RQYH\RU
3RVLWLRQ


)LJ7RSYLHZRIZRUNDEOHDUHDDQGFRQYH\RUSRVLWLRQ 'LPHQVLRQVLQPP 

,,, 3$7+3/$11,1*
7KH V\VWHP LV FRQFHSWXDOL]HG DV RIIOLQH URERW
SURJUDPPLQJZKLFKWKHRSHUDWRULVZRUNLQJRXWVLGHWKHURERW
FHOODQGJHQHUDWHVURERWSRVLWLRQGDWDPRWLRQFRPPDQG DQG
VSUD\LQJVWDWXV ZLWKRXWLQWHUUXSWLQJSURGXFWLRQOLQH DVVKRZQ
LQWKH)LJ


)LJ0RGHOSUHKDQGOLQJSURFHVV

& :RUNVSDFHRIDURERWDQGURERWIHHGHUDUUDQJPHQW
7KH LQWHJUDWLRQ RI WKH ZRUNVSDFH RI URERWLF PDQLSXODWRU
VL]H RI ZRUNSLHFHV DQG URERWIHHGHU DUUDQJHPHQW LV WKH
SULPDU\ FRQVLGHUDWLRQ LQ GHDOLQJ ZLWK SDWK SODQQLQJ
OLPLWDWLRQV DQG WR GUDZ VRPH FRQVWUDLQWV LQ WKH DXWRQRPRXV
JHQHUDWLRQ RI WDJ SRLQWV 7KH H[SHULPHQWDWLRQ KDV EHHQ GRQH
XVLQJ<$6.$:$02720$1(3;SDLQWLQJURERWDQG
WZRGLIIHUHQWFRQYH\LQJV\VWHPV
7KH ZRUNVSDFHRI 02720$1(3; URERWLVVKRZQ
LQ )LJ  DQG )LJ  3ULRU WR SODQWLQJ WKH URERW DQG URERW
IHHGHU V\VWHP WKH LQWHJUDWLRQ RI WKH ZRUNVSDFH RI WKH URERW
WKH FRQYH\RU V\VWHP DQG WKH VL]H RI ZRUNSLHFHV WR EH
PDQLSXODWHG VKRXOG EH DQDO\]HG WR GHWHUPLQH WKH FRQVWUDLQWV
LQ WKH DXWRQRPRXV SDWK SODQQLQJ DOJRULWKP 0RUHRYHU WKH
UHDFKDEOH SRVLWLRQV RI WKH HQGHIIHFWRU RQ WKH WDUJHW LV
RSWLPL]HGLQFKRRVLQJWKHEHVWDUUDQJHPHQWIRUDJLYHQVHWVRI
ZRUNSLHFHV
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)LJ'HVLUHG6\VWHP

7KH WUDMHFWRU\ JHQHUDWLRQ SURFHVV EHJLQV ZLWK WKH
H[WUDFWLRQRILQYDOXDEOHLQIRUPDWLRQIURPWKH' SRLQWFORXG
GDWD PRGHO EXW ILUVW LW LV QHFHVVDU\ WR VSHFLI\ ZKDW NLQG RI
GDWD ZLOO EH H[WUDFWHG DQG KRZ 5RERW SURJUDPPLQJ LV
HVVHQWLDOO\ EDVHG RQ WKH GHILQLWLRQ RI URERW¶V HQGHIIHFWRU
SDWKV RU UDWKHU LQ WKH GHILQLWLRQ RI D VHTXHQFH RI WDJ SRLQWV
WKDWWKHURERWSDVVHVWKURXJK:RUNLQJZLWKLQGXVWULDOURERWV
WKHWDJ SRLQWV ZLOOGHILQHWKH URERW HQGHIIHFWRU SRVHVR WKDW

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

WKHGHILQLWLRQRIWKHVHSRLQWVVKRXOGLQFOXGHQRWRQO\SRVLWLRQ
EXWDOVRRULHQWDWLRQLQVSDFH
$ 3RVWXUHRIZRUNSLHFHLQVSDFH
7KH URERW LQSXW SRVLWLRQ GDWD LH WDJ SRLQWV RXJKW WR EH
GHILQHG LQ UHIHUHQFH WR WKH EDVH RI URERW FRRUGLQDWH V\VWHP
7KHWUDQVIRUPDWLRQPDWUL[RIHDFKVWHSLVGHILQHGLQUHODWLRQWR
WKHRULJLQRIWKHURERWUHIHUHQFHIUDPHDVGHSLFWHGLQ)LJF
7KHUHIRUHFRQVLGHUWZR&DUWHVLDQFRRUGLQDWHV\VWHPVWKHILUVW
UHSUHVHQWV WKH WUDQVIRUPDWLRQ PDWUL[ RI ' PRGHO GDWD WR
ZRUNSLHFHFRRUGLQDWHV\VWHP )LJD DQGVHFRQGUHSUHVHQWV
WKHZRUNSLHFHFRRUGLQDWHVLQUHODWLRQWRURERWEDVH )LJF 
0RUHRYHU D WUDQVIRUPDWLRQ LV UHTXLUHG WR GXSOLFDWH WKH VDPH
ZRUNSLHFH PRGHO LQ WKH ZRUN VSDFH FRRUGLQDWH V\VWHP WR
LQFRUSRUDWHWZRZRUNSLHFHVWRJHWKHUEXWGLIIHUHQWRULHQWDWLRQV
)LJ E  7KHVH WUDQVIRUPDWLRQV DUH SHUIRUPHG LQ GLIIHUHQW
SDUWVRIWKHDOJRULWKPLQWKHRUGHUVKRZQLQ)LJEDVHGRQ
WKHVSHFLILFFRQYH\LQJV\VWHP
D
ͳ

ʹ

E

Eds. Leo J De Vin and Jorge Solis

% 3DWKSODQQLQJ
8WLOL]DWLRQRI'PRGHOVLVFRPPRQLQPDQ\GLVFLSOLQHVWR
FKDUDFWHUL]H ' REMHFWV IRU YDULRXV DSSOLFDWLRQV 7KH
LQIRUPDWLRQLQWKHSRLQWFORXGGDWDRIWKHZRUNSLHFHPRGHOLV
ULFKHQRXJKLQRUGHUWRH[WUDFWPRUHFRQFLVHEXWOHVVVL]HGGDWD
IURPLWIRUDVSHFLILFDSSOLFDWLRQ)RUWXEXODUVWUXFWXUHVOLNHD
ELF\FOH IUDPHV HYHQ WKRXJK WKH ' UHSUHVHQWDWLRQ LV
LPSRUWDQW WKLV SDSHU DLPV WR DFTXLUH DOWHUQDWLYH FRPSDFW
UHSUHVHQWDWLRQV RI ZRUNSLHFH PRGHOV SUHVHUYLQJ WKH
WRSRORJLFDOLQIRUPDWLRQDVDIUHHERG\GLDJUDPUHSUHVHQWDWLRQ
2QH VXFK UHSUHVHQWDWLRQ LV D OLQHOLNH RU VWLFNOLNH '
UHSUHVHQWDWLRQ ZKLFK LV VRPHWLPHV UHIHUUHG WR DV D ³VNHOHWDO
UHSUHVHQWDWLRQ´ RU ³FXUYHVNHOHWRQ´ ZKLFK LV GHILQHG DV
WKLQQHG ' UHSUHVHQWDWLRQ RI ' PRGHO RI REMHFWV>@ 7KH
FXUYHVNHOHWRQ FDSWXUHV WKH HVVHQWLDO WRSRORJ\ RI WKH
XQGHUO\LQJREMHFWLQDYHU\FRPSDFWIRUP>@
7KLV SDSHU SURSRVHV WKH XWLOL]DWLRQ RI VNHOHWDO
UHSUHVHQWDWLRQ RI WKH W\SLFDO WXEXODU OLNH ZRUNSLHFH DV
UHIHUHQFHSRLQWVIRUSDWKSODQQLQJWDJSRLQWV+RZHYHUPDQ\
' EDVHG SDWK SODQQLQJ DSSURDFKHV UHOLHV RQ WKH VXUIDFH
LQIRUPDWLRQ RI &$' PRGHOV 7KH VNHOHWDO UHSUHVHQWDWLRQ RI
SRLQWFORXGGDWDLVDFKLHYHGE\D/DSODFLDQEDVHGFRQWUDFWLRQ
SURFHGXUH>@ 7KLV LV IROORZHG E\ WRSRORJLFDO WKLQQLQJ WR
UHGXFH WKH VNHOHWRQ VWUXFWXUH WR D OLQH DV VKRZQ E\ )LJ F
)LJ E VKRZV WKH UHFRQVWUXFWHG ' PRGHO IURP ELF\FOH
IUDPHVZKLFKLVVKRZQLQ)LJD

F

͵



)LJ7UDQVIRUPDWLRQ )URPSRLQWFORXGWRZRUNSLHFH 'XSOLFDWH
PRGHOLQWKHVDPHFRRUGLQDWHV\VWHPEXWGLIIHUHQWSRVWXUH IURPZRUNSLHFH
WR0DQLSXODWRUFRRUGLQDWH

,Q)LJZKHUH3LVDSRLQWLQVSDFHDQG $3DQG %3DUH
WKH SRVLWLRQDO YHFWRU RI SRLQW 3 UHODWLYH WR WKH RULJLQ RI
FRRUGLQDWH V\VWHP $ DQG % UHVSHFWLYHO\ $3%RUJ LV WKH
SRVLWLRQDOYHFWRUIURPWKHRULJLQRIWKHV\VWHP$WRWKHRULJLQ
RI WKH V\VWHP % 7KH DLP LV WR REWDLQ WKH YHFWRU $3 DV
H[SUHVVHG E\   NQRZLQJ $3%RUJ %3 DQG WKH URWDWLRQ PDWUL[

ZKLFKGHVFULEHVWKHRULHQWDWLRQRIWKHV\VWHP%UHODWLYHWR
WKHV\VWHP$
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3%RUJ

)RU D JLYH VHW RI REMHFWV WKHUH LV RSWLPDO VL]H RI SRLQW
FORXG GDWD WKDW HVVHQWLDOO\ XVHG WR FUHDWH WKH WRSRORJLFDO
LQIRUPDWLRQ RI WKH REMHFW +HQFH LQ WUDGHRII EHWZHHQ
FRPSXWDWLRQ VSHHG RI DOJRULWKP DQG DFFXUDF\ WKH ELF\FOH
IUDPH SRLQW FORXG PRGHO FRXOG EH UHVL]HG LQWR  GDWD
SRLQWV EHIRUH H[WUDFWLQJ WKH VNHOHWDO UHSUHVHQWDWLRQ ZKLFK LV
IRXQGWREHLQJHQHUDOHQRXJKWRUHSUHVHQWDOOVRUWVRIELF\FOH
IUDPHV
7KHSRVLWLRQRIWKHWLSRIWKHVSUD\JXQLVGHWHUPLQHGIURP
WKHSDUDPHWHUL]HGVSUD\RIIVHWGLVWDQFHDQGH[WUDFWHGVNHOHWDO
OLQH RI WKH PRGHO 2QFH WKH SRVLWLRQ RI WKH SRLQWV RII WKH
PRGHOLVFRPSXWHGWKHQH[WVWHSLVWRGHWHUPLQHWKHRULHQWDWLRQ
RIWKHVSUD\JXQIURPWKLVSRLQWWRDLPDWWKHWXEHV

<%

; $
)LJ5HIHUHQFH6\VWHP7UDQVIRUPDWLRQ



)LJ3URFHVVLQJRIELF\FOHIUDPHVLQH[WUDFWLQJVNHOHWDOUHSUHVHQWDWLRQ

=%

%

E

F



ZKHUH WKH WUDQVIRUPDWLRQ PDWUL[  DQG WKH YHFWRU %3 DUH
NQRZQ
3

D
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5RERW2ULJLQ

Eds. Leo J De Vin and Jorge Solis

)UDPH3RVLWLRQ



)LJ7ZRSRLQWVLQ'VSDFHWRGHWHUPLQHHQQGHIIHFWRURULHQWDWLRQ

$V VKRZQ LQ )LJ  3 LV WKH WLS RII VSUD\ JXQ SRVLWLRQ
ZKHUHDV 3 LV WKH WDUJHW SRLQW 7KH RULHQ
QWDWLRQ LV GHWHUPLQHG
IURPWZRSRLQWVDVJLYHQE\    DQG  7KHVHDQJOHVDUH
LQUHIHUHQFHZLWKRQHVSHFLILHGHQGHIIHFFWRURULHQWDWLRQZKLFK
YDULRXVLQGLIIHUHQWURERWV
ș ൌ ିଵ ሺοǡ οሻ









ș ൌ ିଵ ሺοǡ οሻ

















ିଵ ሺοǡ
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,9 6,08/$7,21$1'(;3(5,0((17$/5(68/76
7KH H[SHULPHQWDWLRQ KDV EHHQ SHUIIRUPHG RQ D '2)
<$6.$:$ 02720$1(3; 3DDLQWLQJ URERW RQ WZR
IHHGLQJV\VWHPQDPHO\&RQYH\RURU+RRRNHGPRYLQJV\VWHPV
7KHWHVW LVGRQHIRU YDULRXV GLIIHUHQWW\S
SHVRIELF\FOHIUDPHV
DVVKRZQLQ)LJ


)LJ*8,RIGHYHORSHGVRIWZDUUHWRPRGLI\RSHUDWLRQSDUDPHWHUVDQG
V\VWHPVHWX
XSSDUDPHWHUV

7KH FOHDUDQFH GLVWDQFH EHHWZHHQ WKH WLS RI VSUD\JXQ DQG
WKH WXEHV RI WKH ELF\FOHIUDP
PH GHILQHG DV VSUD\LQJRIIVHW LV
SDUDPHWHUL]HG DQG PRGLILHG
G WKURXJK *8, WR FKDUDFWHUL]H
FRDWLQJWKLFNQHVV)LJVKRZ
ZVWKH'VLPXODWLRQRIWKHSDWK
RIVSUD\JXQSRVLWLRQDQGRULHHQWDWLRQDORQJWKHELF\FOHIUDPH
WXEHWREHVSUD\HG)URP)LJWKHUHGWULDQJOHVDWWKHHQGRI
WKHUHGOLQHVGHSLFWWKHWLSRI WKHVSUD\JXQDQGWKHRWKHUHQG
NHOHWDOOLQHSRLQWVRIWKHELF\FOH
RIWKLVOLQH EOXHGRW LVWKHVN
IUDPHPRGHO





)LJ6SUD\JXQPRWLRQVLPXOD
DWLRQDORQJWKHWXEHVRIELF\FOHIUDPH

)LJ6RPHRIWKHYDULRXVELF\FOHIUDPHW\S
\SHVXVHGIRUWHVWLQJ

7KHURERWIHHGHU SUHVHQWV D ELF\FOHIIUDPH LQWZRVLGHVLQ
IURQW RI WKH URERW E\ LQFRUSRUDWLQJ WXUUQLQJ V\VWHP LQ WKH
PLGGOHRIWKHFRQYH\LQJV\VWHP7KHUHIR
RUHIRUVLQJOHSURFHVV
F\FOH RI WKH URERW RSHUDWLRQ WKH VWDWLF Z
ZRUNSLHFHFRRUGLQDWH
V\VWHP FRPSULVHV RIWZRELF\FOHIUDPH PRGHOV
P
ZKLFK RQHRI
WKHPLVURWDWHGDORQJ]D[LVDVVKRZ
ZQLQ)LJE
$ 6RIWZDUHGHYHORSPHQWDQGVLPXODWLRQQUHVXOWV
*UDSKLFDO XVHU LQWHUIDFH *8,  LV GHYHORSHG ZLWK '
XQ PRWLRQVLPXODWLRQ
PRGHO YLVXDOL]DWLRQDQGSDWKRIVSUD\ JX
WR OHW WKH RSHUDWRU LQVSHFW WKH SHUIRUPDQQFH RI DXWRQRPRXVO\
JHQHUDWHG SDWK )LJ  LOOXVWUDWHV W\SLFDO ZLQGRZ IURP WKH
GHYHORSHG *8, VKRZLQJ WZR IUDPHV DW LQLWLDO SRVH RI
RSHUDWLRQ ZLWK UHVSHFW WR WKH RULJLQ RI UURERW 7KURXJK *8,
URERW SDUDPHWHUV VXFK DV VSHHG SDWK SODQQLQJ DOJRULWKP
SDUDPHWHUV DQG V\VWHP VHWXS SDUDPHWWHUV DUH DGMXVWHG WR
PRGLI\VSUD\LQJSHUIRUPDQFHRUV\VWHPVHWXSYDULDWLRQ
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)LJ  VKRZV WKH VDPH VLPXODWLRQ UHVXOW DV GHVFULEHG
DERYHEXWUHGXFHGQXPEHURIIFXUYHVNHOHWRQOLQHSRLQWVIURP
WZRYLHZSRLQWVZKLFKFOHDUO\
\GHSLFWVSRVLWLRQDQGRULHQWDWLRQ
RIVSUD\JXQZKLOHVSUD\LQJWK
KHEUDQFKHGWXEHVRIWKHELF\FOH
IUDPH7KHXVHUFRXOGLQVSHFWIRUVDIHW\WKHHIIHFWRIVSUD\LQJ
RIIVHW SDUDPHWHU RQ [] D[LV EHIRUH H[SRUWLQJ WKH URERW GDWD
DQG FRPPDQG LQ RUGHU WR PDDNH VXUH WKDW WKH VSUD\ JXQ KDV
HQRXJKFOHDUDQFHDZD\IURPWWKHZRUNSLHFH
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SURFHVV WLPH RI WKH GHYHORSHG V\VWHP LQ FRPSDULVRQ ZLWK
URERW WHDFKLQJ SURFHVV WLPH 7KH GHYHORSHG V\VWHP UHTXLUHV
PXFKVKRUWHUSUHSDUDWLRQWLPHIRUVSUD\LQJQHZELF\FOHIUDPH
PLQXWHVFRPSDUHGWRPDQXDOWHDFKLQJZKLFKUHTXLUHVPRUH
WKDQ  PLQXWHV LQ DYHUDJH IRU DQ H[SHUW 7KH GHYHORSHG
V\VWHPLQDYHUDJHZRXOGWDNHPLQXWHVIRUUHFRQVWUXFWLRQRI
IUDPH DQG PRGHO SUHSDUDWLRQ DQG RWKHU  PLQXWHV IRU SDWK
SODQQLQJDQGURERWSURJUDPJHQHUDWLRQ
0RUHRYHU ZKHQHYHU URERW IHHGHU SDUDPHWHUV V\VWHP
SDUDPHWHUV RU SDLQWLQJ SDWK SDUDPHWHUV DUH FKDQJHG WKH
RSHUDWRU QHHGV RYHU  PLQXWHV LQ WHDFKLQJ DJDLQ IURP WKH

EHJLQQLQJ FRPSDUHG WR RXU V\VWHP ZKLFK MXVW QHHGV 
)LJ6SUD\JXQPRWLRQVLPXODWLRQDORQJWKHWXEHVRIELF\FOHIUDPH
SHUVSHFWLYHYLHZ OHIW DQGVLGHYLHZ ULJKW 
PLQXWHV WR UHJHQHUDWH WKH URERW SURJUDP PRGLI\LQJ DOO WKH
VDPH FKDQJHV PHQWLRQHG DERYH 7KHUHIRUH WKH GHYHORSHG
% ([SHULPHQWDOWHVW
V\VWHPSURYLGHVIDVWFRQWUROODEOHDQGIOH[LEOHVSUD\SDLQWLQJ
7KHVSUD\SDLQWLQJKDVEHHQFDUULHGRXWIRUYDULRXVELF\FOH V\VWHPVHQDEOLQJVSUD\SDLQWLQJFRPSDQLHVWRFRQWLQXHWREH
IUDPHV LQ LQWHJUDWLRQ ZLWK WZR FRQYH\LQJ V\VWHPV WKDW FRPSHWLWLYHLQWKHPDUNHW
SUHVHQWVWKHIUDPHVLQWZRVLGHVE\URWDWLQJLWLQWKHPLGGOHRI
9 &21&/867,21
WKH SDWKZD\ 7KH VSUD\ SDLQWLQJ SDWK LV DXWRPDWLFDOO\
JHQHUDWHG LQ  PLQXWHV DIWHU VHWWLQJ WKH URERW¶V FRQYH\LQJ
,Q WKLV SDSHU D QHZ HIIHFWLYH DQG DGDSWDEOH V\VWHP IRU
V\VWHP¶V DQG SDWK SODQQLQJ SDUDPHWHUV 7KH H[SHULPHQWDWLRQ VSUD\ SDLQWLQJ WUDMHFWRU\ SODQQLQJ RQ XQNQRZQ ' WXEXODU
RI UHDO VSUD\LQJ RSHUDWLRQ SHUIRUPHG E\ DXWRPDWLFDOO\ VWUXFWXUH LV GHYHORSHG 7KH GHYHORSHG V\VWHP FRPSULVHV RI
JHQHUDWHG SDWK DQG VSUD\ WDVN RQ YDULRXV ELF\FOHIUDPHV DQG UHDOWLPH.LQHFW)XVLRQEDVHGPRGHOUHFRQVWUXFWLQJVXEV\VWHP
FRQYH\LQJ V\VWHP LV VKRZQ LQ )LJ  7KH H[SHULPHQWDWLRQ WKDWSURYLGHVWKH'SRLQWFORXGGDWDRIWKHZRUNSLHFH%DVHG
KDVEHHQGRQHVXFFHVVIXOO\WKDWWKHSHUIRUPDQFHRIWKHV\VWHP RQWKH'PRGHOWKHV\VWHPDXWRQRPRXVO\JHQHUDWHVSDWKRI
LV UHOLDEOH IRU ERWK FRQYH\LQJ V\VWHPV DQG GLIIHUHQW ELF\FOH VSUD\JXQ DQG URERW VSUD\ WDVNV RIIOLQH WKDW ZRXOG UXQ RQ WR
IUDPHV
WKH URERW FRQWUROOHU )RU DFFHVVLELOLW\ D JUDSKLFDO XVHU
LQWHUIDFH *8,  LV GHYHORSHG WR DVVLVW WKH RSHUDWRU LQ
YLVXDOL]LQJ ' PRGHO DQG LQVSHFWLQJ ZKHWKHU RU QRW WKH
JHQHUDWHGSDWKLV LQVDIH]RQH 0RUHRYHU XVLQJWKH *8,WKH
RSHUDWRU LV DEOH WR PRGLI\ V\VWHP SDUDPHWHUV XOWLPDWHO\ LW
JHQHUDWHVURERWGDWDDQGURERWSURJUDPLQOHVVWKDQPLQXWHV
6LPXODWLRQ DQG H[SHULPHQWDO UHVXOWV KDYH VKRZQ WKDW WKH
V\VWHPFRXOGSHUIRUPDIXOOFRYHUDJHRQWKHWDUJHWZRUNSLHFHV
ZKLFK DUH ELF\FOHIUDPH PRGHOV RI YDULRXV W\SHV 7KH
GHYHORSHGV\VWHPUHTXLUHVPXFKVKRUWHUSUHSDUDWLRQDQGSDWK
SODQQLQJ WLPH  PLQXWHV  IRU VSUD\LQJ QHZ ELF\FOHIUDPH
FRPSDUHGWRPDQXDOWHDFKLQJZKLFKUHTXLUHVRYHUPLQXWHV

LQDYHUDJHIRUDQH[SHUWLVH7KLVDSSURDFKFDQEHH[WHQGHGWR
YDULRXV URERWL]HG LQGXVWULDO DSSOLFDWLRQV RI DXWRQRPRXV SDWK
SODQQLQJIRUWXEXODUOLNHZRUNSLHFHV
$&.12:/('*0(17
7KLVUHVHDUFKZDVVXSSRUWHGE\*(50&5$1(&2/7'
LQ FRQGXFWLQJ WKH H[SHULPHQWDWLRQ RQ WKHLU URERW E\ XVLQJ
URERWIHHGLQJV\VWHPDQGYDULRXVELF\FOHIUDPHV7KHDXWKRUV
DOVR ZRXOG OLNH WR WKDQN 'U /H +DQK DQG +HQU\ &KDQJ IRU
YDOXDEOHFRQWULEXWLRQLQWKHUHVHDUFK
5()(5(1&(6



)LJ7HVWLQJWKHRYHUDOOV\VWHP



%HVLGHV WKH UHTXLUHPHQW RI H[SHUWLVH IRU WHDFKLQJ URERW
PDQXDOO\IRUVSHFLILFWDVNLWLVDOVRLPSRUWDQWWRTXDQWLI\WKH
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>@ $3LVODDQG6+RUYDWK³6WXGLHVUHJDUGLQJWKHGHVLJQRIVSUD\SDLQWLQJ
URERWL]HG FHOOV´ $XWKRUL]HG 7UDLQLQJ &HQWHU LQ 8QLJUDSKLFV 
6ROLG(GJH 7HFKQLFDO 8QLYHUVLW\ LQ &OXM1DSRFD 5RPDQLD SS 

>@ 0 9LQF]H $ 3LFKOHU * %LHJHOEDXHU . +DXVOHU + $QGHUVHQ 2
0DGVHQDQG0.ULVWLDQVHQ$XWRPDWLFURERWLFVSUD\SDLQWLQJRIORZ
YROXPH KLJK YDULDQW SDUWV ,Q 3URFHHGLQJV RI WKH UG ,65
,QWHUQDWLRQDO6\PSRVLXPRQ5RERWLFV 
>@ : 6KHQJ 1 ;L 0 6RQJ < &KHQ DQG 3 0DF1HLOOH $XWRPDWHG
&$'JXLGHG URERW SDWK SODQQLQJ IRU VSUD\ SDLQWLQJ RI FRPSRXQG
VXUIDFHV ,Q ,QWHOOLJHQW 5RERWV DQG 6\VWHPV  ,526  
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>@

3URFHHGLQJV  ,(((56- ,QWHUQDWLRQDO &RQIHUHQFH RQ YRO  SS
,(((
$ 3LFKOHU 0 9LQF]H + $QGHUVHQ 2 0DGVHQ DQG . +DXVOHU $
PHWKRG IRU DXWRPDWLF VSUD\ SDLQWLQJ RI XQNQRZQ SDUWV ,Q 5RERWLFV
DQG $XWRPDWLRQ  3URFHHGLQJV ,&5$  ,((( ,QWHUQDWLRQDO
&RQIHUHQFHRQYROSS,(((
; /L 2 $ /DQGVQHV + &KHQ 0 9 6XGDUVKDQ 7 $ )XKOEULJJH
DQG 0DU\$QQ 5HJH $XWRPDWLF 7UDMHFWRU\ *HQHUDWLRQ IRU 5RERWLF
3DLQWLQJ $SSOLFDWLRQ ,Q 5RERWLFV ,65   VW ,QWHUQDWLRQDO
6\PSRVLXP RQ DQG  WK *HUPDQ &RQIHUHQFH RQ 5RERWLFV
52%27,. SS9'(
+&KHQ7)XKOEULJJHDQG;/L$UHYLHZRI&$'EDVHGURERWSDWK
SODQQLQJ IRU VSUD\ SDLQWLQJ ,QGXVWULDO 5RERW $Q ,QWHUQDWLRQDO
-RXUQDOQR  
6+ 6XK ,. :RR DQG 6. 1RK 'HYHORSPHQW RI DQ DXWRPDWLF
WUDMHFWRU\ SODQQLQJ V\VWHP $736  IRU VSUD\ SDLQWLQJ URERWV ,Q
5RERWLFV DQG $XWRPDWLRQ  3URFHHGLQJV  ,(((
,QWHUQDWLRQDO&RQIHUHQFHRQSS,(((
:3HUVRRQVDQG+9%UXVVHO&$'EDVHGURERWLFFRDWLQJRIKLJKO\
FXUYHGVXUIDFHV ,Q3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO6\PSRVLXP
RQ,QGXVWULDO5RERWVSS
+ &KHQ 7 )XKOEULJJH DQG ; /L $XWRPDWHG LQGXVWULDO URERW SDWK
SODQQLQJIRUVSUD\SDLQWLQJSURFHVV DUHYLHZ ,Q$XWRPDWLRQ6FLHQFH
DQG(QJLQHHULQJ&$6(,(((,QWHUQDWLRQDO&RQIHUHQFHRQ
SS,(((
= ;X : +H DQG . <XDQ $ UHDOWLPH SRVLWLRQ DQG SRVWXUH
PHDVXUHPHQW GHYLFH IRU SDLQWLQJ URERW ,Q (OHFWULF ,QIRUPDWLRQ DQG
&RQWURO(QJLQHHULQJ ,&(,&( ,QWHUQDWLRQDO&RQIHUHQFHRQSS
,(((
5 $ 1HZFRPEH $ - 'DYLVRQ 6 ,]DGL 3 .RKOL 2 +LOOLJHV -
6KRWWRQ ' 0RO\QHDX[ 6 +RGJHV ' .LP DQG $ )LW]JLEERQ
.LQHFW)XVLRQ 5HDOWLPH GHQVH VXUIDFH PDSSLQJ DQG WUDFNLQJ ,Q
0L[HG DQGDXJPHQWHGUHDOLW\ ,60$5 WK,((( LQWHUQDWLRQDO
V\PSRVLXPRQSS,(((
6,]DGL'.LP2+LOOLJHV'0RO\QHDX[51HZFRPEH3.RKOL-
6KRWWRQ HW DO .LQHFW)XVLRQ UHDOWLPH ' UHFRQVWUXFWLRQ DQG
LQWHUDFWLRQ XVLQJD PRYLQJ GHSWKFDPHUD ,Q3URFHHGLQJVRIWKH WK
DQQXDO$&0V\PSRVLXPRQ8VHULQWHUIDFHVRIWZDUHDQGWHFKQRORJ\SS
$&0
1 ' &RUQHD ' 6LOYHU DQG 3 0LQ &XUYHVNHOHWRQ SURSHUWLHV
DSSOLFDWLRQV DQG DOJRULWKPV 9LVXDOL]DWLRQ DQG &RPSXWHU *UDSKLFV
,(((7UDQVDFWLRQVRQQR  
-&DR$7DJOLDVDFFKL02OVRQ +=KDQJDQG=6X 3RLQWFORXG
VNHOHWRQV YLD ODSODFLDQ EDVHG FRQWUDFWLRQ ,Q 6KDSH 0RGHOLQJ
,QWHUQDWLRQDO&RQIHUHQFH 60, SS,(((
2.&$X&/7DL+.&KX'&RKHQ2UDQG7</HH6NHOHWRQ
H[WUDFWLRQ E\ PHVK FRQWUDFWLRQ ,Q $&0 7UDQVDFWLRQV RQ *UDSKLFV
72* YROQRS$&0
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Abstract—An industrial robot is a good example of a complex
mechatronic system. An automated design optimization framework is presented and used to evaluate three different concepts
to balance out the gravitational torque of the main axis of a serial
mechanism. The three presented concepts that can create such
a balancing force are a mechanical spring, a pneumatic cylinder
(i.e. a gas spring) and a hydro-pneumatic solution. The proposed
framework couples a multi-body simulation of the robot system,
including its drive train and control system, with a model of the
balancing mechanism and an optimization algorithm.

ǆŝƐϯ
>ŽǁĞƌƌŵ

ĂůĂŶĐŝŶŐ
ǇůŝŶĚĞƌ

ǆŝƐϮ




I. I NTRODUCTION
A balancing device is used to reduce the torque on one of
the main axes of an industrial robot. The dynamic and static
torques that occur on the axes when the robot is moving and
handling loads are demanding for the actuators and gearboxes.
A reduced torque means that smaller actuators and gears can
be used without loss of performance, or increases the lifetimes
of the existing components.
The balancing cylinder itself contributes to the overall size
and weight of the robot and it is therefore desirable to keep
it as compact as possible. Consequently, the design of the
balancing cylinder is an important part of the design of an
industrial robot.
Fig. 1 shows an industrial robot with a balancing cylinder
attached to its second axis. Mounting position B is ﬁxed on
the ﬁrst axis while mounting position A is ﬁxed on the second
axis. This ensures that the distance between A and B, and
consequently the position of the piston with respect to the
cylinder, varies depending on the angle of the second axis.
Mounting position A is also placed with an offset to the
rotation centre of the second axis. This creates a lever and
thereby a torque when an axial force occurs in the balancing
cylinder.
The cylinder in Fig. 1 is a pulling cylinder that increases its
axial force when the length between A and B increases. Fig. 2
shows the mounting positions A and B for a pushing cylinder,
where the axial force increases as the distance between A and
B decreases.
† Corresponding author
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Fig. 1. An ABB IRB6640 robot courtesy of ABB
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Fig. 2. Schematic of the mounting positions A and B for a pushing cylinder.

There are several desirable properties of the balancing
mechanism and especially the following;
1) The torque that is exerted on the second axis should
be minimal for all robot positions and loads up to the
maximum load capacity of the robot.
2) The axial force in the balancing cylinder should be
minimal.
3) The balancing cylinder should be as compact as possible.
4) The cycle time of a typical robot path should be minimal.
5) The robot arm should not fall down if the balancing
mechanisms breaks.
Two previous works on balancing cylinders for industrial
robots have been presented by Simionescu and Ciupitu. [1],
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[2]. They are using cylindrical helical springs to balance
the weight forces for robot arms. Xiao et al. [3] create a
dynamic model of an industrial robot and designs a mechanical
balancing cylinder with the help of the Lagrangian function.
Vermeulen and Wisse [4] focus on human interaction with
robot arms and design a mechanically safe robot arm. They
use mechanical springs and calculate the static balancing
needed to make sure that the human is not hurt. Saravanan
et al. [5] compares ﬁve different methods to optimize the
static balancing of a 6-degree-of-freedom industrial manipulator. Weström et al. [6] present an optimization framework
that optimizes a mechanical balancing cylinder for industrial
robots. The framework takes the mounting positions of the
balancing cylinder as inputs and calculates the unbalanced
static torque that affects the second axis of an industrial robots.
This analysis is used to design three concentric mechanical
springs to achieve optimal balancing and low spring stresses.
A framework that can be used to design and optimize a
balancing cylinder is presented here. The framework has the
capability to design either a mechanical, pneumatic or hydropneumatic balancing cylinder. The framework includes both
static and dynamic analyses of the robot and its performance.
To the authors’ knowledge, no previous paper exist that
compares these three different concepts for balancing cylinders
for industrial robots.
The three concepts for balancing cylinders are presented in
section II and the framework is described in section III.

Eds. Leo J De Vin and Jorge Solis

kspring =

This section contains descriptions of three concepts that can
be used to balance the second axis of a serial manipulator.
A. Mechanical Spring
The ﬁrst solution to the balancing problem is to use mechanical springs. They have the beneﬁt that they are simple
to manufacture and can be made with any desirable spring
stiffness characteristics. It is also possible to use several
concentric springs together. The balancing deteriorates if one
spring breaks but the other springs should be enough to keep
the robot from falling down until the robot can be stopped.
The mechanical balancing cylinder that is used in this
framework consists of three concentric springs inserted in a
cylinder. They are placed so the cylinder becomes a pulling
cylinder that has a higher axial force the longer the distance
between A and B are.
The axial force in a mechanical spring increases as a
function of its compression as shown in Eq. 1.

The gas spring concept that is used in this framework is a
closed cylinder with gas on only one side of the piston. The
force in the piston can therefore be estimated according to
Eq. 3.
F = pgas Apiston

(1)

The spring stiffness kspring of each spring can be estimated
according to Eq. 2, where G is the shear modulus, d is the
thread diameter, n the number of free turns and D the diameter
of the spring. The three springs are used in parallel which
means that the total spring stiffness is the sum of the stiffnesses
of the three springs.
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(3)

The pressure of the gas is assumed to follow a polytropic
equation as shown in Eq. 4. A polytropic assumption means
that the volume changes of the gas occur so fast that the energy
exchange with the surroundings is negligible.
q
C = pgas Vgas

(4)

C is a constant and V is the volume of the gas. q is
a polytropic coefﬁcient and around 1.4 for nitrogen. This
means that the pressure and thereby balancing force increases
exponentially when the gas volume decreases.
The volume of the gas can be expressed as the area of the
piston multiplied with the length between the piston and the
cylinder wall. This means that Eq. 3 can be written as in Eq. 5,
where the constant C depends on the initial pressure inside the
gas spring, p0 .
C
(Apiston x)q

(5)

A concern with a gas spring could be leakage of gas, which
would lower the gas pressure and consequently deteriorate the
balancing properties of the spring. This means that the gas
needs to be properly sealed to minimize the leakage over time.
A big leak could be hazardous since the gas pressure would
drop fast and the robot could drop its load. It is therefore
desirable to reduce the possible leakage surfaces of the gas
by keeping the gas in the piston chamber. This means that
the cylinder must be used as a pushing cylinder to enable
balancing of the second axis of the robot.
C. Hydro-Pneumatic Spring
The hydro-pneumatic concept is used as a pushing balancing
cylinder similar to the gas spring concept. But the cylinder is
ﬁlled with a ﬂuid instead of a gas and it is connected to a
gas-ﬁlled accumulator.
The axial force in the piston can be expressed as in Eq. 6.
F = pf luid Apiston

F = kspring Δx

(2)

B. Gas Spring

F = Apiston

II. BALANCING C YLINDER C ONCEPTS

Gd4
8nD3

(6)

The bulk modulus of the ﬂuid is assumed to be sufﬁciently
high to assume that the pressure of the ﬂuid equals the pressure
of the gas inside the accumulator. The amount of liquid in the
cylinder is changed when the position of the piston is altered.
It is assumed that the liquid is incompressible compared to the
gas and therefore the volume of the liquid that is emptied from
the cylinder is assumed to compress the gas in the accumulator
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by a similar volume. This correlation is shown in Eq. 7 where
the change in piston position in the cylinder, Δx, results in a
change in the height of the ﬂuid inside the accumulator, Δh.
ΔV = Apiston Δx = Aaccumulator Δh


= p0

= p0

h0
h0 + Δh

q
=
h0

h0 + Δx Aaccumulator
Apiston
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The ratio between the cross-sectional areas of the cylinder
and the accumulator is consequently another degree of freedom that the engineer can tune to get a desirable torque as a
function of the position of the second axis.
Another beneﬁt with an accumulator is that the gas is
contained in a vessel where the only moving surface is a
membrane. This should seal the gas better than when it is
contained in a cylinder where the moving piston is one surface.

WĞŶĂůƚǇ

Fig. 3. Schematic workﬂow of the framework.

10000
8000
6000
4000
Torque [Nm]]

The framework connects several calculations to each other
as shown in Fig. 3. The design variables and their upper and
lower limits are shown in Table I.
The framework begins by sending the values of the design
variables to a static torque estimator. The estimator begins by
calculating the position of the piston inside the cylinder as
a function of the angular position of axis two. This is used
to calculate the compression of the mechanical spring or the
volume of the gas for the gas spring and hydro-penumatic
concepts. These are used to estimate the axial force in the
piston, which multiplied with the lever yields the torque that
the balancing cylinder exerts on the second axis as a function
of the angular position of axis two. One example of the torque
function is shown in Fig. 4 where an angle of 0 means that
the second axis is directed straight upwards. Note that the
torque from the balancing cylinder is negative when the angle
of the second axis is negative. It is positive otherwise and
the torque change is needed since a negative angle of the
second axis means that the torque from the load is directed
counter-clockwise and a positive angle results in a torque in
the clockwise direction.
The static torque estimator also estimates the resulting static
gravitational torque on axis two for all realistic positions of
the robot and payloads between no load and the maximum
load of the robot.
The dynamic simulation uses the masses, centres of gravity
and moments of inertia to estimate the performance of the
robot for a given robot cycle. It uses the torque curve as input
for the balancing of the robot and calculates the resulting
dynamic torque on axis two during a robot cycle. It also
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(7)

The difference in gas volume in the accumulator will result
in a pressure change according to Eq. 4. This means that
the pressure inside the cylinder can be expressed according
to Eq. 8.
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Fig. 4. An example of how the torque from the balancing cylinder may vary
when the angular position of axis two varies.

calculates the cycle time and the estimated lifetime of the
gearboxes in the robot. The dynamic simulation returns an
error if the balancing of the industrial robot is infeasible. This
can be used to see if a balancing concept is feasible or not.
The last analyses are stress and volume estimations. The
stress estimations are used to dimension the cylinder wall
thickness and cylinder rod diameter. The cylinder wall thickness is estimated from the cylinder wall stress according to
Eq. 9, where σy is the yield strength of the material and a
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TABLE I
T HE OPTIMIZATION VARIABLES AND THEIR UPPER AND LOWER LIMITS .

Notation

Lower Bound

Upper Bound

α1
α2
R1
R2
Aa
Ap
h0
p0

- π2
- π4
0.1
0.2
0.001
0.001
0.1
10e5

π
2
π
4

0.4
1.1
0.1
0.1
0.7
100e5

Entity
Angle for mounting A
Angle for mounting B
Radius to A
Radius to B
Accumulator area
Piston area
Accumulator height
Initial pressure

safety factor, sf, of four is used.

twall

=

pgas ∗ dcylinder sf
2
σy

(9)
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how compact the cylinder is and one index that contains the
performance of the industrial robot.
These indexes can then be plotted against each other to
create Pareto fronts where the trade-offs between the indexes
are shown [8]. Pareto fronts are useful tools to analyse how
much a change in one objective would change the other
objectives.
An index for the balancing of the second axis can be
expressed according to Eqn. (10), where it is a normalized
combination of the maximum axial force in the balancing
cylinder, Fmax , and the maximum unbalanced torque, Tmax .
These are normalized with the corresponding force and torque
for the mechanical balancing cylinder to ensure that the two
entities are dimensionless. This also means that a value of
less than two indicates that the balancing is better than the
reference design.
g1 (x) =

Tmax
Fmax
+
Fref
Tref

(10)

The diameter of the rod of the cylinder is dimensioned to
ensure that the maximum axial stress in it is lower than the
yield strength of the material with a safety factor of four. This
safety factor is also used to control that the diameter is enough
to make the rod resistant to buckling.
It is possible to estimate the material volume of the balancing mechanism when all material thicknesses have been
estimated by the stress estimator. The weight can then be
estimated to be the material volume multiplied by the density
of the material.
The most time-consuming analysis is the dynamic simulation. It requires 18 seconds of wall-clock time on a Dell
Precision T1600 with an Intel(R) Xeon(R) CPU E31225 @
3.10 GHz processor. This can be compared to the static torque
estimator which performs its calculations in less time than a
second. It is therefore desirable to perform as few dynamic
simulations as possible. One solution could be to replace the
dynamic simulation with a computationally efﬁcient surrogate
model (SM). But it is difﬁcult to ﬁt a surrogate model that
can handle the control that the dynamic simulation performs
of whether a balancing concept is feasible or not.
This framework solves the problem in another way. A check
is made when the static torque estimation has been made and
there is no need to perform a dynamic simulation if the static
balancing of the suggested design is too poor. The dynamic
simulation can therefore be omitted and the solution instead
given a penalty to its objective function value to indicate that
it was an inadequate solution.

A measure of the compactness of the cylinder should
include the space it occupies, as shown in Eqn. (11). The space
it occupies could be a combination of the outer diameter of the
cylinder and the length of it. The length is usually the distance
to the furthest mounting position, but long cylinders might
stretch beyond this point. The length is therefore estimated to
be the maximum of the cylinder length and the length to the
furthest attachment.

A. Optimization

The optimization problem is rather difﬁcult to solve since
there are numerous combinations of variable values that lead
to non-operational robots. However, adequate designs exist
throughout the present design space which make it difﬁcult
to reduce the design space.
The data for all evaluated concepts are stored in a database
during the optimization. This makes it possible to analyse
all designs afterwards. It is particularly interesting to see if

There are several objectives that are desirable to optimize
for this design problem as mentioned in the introduction.
It is difﬁcult for a human brain to process this information
[7] and make rational decisions with so many objectives
to weight against each others. The objectives are therefore
added together into three indexes. One index for how well
the balancing cylinder balances the second axis, one index for
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g2 (x) =

Dmax max(R2 , Lcyl )
+
Dref
Lref

(11)

A performance criterion is the time it takes for the robot to
complete a cycle. It is normalized with the cycle time from the
reference solution as shown in Eqn. (12) to get a dimensionless
entity.
g3 (x) =

CTmax
CTref

(12)

One way to create a Pareto front from these indexes is to
use an objective function that is a linear combination of the
indexes as shown in Eqn. (13). A Pareto front is attained by
letting the three αi go from 0 to 1 in increments of 0.1 and
performing one optimization for each combination. This means
that the relative importance of the three indexes varies with
alternating α.
f (x) = α1 ∗ g1 (x) + α2 ∗ g2 (x) + α3 ∗ g3 (x)

(13)
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TABLE II
P ERCENTAGE VALUES OF THE BALANCING PROPERTIES FOR THREE

1.5

CYLINDER DESIGNS WITH RESPECT TO THE MECHANICAL BALANCING
CYLINDER .

x 10

1

Gas Spring
99.6
27.6
182.7
15.0
94.9
142.9
99.6

HP-Pareto
99.0
20.2
102.9
39.5
93.0
104.9
47.8

Torque [Nm]

0.5

Property
Cycle Time
Cylinder Diameter
Cylinder Length
Cylinder Weight
Dynamic Torque
Max Axial Force
Unbalanced Static Torque

HP-Design 1
98.8
62.0
64.1
24.1
94.4
133.1
96.3

0

−0.5

Mechanical Concept
Optimal Torque
Gas Spring
HP Pareto
HP Design 1

−1

−1.5
−60

−40

−20

0

20
40
Theta [degrees]

60

80

100

2

there are any excellent solutions that are not Pareto-optimal
according to the current objective function. The Pareto front
is determined from the indexes that are speciﬁed before the
optimization is started. There might exist better compromise
solutions if the indexes are deﬁned bad.
The chosen optimization scheme is a sequential approximate
optimization [9] based on a genetic algorithm. A number of
samples, equal to ﬁve times the number of design variables, are
ﬁrst drawn according to a Latin Hypercube Sampling scheme
[10]. An SM of the objective function is then ﬁtted to the
samples. The genetic algorithm then performs an optimization
with 40 individuals for 200 generations on the SM to ﬁnd the
optimal parameter values according to the SM. The suggested
design is then evaluated using the whole framework. Its objective function value is added to the SM, which now contains
a new sample. The genetic algorithm once again optimizes
the SM and the framework evaluates the new optimum. This
process progresses until the maximum number of function
evaluations is reached or the same optimum has been found
ﬁve consecutive times.
The objective function contains several objectives, which
leads to high demands on the SM. Tarkian et al. [11] found that
Kriging was the best SM for their optimization framework for
industrial robots. It has therefore been used in this optimization
framework as well. Kriging originates from geostatistics and
a superb book has been written by Isaaks [12].
IV. R ESULTS
The results from the optimizations are shown in Table II.
It presents the characteristics for three solutions. The ﬁrst
column, denoted ”Gas Spring”, presents the value for the
best gas spring solution taken manually from the database.
The second column, ”HP-Pareto”, contains the values for
one of the Pareto optimal points that were found during an
optimization of the hydro-pneumatic concept. The last column,
”HP-Design 1” displays the values from a hydro-pneumatic
solution that was manually taken from the database. The values
are normalized with the mechanical balancing cylinder as
reference. This means that the gas spring concept has a cycle
time of 99.6 % compared to the mechanical cylinder.
The torque as functions of θ2 for the solutions in Table II are
shown in Fig. 5. The torque function for the mechanical balancing cylinder is also displayed. The ﬁfth curve corresponds
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Fig. 5. The torques from the balancing cylinder concepts as functions of the
angular position of the second axis.
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Fig. 6. Sizes of the different concepts when the second axis is directed
vertically. The three concepts in Table II are displayed beside the mechanical
concept.

to the ideal torque curve, which would yield the most optimal
balancing. This has the shape of a fourth order polynomial
and is derived by using the coefﬁcients of the polynomial as
design variables in an optimization of the dynamic model. The
objective is to minimize the resulting torque on the second axis
and maximize the lifetime of its gearbox. This curve might
be difﬁcult to realize without compromising the compactness
demands, but it should be seen as a target which the other
curves should try to reach. It seems that the torque for angles
of the second axis of around 40-80 degrees are the most
important since all curves except the mechanical concept are
close to each other there.
Fig. 6 shows the sizes of the three concepts in Table II
compared to the size of the mechanical concept. The gas spring
concept results in a design with a long balancing cylinder. This
is conﬁrmed in Table II where the length is 82.7% longer
than for the mechanical concept. The Pareto optimal hydropneumatic solution has a cylinder of similar length as the
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mechanical concept, but the length between the two mounting
positions A and B are much longer. The hydro-pneumatic
concept that was manually picked from the database is both
short and has a short distance between its mounting positions.
Unfortunately, it is mounted with the piston side down, which
increases the risk of leakage, but the cylinder is fortunately
ﬁlled with a ﬂuid instead of a gas.
Table II and Fig. 6 conﬁrms that the deign of a balancing
device for an industrial robot is a demanding task. None of
the suggested designs are better for all characteristics than the
other designs. The mechanical concept has the lowest axial
force, which means that it can use the smallest bearings at the
mountings positions. The gas spring concept can be designed
for a quite low weight, partly due to the fact that it uses
gas instead of mechanical springs or a ﬂuid. It has however
the drawback that it is long and has a high axial force. The
hydro-pneumatic concept seems promising since it matches the
mechanical concept for most characteristics and can be made
lighter. It should be noted that the accumulator occupies space
as well, which makes the balancing larger than in Fig. 6, but
it can be placed where it will not interfere with the other parts
of the robot.
V. C ONCLUSION
The optimization framework presents three concepts that
can be used to balance the arm of an industrial robot. The
framework demonstrates that it is possible to combine several
analyses and perform a multi-disciplinary and multi-objective
optimization of the balancing of an industrial robot.
The gas spring concept reduces the weight signiﬁcantly
compared to the mechanical concept. It is unfortunately difﬁcult to make it compact and keep the forces low at the same
time.
This framework indicates that the hydro-pneumatic concept
has potential. It can match the balancing properties of the industrial robot and be made more compact than the mechanical
solution. But this comes at a cost of a higher axial force from
the cylinder, which means that larger bearings need to be used
at the mounting positions.
The gas spring and especially the hydro-pneumatic solution
seem promising in theory, but come with risks that the
mechanical solution does not have. These risks include leakage
and pressure drops since gas is used to create the balancing
for these concepts.
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investigation into the kinematics, dynamics, and control of
redundant robot manipulators [12-15]. Much fewer reports on
redundant manipulators take into account the flexibility of the
components [16], compared with the amount of publications
of redundant manipulators assuming that all the components
are rigid.

Abstract—a macro-micro manipulator is a novel robot
manipulator architecture where a small (micro) high-accuracy
manipulator is attached to a large (macro) manipulator. This
paper reports a computationally efficient method: transfer
matrix method for establishing the dynamic model including the
effect of the elastic vibration of the macro manipulator. The
motion planning strategy of a macro-micro manipulator is
proposed to compensate the motion error of the end-effector.
The simulation is conducted with a 5-DOF macro-micro
manipulator. The simulations results are analyzed to verify the
presented dynamic modelling method and joint motion planning
strategy with the aims of providing insights to the design and
control of macro-micro robot manipulators.

I.

Traditional industrial robot manipulators are built to be
massive in order to increase stiffness, and therefore move at
speeds much lower than the fundamental natural frequency of
the system due to the limitations in the drive motor output
torque. The practical solution to this problem is to design and
construct light weight manipulators, which are capable of
moving swiftly. In contrast to the rigid manipulators, light
weight manipulators offer advantages such as higher speed,
better energy efficiency, improved mobility and higher
payload-to-arm weight ratio. However, at high operational
speeds, inertial forces of moving components become quite
large, leading to considerable deformation in the light links,
generating unwanted vibration phenomena. Hence, elastic
vibrations of light weight links must be considered in the
design and control of the manipulators with link flexibility. In
the past decades, significant progresses have been made into
the investigation of dynamic modeling of manipulators with
flexible components [17]. Different discretization techniques,
such as the finite element method (FEM) [18-19], the assumed
mode method (AMM) [20-21], and the lumped parameter
method (LPM) [22-23], have been reported extensively for
modeling the flexible dynamics of robot manipulators.
However, heavy computation of dynamic modelling for is still
a concern in terms of real-time control. In this research, the
transfer matrix method (TMM) [24-26], is employed to
establish the dynamic model of a flexible macro manipulator
because TMM has high computation efficiency, and is suitable
for real-time control of robot manipulator systems. Work [24]
presented a dynamic model of flexible four-bar mechanism
using the TMM based the lumped mass assumption of the
flexible links. Reference [25] investigated the dynamics of
flexible multi-body systems combining the transfer matrix and
dynamic stiffness methods (TDSM). A dynamic model with

INTRODUCTION

The concept of mounting a small manipulator on the end
of a large manipulator was initialed in [1, 2]. The large macro
manipulator is designed for achieving a coarse motion as it is
able to achieve large workspace but has limits to the dexterity
and speed. The small micro manipulator provides the fast
precision motion at the tip point. The macro-micro
configuration manipulators have advantages, such as low
effective endpoint inertia, high bandwidth, stable structures,
capability of achieving fast and precise positioning, etc. This
novel manipulator structure offers a new solution to improving
the performance of robot systems, and has potential
applications in minimally invasive surgery [3-6],
manufacturing and assembly [7, 8], and precise engineering
[9-11].
A macro-micro manipulator is generally featured with
structural flexibility and kinematical redundancy, which
generate challenges to dynamic modelling, motion planning
and control. Kinematic redundancy occurs when a manipulator
possesses more degrees of freedom (DOF) than minimum
number that is required to execute its task. This provides the
manipulator with an increased level of dexterity that can be
used to avoid singularities, joint limits, workspace obstacles,
and also to minimize joint torque, energy etc. However,
kinematical redundancy involves the mechanical and control
complexity. Significant research efforts have been paid to the
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TMM of a single DOF manipulator was reported in [26].
Compared the modified TDSM in [25], the TMM method in
avoids the possibility of modal spillover because a reduced–
order model is never used. Much less research work has been
reported on TMM modelling than on FEM and AMM
modeling of flexible manipulators.
In this work, transfer matrix method is presented to
establish the dynamic model of a macro-micro manipulator, as
shown in Section II. In Section III, the motion planning of a
manipulator with kinematic redundancy is discussed and
conducted based on minimum normalization solution. The
motion compensation is achieved with the micro manipulator.
In Section IV, the simulation and analysis of a 5-DOF macromicro manipulator is performed, and simulation results are
given and verified with the results of the FEM method.
Finally, Conclusions and discussions are made in Section V.
II.

Figure 1. The transfer of the state vector at a flexible link

B. Tranfer Matrix of a Beam
Based on Newton’s second law and the method of separation
of variables [26], the lateral deformation of a flexible link is
expressed as ݓሺݔǡ ݐሻ ൌ ܹሺݔሻܶሺݐሻ. ܶ only depends on time ݐ
: ܶሺݐሻ ൌ ܶ ܿݏሺ߱௪  ݐ ߮ሻ. W only depends on the location
ݔ, and the general solution is given by
ܹሺݔሻ ൌ ܥଵ ܿ ݔߚݏ ܥଶ  ݔߚ݊݅ݏ ܥଷ ܿ ݔߚ݄ݏ ܥସ ( ݔߚ݄݊݅ݏ1)
ర
where ൌ ඥߩ߱ܣ௪ଶ Ȁ ܫܧ,  ܣthe cross-section area of the link, ߩ
the density of the link material, and ߱௪ the frequency of later
vibration,  ܧYong’s modulus of the link material, and  ܫthe
inertial moment of cross section area. Based on the Theorem
of the Euler beam, the relationship of ߜǡ ܯǡ ܽ݊݀ܳwith  ݓcan

TRANSFER MATRIX METHOD

The principle of transfer matrix method is to divide the
macro manipulator into separate elements: links and joints. A
state vector is defined for both ends of each element in terms
of internal forces and displacements. A transfer matrix is
established to transfer the state vector from one end to the
other end of each element based on the dynamics of the
element. The overall transfer matrix of the manipulator system
is generated with the element transfer matrices. Then, the state
vector of the manipulator at the base is transferred to the state
vector of the tip with the overall transfer matrix. The system
frequencies and modal shapes can be calculated from the
overall system transfer matrix by applying the boundary
conditions of manipulator. Unlike the FEM method, the orders
of the involved system matrices don’t increase with the
number of DOF of the manipulator systems. The dimension of
the matrices used to calculate modal shapes and frequencies is
always equal or less than the one half of the number of state
variables when the TMM method is used. Therefore the
computation cost is significantly reduced for a large-DOF
robot manipulator. Finally, the modal coordinates is
determined using Lagrange’s formulation, and deformations
and motion errors of the manipulator are calculated by
employing the modal superposition method.

డ௪

డమ ௪

డయ ௪

be expressed as ߜ ൌ ,  ܯൌ  ܫܧమ , and ܳ ൌ  ܫܧయ . The
డ௫
డ௫
డ௫
ഥ ௪ ൌ ሼܳܯߜݓሽ் can be expressed in terms of the
vector of ܼ
coefficients ܥ
ݔߚ݊݅ݏ
ܿݔߚ݄ݏ
ݔߚ݄݊݅ݏ
ܿݔߚݏ
ۍ
ې
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ܥଵ
ܥଶ
ൈ ൞ ൢ ܶሺݐሻ
(2)
ܥଷ
ܥସ
Equation (2) can be written as
ҧ ሺݔǡ ߚሻ ൌ  ݓܮሺݔǡ ߚሻܥത ܶሺሻ
(3)
ܼ௪
The state vectors at both ends ( ݔൌ Ͳܽ݊݀ ݔൌ ݈ሻare given
ഥ ܶሺݐሻ
ഥ ௪ ሺͲǡ ߚሻ ൌ ܮ௪ ሺͲǡ ߚሻܥ
(4)
ܼ
ഥ ܶሺݐሻ
ഥ ௪ ሺ݈ǡ ߚሻ ൌ ܮ௪ ሺ݈ǡ ߚሻܥ
ܼ
(5)
ഥ ൌ ሺܥଵ ܥଶ ܥଷ ܥସ ሻ் and
Combining Equations (4) and (5), ܥ
T(t) are eliminated. The state vectors cross the beam at the two
ends are related as
ഥ ௪ ሺ݈ǡ ߚሻ ൌ ܮ௪ ሺ݈ǡ ߚሻܮ௪ ሺͲǡ ߚሻିଵ ܼ
ഥ ௪ ሺͲǡ ߚሻ ൌ ௪ ܼ
ഥ ௪ ሺͲǡ ߚሻ (6)
ܼ
Based on Equation (6), the transfer matrix of link i in terms of
lateral vibration and the deformation slope is defined as

A. State Vector
The state vector is a column vector that represents the internal
forces and displacement (deformation) at a particular location
within a system. In the research, the state or condition of the
longitudinal deformation, lateral deformation, and angular
displacement (deformation slope) of flexible manipulator
links (two-dimension motions) are included in the state
vector. Therefore, the state vector at any cross-section of the
ഥ ൌ ሼܰܳܯߜݓݑሽ் , in which  ݑis the
link is defined as ܼ
axial deformation of the link,  ݓthe lateral deformation, ߜthe
slope (angular displacement) due to deformation,  ܯthe
bending moment, ܳ the shear force, and ܰ the axial force.
ഥ is defined and illustrated in Figure 1 for a
The state vector ܼ
ഥ is the function
deformed link. Obviously, the state vectorܼ
of the location  ݔof the link cross-section.

௪
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(7)
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Equations (13)-(18) are written in terms of matrix format
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Similarly, the transfer matrix of the robot manipulator link i
for the longitudinal vibration is given as
ܼ௨ ሺ݈ǡ ߱௨ ሻ ൌ ௨ ܼ௨ ሺͲǡ ߱௨ ሻ
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motion angle.

The total transfer matrix of the link i from the left end to the
right end is formulated by combining Equations (10) and (7),
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where ܫ

where ߱௨ is the frequency of axial vibration, and ܿ ൌ మඥܧȀߩ.
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Figure 2. The transfer of the state vector at a revolute joint

C. Tranfer Matrix of a Joint
Typical joints of robot manipulators are revolute joints
installed with actuators (motors). In this research work, the
instant configuration assumption is made: the motion of the
manipulator is discretized into a finite number of steps over
each of which the manipulator is considered to be an
instantaneous structure [22]. As shown in Figure 2, the force
and displacement of a joint i can be transferred from left side
to the ride side based on the joint transfer matrix. With the
assumption of instantaneous configuration, the axial and
transverse deformations, and the deformation slopes at left
side of the joint are transmitted to the right side. The
transmission can be expressed based on the displacement
transformation of the coordinate systems (axial and lateral)
fixed to the adjacent links of the joint
(13)
ݑோ ൌ ݑ ܿ ߠݏ  ݓ ߠ݊݅ݏ
 ݓோ ൌ െݑ  ߠ݊݅ݏ  ݓ ܿߠݏ
(14)
ߜோ ൌ ߜ
(15)
The force balance equation along the axial direction of the
right side link of the joint is expressed including the inertia of
the lumped mass at the joint (motors)
ܰ ோ ൌ െܳ  ߠ݊݅ݏ ܰ  ܿ ߠݏ ݑሷ  ܿ ߠݏ ݓሷ  ߠ݊݅ݏ
ଶ
ൌ െܳ  ߠ݊݅ݏ ܰ  ܿ ߠݏെ ݑ ߱௨ଶ ܿ ߠݏെ  ݓ ߱௪
( ߠ݊݅ݏ16)
Note that the axial and lateral vibration is assumed to be
ଶ
harmonic [27], therefore ݑሷ  ൌ െݑ ߱௨ଶ ǡ ܽ݊݀ݓሷ  ൌ െ ݓ ߱௪
.
Similarly, the force balance equation along the lateral
direction of the right side link of the joint is given
ܳோ ൌ ܳ ܿ ߠݏ ܰ   ߠ݊݅ݏ ݑሷ   ߠ݊݅ݏെ ݓሷ  ܿ ߠݏ
ൌ ܳ ܿ ߠݏ ܰ   ߠ݊݅ݏെ ݑ ߱௨ଶ ܿ ߠݏ ߱௪ଶ ߠ݊݅ݏ
(17)
The bending moment balancing equation for the joint gives
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D. Tranfer Matrix of a Manipulator System
A robot manipulator system can be divided into components
(links and joints). Using the derived transfer matrix of joints
and links, the overall system transfer matrix of a robot
manipulator is obtained


ܶ ெௌ ൌ ܶ   ܶ ڮ  ܶ ڮଵ

(21)

where ܶ represents the transfer matrix of the nth component:
ܶ in (12) for link component, and ܶ in (13) for joint
component.
The state vectors at the base and the end-effector of the robot
manipulator are related with the system transfer matrix as
ܼௗ ൌ ܶ ெௌ ܼ௦ 

(22)

E. Frequencies and Mode Shapes
The the boundary conditions of the end-effector are assumed

ݑ
Ͳ
Ͳ
ൌ ൝Ͳൡ and ቊ ݓቋ
ൌ ൝Ͳൡ . The last three equations of
ߜ ௦
ܰ ௗ
Ͳ
Ͳ
Equation (22) are separated and written as
ெௌ
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ܶସସ
ܶସହ
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ܯ
Ͳ
ܯ
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ெௌ
ൌ ܶହସ ܶହହ ܶହ  ൝ ܳ ൡ
(23)
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ெௌ
ெௌ
ெௌ
ܰ ௦
Ͳ
ܰ ௗ
ܶସ
ܶହ
ܶ
ܯ

as ൝ ܳ ൡ

with the frequencies obtained from Equation (23), the mode
shapes of all links can be calculated. The calculation of mode
shapes and frequencies involves the eigenvalues and
eigenvectors of the ͵ ൈ ͵ matrix for a manipulator moving in
a plane. The dimension of the matrix does not increase with
the number of the DOF of the manipulator. Obviously, the
computation using TMM is significantly reduced for largeDOF manipulator systems compared with the FEM method.
F. System Dynamics of Robot Manipulators
The modal superposition method is applied to calculate the
deformation for each point of a robot manipulator. The
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end-effector’s motion ܺത ܴ א ሺ݊  ͵ሻ for planar manipulations, ܬା

motion of the each point of the robot manipulator can be
assumed as the linear superposition of elastic deformation
and rigid body motion. Therefore, the kinematic kinetic and
elastic potential energies can be expressed in terms of the
rigid motion coordinate, the mode shape functions and the
corresponding modal coordinates. Using Lagrange
Formulation, the dynamic equations of the robot manipulator
with the consideration of elastic deformations of links are
established in terms of generalized coordinates ߠ (the joint
motion angle at the ith joint) and ߟ (the jth modal coordinate)
ௗ డ

ௗ௧ డఏሶ
ௗ డ
ௗ௧ డఎሶ ೕ

െ
െ

డ

డఏ
డ
డఎೕ

ൌ Ͳ݅ ൌ ͳǡ  ڮǡ ݊

(24)

ൌ Ͳ݆ ൌ ͳǡ  ڮǡ ݉

(25)

ҧ an arbitrary joint-space velocity
generalized inverse of  ܬ, ߠሶே

ҧ a null-space velocity vector, ߠሷ ҧே an
vector, ሺ ܫെ ܬା ܬሻߠሶ ே
ҧ an nullarbitrary joint-space acceleration vector, ሺ ܫሷ െ ܬା ܬሻߠሷே
space acceleration vector. Equations (27) and (28) provide all
least-squares solutions to the end-effector task constraint
ҧ can changed and optimized to improve
ܺത ൌ ܵሺߠҧሻǤ ߠሶ ҧே and ߠሷே
certain performance index of the manipulator without
changing the motion of the end-effector. In this research, the
minimum-norm velocity solution ߠሶ ҧ ൌ  ܬା ܺതሶ and the minimumሶ ሶ ҧ ሻ are employed to
norm acceleration solution ߠሷ ҧ ൌ ܬା ሺܺതሷ െ ߠܬ
calculate the joint motions to achieve the desired the motion
ҧ ൌ Ͳ and ߠሷே
ҧ ൌ Ͳ.
of the end-effector by setting ߠሶ ே
With the consideration of elastic deformation of the flexible
macro manipulator part that affects the motion of the endeffector, the inverse kinematics of a redundant macro-micro
manipulator is modified as [16]
ҧ (28)
ߠሶ ҧ ൌ ܬା ሺܺതሶ െ ܬா ܧത ሻሶ  ሺ ܫെ ܬା ܬሻߠሶ ே
ା തሷ
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ሷ
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ഥ
ҧ
ҧ
ሶ
ሶ
ത
ത
ሷ
(29)
ߠ ൌ  ܬሺܺ െ ߠܬെܬா  ܧെ ܬா  ܧሻ  ሺ ܫെ ܬା ܬሻߠሷ ே
ത
where ܬா is the flexible-Jacobian, and  ܧis the elastic
deformation vector calculated by Ʉത. Equations (28) and (29)
based on the direct kinematics of a flexible manipulator [16]
(30)
ܺതሶ ൌ ߠܬሶ ҧ  ܬா ܧതሶ
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ሷ
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ܺ ൌ ߠܬߠܬ ܧ ܬ ܧ ܬ
(31)

As a result, the equations of motion for a planar multiple-link
flexible manipulator can be written in the closed form [16]
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(
,
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where ሺɅതǡ Ʉതሻ is the positive definite symmetric inertia
matrix which is partitioned in blocks according to the rigid
ത ሺɅതǡ Ʉǡ
and mode coordinates, 
ഥ Ʌതሶǡ Ʉതሶሻ is the vector of Coriolis
and centrifugal forces, ഥሺɅതǡ Ʉǡ
ഥ ሻ is the vector of gravitational
forces, while  ܦand K are the system stiffness and damping
diagonal matrices of proper dimensions, ߬ҧ the vector of the
driving torques at the joints of the manipulator, ݂ ҧ is the vector
of external forces applied to the manipulator links in the
modal space.
III.
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B. Motion Planning of a Macro-Micro Manipulator

KINEMATICS AND MOTION OF A MACRO-MICOR
MANIPULATOR

The micro manipulator is designed to have high stiffness
and is assumed to be rigid because of its small size. To
achieve high speed and high acceleration, it is desirable to
reduce the inertia of the macro manipulator. However, a light
weight macro manipulator tends to deform, and produces
vibrations which impact the manipulator accuracy of the micro
manipulator. To compensate the motion error of the endeffector, the motion planning strategy is presented in this
section. The elastic deformation of the macro manipulator is
calculated using the transfer matrix method presented in
Section II with the assumption that an excitation is equal to the
inertial force due to the motion of the micro manipulator
mounted at the end of the macro manipulator.

Figure 3. The motion planning strategy of a macro-micro manipulator

A. Kinematics of a Macro-Micro Manipulator
Typically macro-micro robot manipulators are kinematical
redundant as they have more joint space degrees of freedom
than operational degrees of freedom. Joint motions are
calculated based on the inverse kinematics of a redundant
manipulator[13]
ҧ
(27)
ߠሶ ҧ ൌ ܬା ܺതሶ  ሺ ܫെ ܬା ܬሻߠሶே
ା
ሶ
ሷ
ሷ
ҧ
ሶ ҧ ሻ  ሺ ܫሷ െ ܬା ܬሻߠሷே
(28)
ߠҧ ൌ  ܬሺܺത െ ߠܬ
where ߠҧ ൌ ሺߠெ ߠ ሻ் represents the joint angle vector ߠெ ܴ אெ of
the macro manipulator part and the joint angle ߠ ܴ א of the
micro manipulator part, ܴ א ܬሺெାሻൈሺெାሻ Jacobian matrix of the
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The joint motion planning strategy is proposed in this section
as shown in Figure 3. The steps include: 1) rigid inverse
kinematics (equations (27) and (28)) is used to calculate the
joint motion based on the prescribed motion of the end
effector; 2) flexible Dynamics (26) is employed to calculate
the elastic deformation of the macro manipulator and the joint
driving torques. The joint torques will be used for the design
of the joint motion control algorithms for the ongoing work;
3) the direct kinematics (equations (30) and (31))is applied to
calculate the real motion of the end-effector with the
calculated elastic deformations in Step (2); 4) the motion
error of the end-effector is obtained by comparing the desired
motion and the real motion; 5) the additional joint motion of
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consideration of the elastic deformation of the macro
manipulator in Figures 5-7. The numerical simulation results
of the motion errors are significant and are not negligible for
precision motion tasks. The numerical simulation of the
motion compensation is conducted by introducing additional
joint motions of the micro manipulator. As shown in Figure
8, the motion error of the end-effector is reduced significantly
with the proposed the compensation motion planning
strategy. To verify the TTM method, the comparison is made
with the results of the FEM method, as shown in Figure 9.
The comparison shows the lateral deformations at the second
link are very close for the results of FEM and TMM. In the
simulation, it is found that the deformation of the macromanipulator is sensitive to the initial configuration. The initial
configuration can be optimized to reduce the elastic
deformation of the marco manipulator. In this work, the
minimum norm solutions of the macro-micro manipulator are
used in inverse kinematics. The self-motion of the joint
motions will be optimized to improve the comprehensive
performance of the manipulator in the future work.

the micro manipulator is calculated based on the rigid inverse
kinematics (the macro manipulator does not move) of the
micro manipulator to compensate the motion error; 6) the
joint motion of the micro manipulator is corrected; 7) Steps
1-6 are iterated for all the period of time. In this motion
planning strategy, the complicated and nonlinear flexible
inverse kinematics is avoided, and there will be a slight
deviation of the joint motions. However, this helps eliminate
the instability issues for the controller design of the joint
motions. The error is treaded as a small disturbance, and will
be corrected in the controller design of joint motion in the
ongoing research. Although the controller design of the joint
motion is not the topic of this work, the joint motion
controller can be designed based on computed torque plus PD
compensation control in the joint motion space based
redundant inverse kinematic resolution.
IV.
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ANALYSIS AND SIMULATION OF A 5-DOF MACROMICRO ROBOT MANIPULATOR

To illustrate the methodologies proposed in the Sections II
and III, a 5-DOF macro-micro robot manipulator is used for
the analysis and simulation.
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Figure 6. The motion error of the end-effector aling X axis

As shown in Figure 4, the macro-part consists of three links
each of which is 500mm in length, 50mm in width, and 5mm
in thickness. The micro-part consists of two links each of
which is 50mm in length, 5mm in length, and 5mm in width.
All links are made of aluminum. The end-effector of the
manipulator moves along a straight line:  ݕൌ  ݔwith velocity
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Figure 5. The motion error of the end-effector aling Y axis
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Based on the motion planning strategy presented in Section
III, the motion errors of the end-effector of along X, Y
directions and orientation angle error are calculated with
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Figure 8. The motion error comparison with joint motion compensation and
without joint joint compeansation
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Figure 9. The lateral deforamtion at the end of the second link for the FEM
and TMM
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[10]

CONCLUSIONS AND DISCUSSIONS

Macro-micro manipulators are usually featured with
kinematic redundancy and structural flexibility, which
generates challenges to dynamic modelling, motion planning
and control. This work has presented a computationally
efficient dynamic modeling method: transfer matrix method
for a macro-micro manipulator. A motion planning strategy
has also been proposed based to compensate the motion error
of the end-effector due to the elastic deformation from the
macro-micro manipulator. The rigid inverse kinematics has
been used in the compensation strategy, and hence the
complicated inverse kinematic is avoided to prevent the
instability challenges in the controller design of joint motions.
Preliminary simulation results have proved the principle of
the proposed dynamic modelling method and the motion
planning strategy. The experimental set up is under
construction, and experimental work will be conducted in the
future work. The ongoing work also include: 1) joint motion
controller design to achieve high accuracy motion; 2)
investigation into the characteristics of the end-inertia and
bandwidth; 3) optimization of the joint self-motion and
geometric parameters of a macro-micro manipulator to
achieve the comprehensive performance indices, such as
reduce energy and driving torque, minimum deformations,
low inertia, high bandwidth etc.

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

REFERENCES
[1]

[2]

[3]

[4]

[5]

A. Sharon, N. Hogan, and D. E. Hardt, “The macro/micro manipulator:
An improved architecture for robot control,” Robotics & Computerlnteorated Manufacturing, vol. 10, no3, pp. 209-222, 1993.
A. Sharon, “Enhancement of robot accuracy using a macro/micro
manipulator system,” S.M. Thesis, Department of Mechanical
Engineering, Massachusetts Insititute of Technology, 1983.
S. Wang, J. Ding, J. Yun Q. Li, and B. Han, “A Robotic system with
force feedback for micro-surgery,” Proceedings of the 2005 IEEE
International Conference on Robotics and Automation, Barcelona,
Spain, April 2005, pp. 199-204.
K. Entsfellner, G. Strauss, T. Berger, A. Dietz, and T. C. Lueth,
“Micro-macro telemanipulator for middle-Ear microsurgery,” In
ROBOTIK 2012 - 7th German Conference on Robotics, Munich: VDEVerlag, May 2012, pp. 21-22
M. Mitsuishi, H. Watanabe, H. Nakanishi, H. Kubota, and Y. Iizuka,
“Dexterity enhancement for a tele-micro-surgery system with multiple
macro-micro co-located operation point manipulators and
understanding of the operator's intention,” Computer Science, vol.
1205, pp. 821-830, 1997.

[21]

[22]

[23]
[24]

[25]

[26]

[27]

79

Eds. Leo J De Vin and Jorge Solis

M. C. Cavusoglu, W. Williams, F. Tendick, and S. Sastry, “Robotics
for telesurgery: Second generation Berkeley/UCSF laparoscopic
telesurgical workstation and looking toward the future applications,”
Ind. Robot, vol. 30, pp. 22-29, 2003.
C. Cho, S. Kang, M. Kim, and J. Song, “Macro-micro manipulation
with visual tracking and its application to wheel assembly,”
International Journal of Control, Automation, and Systems, vol. 3, no.
3, pp. 461-468, September 2005.
U. A. Tol, J.-P. Clerc, and G. J. Wiens, ‘Micro/macro approach for
dexterity enhacement of PKM’s’, in Proceedings of the WORKSHOP
on Fundamental Issues and Future Research Directions for Parallel
Mechanisms and Manipulators, Toronto, Canada, 2002, pp. 34–39.
L. Zhang, L. Yang, L. Sun, and X. Zhang, “Adaptive Kalman filter and
dynamic recurrent neural networks-based control design of macromicro manipulator,” J. Control Theory Appl., vol. 10, no. 4, pp. 504–
510, 2012.
T. Yoshikawa, K. Harada, and A. Matsunoto, “Hybrid position/force
control of macro/micro manipulator system,” IEEE Transactions on
Robotics and Automation, vol. 12, no. 4, pp. 633 – 640, 1996.
T. Yang, W. Xu, and J. Han, “Dynamic compensation control of
flexible macro–micro manipulator systems,” IEEE Trans. On Control
Systems Technology, vol. 18, no. 1, pp. 143-151, 2010.
D. N. Nenchev, “Redundancy resolution through local optimization: A
review, Journal of Robotic Systems,” vol, 6, no. 6, pp.769 – 798, 2007.
S. Chiaverini G. Oriolo, and I. D. Walker, “Kinematically redundant
manipulators-Handbook of robotics,” Springer, 2008, pp 245-268
B. Siciliano, “Kinematic control of redundant robot manipulators: A
tutorial,” Journal of lntelligent and Robotic Systems, vol. 3, pp. 201212, 1990.
A. A. Maciejewski and C. A. Klein, “Obstacle avoidance for
kinematically redundant manipulators in dynamically varying
environments,” The International Journal of Robotics Research, vol. 4,
pp. 109-116, 1985.
X. Zhang, and Y. Yu. “Motion control of flexible robot manipulators
via optimizing redundant configurations,” Mechanism and Machine
Theory, vol. 36, no. 7, pp. 883-892, 2001.
S. K. Dwivedy and P. Eberhard, “Dynamic analysis of flexible
manipulators, a literature review,” Mechanism and Machine Theory,
vol. 41, pp.749-777, 2006.
X. Zhang and Y. Yu, “A new spatial rotor beam element for modeling
spatial manipulators with moint and link flexibility,” Mechanism and
Machine Theory, vol. 35, no. 3, pp. 403-421, 2000.
P. B. Usoro, R. Nadira,and S. S. Mahil, “A finite element/Lagrangian
approach to modeling lightweight flexible manipulators,” ASME
Journal of Dynamic Systems, Measurements, and Control, vol. 108, pp.
198–205, 1986.
[53] W. J. Book, “Recursive Lagrangian dynamics of fexible
manipulator arms,” Int. J. Robotics Res., vol. 3, no. 3, pp. 87-101,
1984.
X. Zhang, J. K. Mills, and W. L. Cleghorn, “Dynamic modeling and
experimental validation of a 3-PRR parallel manipulator with flexible
intermediate link,” Journal of Intelligent and Robotic Systems, vol. 50,
no. 4, pp. 323-340, 2007
S. S. Ge, T. H. Lee, and G. Zhu, “A new lumping method of a flexible
manipulator,” Proceedings of the American Control Conference,
Albuquerque, New Mexico, pp.1412-1416, June 1997.
G. Carbone, “Stiffness analysis and experimental validation of robotic
systems,” Front. Mech. Eng., vol. 6, pp. 182-196, 2011
L. Kitis, “Natural frequencies and mode shapes of flexible mechanisms
by a transfer matrix method,” Finite Element in Analysis and Design,
vol. 6, pp. 267-285, 1990.
X. Rui, B. He, Y. Lu, W. Lu, and G. Wang, “Discrete time transfer
matrix method for multibody system dynamics,” Multibody System
Dynamics, vol. 14, pp. 317-344, 2005.
R. W. Krauss, “Computationally efficient modeling of flexible robots
using transfer matrix method,” Journal of Vibraiton and Control, vol.
18, no. 5, pp. 596-608, 2011
S. S. Rao, “Mechanical Vibrations,” the 5th edition, Pearson, 2011

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

Uncertainty-based mapping and planning strategies
for safe navigation of robots with stereo vision
Martim Brandao∗ , Kenji Hashimoto† and Atsuo Takanishi‡§
† Faculty

∗ Grad.

School of Adv. Science and Engineering
Waseda University, Tokyo, Japan
Email: contact@takanishi.mech.waseda.ac.jp

of Science and Engineering
Waseda University, Tokyo, Japan

‡ Department

§ Humanoid

of Modern Mechanical Engineering
Waseda University, Tokyo, Japan

Robotics Institute (HRI)
Waseda University, Tokyo, Japan

Abstract—We describe our recent developments in probabilistic modeling of 3D reconstruction with stereo vision, applied to
planning strategies for locomotion and gaze. We ﬁrst overview
the use of probabilistic occupancy grids for 3D reconstruction,
and the sensor models of stereo best suited to the problem. These
grids are then used for robot navigation, which is tackled at two
levels: 1) At the locomotion level, trajectories are computed from
the grid using an A* search algorithm that minimizes the total
probability of occupancy over the trajectory. 2) At the grid level,
we propose two task-relevant active strategies which redirect the
sensor to ”maximum visible entropy” and ”maximum visible
occupancy” points along the planned locomotion trajectories.
Steps 1) and 2) are executed alternately until the locomotion
trajectory converges to a high certainty, safe solution.
Results of the proposed gaze and locomotion planning strategies were obtained on simulated scenarios and a real robot. Estimates of the uncertainty that occupancy grids are subjected to in
real outdoor scenarios were computed for different stereo sensor
models. These estimates were used in active gaze simulations for
an extensive comparison of gaze strategies across 400 randomly
generated environments. The results show that careful modeling
of stereo vision sensor uncertainty and the proposed task-relevant
planning strategies lead to more complete and consequently
collision-free reconstructions of the environment along planned
robot trajectories.

Fig. 1.
The KOBIAN humanoid robot faces an obstacle which is not
sensed due to narrow ﬁeld of view. How should the uncertainty of the current
measurement be modeled? When walking up to its goal, where should the
robot gaze to?

and unstable if collision occurs. We argue that if safety is
to be prioritized, then gaze should be guided to points along
the current trajectory plan until the probability of collision
is negligible [7]. Other recent work focusing on active gaze
for obstacle avoidance include autonomous policy learning
methods [8] and utility theory-based planning [9]. However,
either sparse environment representations or limited sensor
models were used, which can also lead to unsafe trajectories
being generated.
Both reliable environment representations and sensor models are required so that uncertainty of the environment can
be estimated and exploited for guiding gaze. In this paper we
overview the use of probabilistic occupancy grids for mapping
(i.e. 3D reconstruction) of the environment, as well as the
sensor models of stereo that can be used with such reconstruction approach. This is discussed in Section II. Occupancy
grids [10] are not only useful for robot trajectory planning,
but also provide an environment uncertainty measure in a
straightforward way. We then introduce locomotion planning
and active gaze strategies that focus on safety of the robot by
minimizing collision probability (Section III). The methods

I. I NTRODUCTION
In order to navigate environments safely, robots require
accurate models of their sensors and reliable strategies for
planning locomotion and gaze trajectories. Gaze, or sensor
orientation, can be especially useful when the robot’s sensors
have a narrow ﬁeld of view such as stereo sensors (i.e. two
cameras). In such cases, only a part of the space around the
robot can be sensed at each time and so measures must be
taken in order to reduce the uncertainty of the environment and
probability of collision. Researchers have, however, focused
mainly on active gaze strategies for the localization [1], [2] and
exploration [3], [4], [5], [6] tasks, which could lead to poor
safety of planned trajectories. Robots with complex dynamics
such as humanoids robots require special care during planning
since they can be slower to respond to a sudden obstacle
∗ Corresponding author
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were evaluated on both real data and simulated environments.
Experiments with occupancy grids are discussed in Section
IV, while active gaze experiments are reported in Section V
and VI.

•

p(Oi |Vi ). A prior on the environment geometry. We
empirically set the prior equal to 0.5 in our experiments
so that occupied and free cells are equally probable.

B. Stereo vision

II. U NCERTAINTY- BASED MAPPING WITH STEREO AND

Consider two images I1 and I2 , aligned along the x axis.
In stereo vision, the cost-curve E(d) of assigning I2 (x, y) to
I1 (x+d, y) is computed at each pixel (x, y) and d is called the
disparity. In perfect conditions (i.e. no image noise, occlusion,
discontinuity or sampling problems), the cost-curve E(d) has
its minimum dmin at true disparity d∗ .
The conditional probability p(E(d)|d = d∗ ), or alternatively
p(E(d)|Oi Vi ) in grid terms, is called the direct sensor model
and can be formulated in either a winner-take-all or wholecost-curve way.
1) Whole-cost-curve (WCC) model: The conditional probability function of measuring E(d) at true disparity d∗ can be
deﬁned assuming a normal distribution of costs [14],

GRIDS

Consider a three-dimensional grid of cells which can be
in one of two states: occupied O or free O. The objective
of an occupancy grid algorithm is to compute or update the
probabilities p(Oi |e0...t , x0...t ) for each cell i, at each time
instant t, given measurements e0...t and sensor locations x0...t
until time t. This is implemented as a Bayes ﬁlter at each
cell, which updates occupancy probabilities every time a new
measurement is taken [11].
Uncertainty of the binary random variables Oi can be
measured using Shannon entropy:
hi = −pi log(pi ) − qi log(qi )

Eds. Leo J De Vin and Jorge Solis

(1)

where pi = p(Oi |e0...t , x0...t ) is the probability of occupation
of that cell and qi = 1 − pi .
A measurement et can consist, for example, of a set of rays
from a laser rangeﬁnder. Each ray is in turn associated to a
distance of the nearest object. In the case of stereo vision et
corresponds also to a set of rays, but each ray is associated to a
pixel in one image and a cost function of distance. Probability
of occupancy at each distance can be computed directly from
these cost functions, as described next.

p(E(d)|d = d∗ ) ∝ e

E(d)

− 2σ2

px

,

(4)

2
σpx

where
represents the variance of pixel intensity noise.
Although out of scope of this paper, different conﬁdence
measures also exist to compute p(E(d)|d = d∗ ). For a
thorough review please refer to [15]. In that review, (4) ranks
within the highest conﬁdence measures considering the whole
cost-curve.
2) Winner-take-all (WTA) model: The WTA model is arguably the most popular one in stereo, although it originates
from laser rangeﬁnder sensors that measure distances to targets
instead of costs for each possible distance. This model thus
depends only on the least-cost disparity dmin . Depending on
the literature, the shape of E(d) around dmin (i.e. the curvature
of the minimum) is used as a measure of uncertainty. This
approximate model is given by

A. Occupancy grid formulation
We recently proposed a novel occupancy grid framework
which integrates all information returned by stereo vision
measurements into occupancy grids [12]. Brieﬂy, we proposed
to compute occupancy of a cell i as
p(Oi |E) = p(Oi |EVi )p(Vi |E) + p(Oi |EV i )(1 − p(Vi |E)),
(2)
where E represents a cost-function of distance taken along
the ray which intersects cell i. Vi = Oi−1 ...O2 , O1 represents
visibility of cell i. Under the assumption that Oi and the
measurement E are conditionally independent on invisible
cells V i , we have p(Oi |EV i ) = p(Oi |V i ). For sake of
readability and compactness, the equations shown here are for
a one-dimensional grid aligned with the sensor - correspondent
to the intersection of a camera ray with the three-dimensional
grid. Bresenham’s line algorithm [13] in 3D can be used to
efﬁciently compute the set of discrete cells along the ray from
cell i to the sensor origin. In the original publication we also
showed that

p(Oj |EVj ),
(3)
p(Vi |E) =

p(E(d)|d = d∗ ) ∼ N (dmin , σd2 ),

(5)

σd2

where
represents the variance of a disparity measurement,
which is either ﬁxed or could be a function of the curvature
at E(dmin ).
III. S AFETY- CENTERED PLANNING WITH UNCERTAINTY
A. Robot trajectory planning
The trajectory of a robot from its initial state to a target state
can be computed from the occupancy grid such as to minimize
occupancy probability (i.e. collision probability) along this
path. Such an approach focuses on safety of the robot. To
reduce the complexity of the problem, a 3D grid can be
projected into a 2D top-view map where each cell’s value
corresponds to the maximum probability of occupation along
the vertical axis. In this work we opted for an A* approach
[16] to the search problem. We chose this method for its
simplicity, although other more efﬁcient approaches could be
used. We use a set of predeﬁned robot motions to build the
search graph, adjusted to the motion capabilities and limitations of our robot such as maximum turning angle. The cost

j=0...i−1

where p(Oj |EVj ) = 1 − p(E|Oi Vi ) holds under certain
assumptions. Equation (2) is then reduced to the computation
of the following models (and their complements):
• p(E|Oi Vi ). The probability of measuring costs E given
cell i is both occupied and visible.
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Both formulations are greedy in the sense that they attempt
to minimize uncertainty only of the points along the current
trajectory which are most likely to contribute to a safer
trajectory after measurement and re-planning. These are thus
purely exploitation strategies, where in turn exploration is
guided by robot trajectory planning itself. When a new plan
leads to unexplored cells being traversed, their uncertainty or
occupancy probability will be high and thus gazed at by the
greedy gaze strategies. The process can go on until no new
gaze points are generated (local minimum), or until a certain
trajectory safety threshold is reached.
In the experimental section we will also evaluate simpliﬁed
versions of (7) and (8), where visibility is not considered (i.e.
all cells are considered visible). We call these two strategies
”maximum entropy” and ”maximum occupancy” respectively.
The former was originally introduced by us in [7].

Fig. 2.
Two examples of simulated scenarios with regions of different
occupancy probability. The brighter the pixel the higher the occupancy
probability. Trajectory nodes explored (closed list of the A* algorithm) are in
cyan and ﬁnal solution in red. With this approach we look for minimum cost
trajectories preferring regions with low occupation probability.

associated to a certain motion is set as to grow exponentially
with occupancy probability of the cells it traverses. The Euler
distance multiplied by the minimum motion cost (occupancy
P = 0) was used as a heuristic for the cost to the goal. The
result is exempliﬁed in Figure 2.
For planning purposes it is useful to consider the robot as a
point in the grid and hence obstacles are dilated according to
the robot’s dimensions. Here we keep the grid probabilistic,
without classifying cells into occupied or free. Therefore the
grid can be dilated by taking for each grid cell the maximum
of occupancy probability in the robot’s area around that cell.

IV. O CCUPANCY GRID EXPERIMENT: THE WTA AND WCC
MODELS

We ﬁrst report on an experimental evaluation of the occupancy grid method. For this evaluation we used the publicly
available KITTI dataset of outdoor stereo images [17]. The
real-world, noisy stereo measurements and localization data
in this dataset provide a challenging scenario for 3D reconstruction.
To measure the performance of our occupancy grid method
we used the precision and recall ratios of the grid’s cells.
tp
Precision is deﬁned as tp+f
p , where tp (true positives) refers
to the number of cells correctly classiﬁed as occupied (i.e.
occupancy P > 0.5) and f p (false positives) refers to the
number of cells incorrectly classiﬁed as occupied. On the other
hand, recall is deﬁned as tp
n , where n refers to the total number
of occupied cells on ground-truth data.
We ran the probabilistic occupancy grid algorithm on the
KITTI residential area dataset ”2011 09 26 drive 0079” using a grid of cubic cells with dimensions 0.20x0.20x0.20
meters. In Figure 3 we show the reconstruction performance
along time when both the WTA and WCC stereo models
were used. The data shown were obtained using a Sum of
Squared Differences (SSD) with 9x9 window size as the cost
function E(d). The whole-cost-curve model of stereo achieved
higher performance at the cost of lower recall. We also point
to the ascending precision which is observed as more stereo
measurements are taken, which shows that the occupancy grid
method can correctly fuse the noisy uncertain measurements
into a coherent and precise representation. Other promising
results were also recently reported in [12].
The initial precision and recall ratios will be used in our
active gaze simulation experiment in Section VI to model the
noise our method is subjected to on real environments.

B. Safety-centered active gaze: next-best-view strategies
The occupancy grid framework can also be used to guide an
active policy for reducing uncertainty of the robot trajectory.
We propose to use next-best-view strategies to lower the
chance of collision between robot and environment, thus
increasing the robot’s safety. The purpose of these strategies
is to



minimize 1 −
p(Ok |e0...t+Δt , x0...t+Δt ) ,
(6)
k∈K

where K is the set of cells intersected by the robot trajectory
and Δt represents the time it takes for the robot to execute
the gaze command. Robots with controllable gaze direction
can thus actively use it such that the expected value of
collision probability is lowered. Empirically, occluded regions
should not be gazed at because they will not lead to new
measurements on the occluded area. Priority should go to
visible cells of higher uncertainty or occupancy probability, so
that this information can be conﬁrmed or denied: and the robot
trajectory plan consequently adjusted. In this paper we will
focus on the following greedy formulations of the problem.
1) Maximum visible entropy: Gazing point will be cell g,
such that
g = argmax p(Vk |e0...t+1 , x0...t )hk .

(7)

V. ACTIVE GAZE EXPERIMENT 1 -

k∈K

PROOF OF CONCEPT ON

ROBOTIC PLATFORM

2) Maximum visible occupancy: Gazing point will be cell
g, such that
g = argmax p(Ok Vk |e0...t , x0...t ).
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As we discussed in Section III-B it is important to actively
control gaze (i.e. sensor) orientation in order to decrease
uncertainty on an occupancy grid, especially so along the

(8)

k∈K
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0.8

B. Results
Figure 4 shows the camera image sequence and occupancy
grid results for this experiment. Even though certain obstacles
were not initially visible, the robot successfully managed to
ﬁnd a safe (i.e. collision free) trajectory after 3 gaze actions.
As seen in the ﬁgure, gaze targets were lower than the starting
one. This is due to the narrow ﬁeld of view of the stereo
sensor that leads to regions closer to the ﬂoor not being sensed
in the beginning (the robot looks straight ahead). A constant
gaze at the target, however, which is a common strategy in
robot navigation through visual servoing [19], would lead to
unnoticed obstacles being ignored and a thus a high chance
of collision, as we reported in [7].

Last

Precision

0.75

0.7
Last

0.65

0.6
WCC
WTA
0.55
0
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0.1

0.2
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0.4

0.5
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VI. ACTIVE GAZE EXPERIMENT 2 - EXTENSIVE

Fig. 3. Precision and recall of the obtained occupancy grid along time, for
both a WTA and WCC stereo model. Each marker represents the update of
the grid after a new stereo measurement. The last measurement is indicated
with the word ”Last”.

EVALUATION IN SIMULATION

On a second and new experiment we developed a simulation
system so that an extensive and signiﬁcant evaluation of the
active gaze strategies could be taken across a large number of
random environments.

planned robot trajectory. Our ﬁrst active gaze experiment was
originally presented in [7] and involves testing the introduced
algorithms on a real robotic platform. The environment was
carefully designed such that several gaze actions would be
required in order to reconstruct all obstacles present between
the robot and target. A naive gaze strategy such as target
ﬁxation would lead to certain obstacles being unnoticed and
to a collision, were the planned trajectory to be executed.

A. Experimental setup
Our simulation system consists of a computer program that
simulates noisy sensor measurements and perfect gaze actions
that instantly update the sensor orientation. The following
functionalities were implemented.
1) Randomly simulated environments: A total of 400 different random environments was generated for evaluation. Robot
starting and target points were set constant and 15 meters
apart. At each environment, 100 random squared obstacles are
generated with the constraint of minimum distance of 1 meter
to both the robot starting and target points. Obstacles have
a random height of up to 0.75m and random side of up to
3 meters. Two of the generated environments are shown in
Figure 5 with color-encoded obstacle height.

A. Experimental setup
We tested the occupancy grid method and the ”maximum
entropy” gaze strategy on the biped humanoid robot platform
KOBIAN [18]. KOBIAN is 1.4m tall, weighs 62kg and has
a total 48 DoF. The vision system uses two CMOS cameras
working at a 30Hz acquisition rate. Camera images were used
at a 320x240 pixel resolution.
In this experiment the dimensions of the occupancy grid’s
cells were set according to the physical dimensions of the
robot. Having in mind the average step size of the robot,
we used cubic cells of 0.15x0.15x0.15 meters. Occupied
cells were dilated taking into account the robot’s dimensions
(approximated as a 2D square of 0.60 meters each side) so that
the robot can be represented as a single cell in the grid. The
WTA stereo model was chosen for slightly faster computation.
For a comparison of computation times please refer to [12].
The tested scenario is as follows: the robot stands in a
room looking forward, having a target where it has to walk
to, ﬁxed in the world (3m ahead, 2m to the left). Between
the robot and the target, some common obstacles such as
chairs were placed. The proposed algorithm is started once the
robot is on the ﬂoor, successfully generating gaze targets along
the trajectory. All was generated online and automatically
without human intervention. The duration of the experiment
was approximately 1 minute.

Fig. 5. Top-view of the random environments number 0 and 1, out of the
set of 400 used for evaluation. Squares represent obstacles that are higher as
their color gets closer to red (red is robot height, green is 0 height). Trajectory
solution is shown in blue, the green circle represents the robot and the cross
represents the target.

2) Gaze strategies: We implemented a total of 6 gaze
strategies, which were run on the same scenarios. Besides the
strategies deﬁned in equations (7) (8) and their unconstrained
visibility versions, we implemented a ”random gaze” strategy
and a ”ﬁxate target” strategy. Random gaze generates a random
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Fig. 4. Results of the ”maximum entropy” gaze strategy. Top: Right camera image; Bottom: 2) Occupancy grid (projected to 2D and dilated to robot
dimensions). Egocentric representation: vertical direction in the image corresponds to current sensor direction. Black is probability of occupation P=0 and
white P=1, generated trajectory blue, and gaze target cyan point. From left to right: frames 112, 208, 310, 417, 523.

0.95

sensor orientation within physical limits at each instant of
time, while the target strategy simply keeps the robot gaze
at the target throughout the whole experiment.
3) Measurement model: We implemented a measurement
model that updates the occupancy grid after each (simulated)
gaze command is executed. The grid is updated at all cells
lying inside the sensor ﬁeld of view (FOV). In these experiments, we selected a narrow FOV of 60 and 40 degrees in
the horizontal and vertical axis respectively. At each cell i,
the sensor measures either p(Oi |E) = 0.4 or p(Oi |E) = 0.6
depending on whether a ”free” or ”occupied” contribution is
measured, respectively. The sensor is assumed to provide noisy
measurements that lead to a false-negative ratio f n and falsepositive ratio f p of cell classiﬁcation. In other words, occupied
cells receive an occupancy probability p(Oi |E) = 0.4 with
f n chance, while free cells receive p(Oi |E) = 0.6 with f p
chance. Visible cells will get a correct measurement with
(1−f p) and (1−f n) rates. Visibility is taken from the groundtruth map (i.e. the randomly generated map) by line drawing
using Bresenham’s line algorithm. We selected f p = 0.01 and
f n = 0.77, which correspond to the values of precision and
recall obtained on the real outdoors dataset, reported in Section
IV.
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B. Results

0
0

Each gaze strategy affects the safety of the trajectory
differently along time. For each strategy we computed the
safety s(t) of obtained trajectories as the average probability
p(Ok |e0...t , x0...t ) for cells k along that trajectory. In Figure
6 we show the average safety s(t) of generated trajectories,
averaged over all random maps for each gaze strategy. We also
show the actual probability of collision over time, obtained by
counting at each instant of time the number of maps where
the trajectory collides with obstacles in the ground-truth map.
The data clearly show that on average the active gaze strategies
here discussed lead to robot trajectories that are safer than a
random gaze strategy at all times, and safer than a ”gaze at
target” strategy after less than 5 gaze actions. The ﬁgure also
shows that considering visibility of cells during gaze selection
slightly improves s(t).

5

Fig. 6.
Comparison of the several active gaze strategies. Top: Average
safety s(t) of the generated trajectories along time. Maximum safety is
s(t) = 1. Bottom: True probability of collision of the trajectories, computed
from ground-truth. Values are averaged across the whole set of random
environments at each instant of time.

We ﬁnally show, in Figure 7, results of the simulated grid
algorithm and planned trajectory for the ”maximum visible
occupancy” strategy on an example random environment. In
this experiment, the average safety s(t) of the generated
trajectory goes from 0.5 at the initial condition to 0.63, 0.77,
0.82, 0.88 and ﬁnally 0.93 at 5th gaze action. Similarly to
the proof of concept experiment in Section V, gazing actions
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Fig. 7. Grid and robot trajectories at each instant of time, when the ”maximum visible occupancy” gaze strategy is used. Random environment number 0.
The brighter the pixel the higher the occupancy probability. Trajectory solution is shown in blue, the green circle represents the robot and the cross represents
the target.

successively lead to new obstacles being found and trajectories
re-planned until a safe path is obtained. A safe collision-free
path is obtained by the end of the 3rd gaze action.
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VII. C ONCLUSION
In this paper we introduced a set of methods that deal
with stereo sensor uncertainty during robot navigation, with a
special focus on robot trajectory safety. We proposed methods
for stereo mapping (winner-take-all and whole-cost-curve occupancy grids) and methods for planning gaze and locomotion.
We obtained estimates of the uncertainty that occupancy
grids are subjected to in real outdoor scenarios and showed
that WCC stereo sensor models can lead to higher precision
maps than WTA, at the cost of lower recall. We empirically
showed, on a real robot, that gazing at maximum entropy
points along the planned robot trajectories is an efﬁcient way
to exploit occupancy grids to increase safety and conﬁdence on
a trajectory. We also validated this observation with extensive
simulation on random environments. Several gaze strategies
were compared, of which the ”maximum visible entropy” and
”maximum visible occupancy” scored best on average. With
these strategies, highest safety trajectories were obtained in
less than 5 gazing actions for a narrow sensor of 60 by 40
degrees ﬁeld-of-view.
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nuts and bolts, and any other task involving sorting of unique
objects even if moving.

Abstract— Robots are already becoming commonplace for tasks
which are dirty, dull, and dangerous. However, current
technology limits tasks to be performed by either humans or
robots in isolation. In the near future, tedious tasks will no
longer be done solely by humans or robots, but will be
completed by human-robot teams. In today’s factories,
significant resources have been invested into complex, strong
and agile robotic arms; however, due to the lack of their spatial
awareness and difficulty in programming them, they are not
easily adaptable to new tasks. In addition, humans are
prevented from moving into the work envelope while the
machines are running, so robots are generally left to tackle the
dangerous tasks on the factory floor with poor or no sensing
capability. In order to revolutionize production with the least
cost possible to the factory, these arms must be retrofitted with a
fairly inexpensive and adaptable sensing and control system. We
have developed a low cost control system that can be adapted to
any arm which is based off of a commonly available 3D sensing
system, such as the Microsoft Kinect (a consumer-grade RGB-D
camera available for $100 USD that has a resolution of
approximately 2mm at 1m to 2.5cm at 3m). Use of such a sensor
would allow an automated industrial manipulator arm to not
only grasp and articulate moving objects alongside human
beings in any environment, but also enable rapid
reprogramming for new spatially oriented tasks, regardless of
lighting conditions. Because the depth camera collects diffracted
infrared beam data and correlates it to each pixel in a color
image it can be used in any indoor environment without the
need for special equipment. Using simple image-processing
techniques on the images from the depth camera, we have
created a working proof-of-concept prototype that can recognize
uniquely shaped objects moving on a 122cm by 36cm conveyor
belt. The system demonstrated its ability to recognize, grasp,
and manipulate pieces to play a game of Tetris, making sure to
optimize the position and orientation of each piece as it was
detected. We are confident this technology can be applied to
other applications, such as sorting waste products, organizing

Keywords: manipulation, sorting moving objects, Microsoft
Kinect

I.

INTRODUCTION

A. Why Do Robots Matter in Industrial Applications?
1) Unsafe Environment
In areas where humans are at significant risk, such as factory
floors, integrating robots is especially useful. For welding of
frames, robots are faster than humans and and keep them
away from of hazardous tasks. However the robot arms used
for this particular type of work are designed to work at ultrafast speeds with heavy payloads and are a great danger to
humans--they must be kept behind fences.
2) Precision and Speed on Repetitive, Tedious Tasks
As markets grow and quality standards improve,
manufacturing processes must become faster and more
precise to keep up. Robotics research pushes the envelope of
automated processes, and industries are able to leverage more
and more technology to increase throughput, reduce errors
and free workers from dull, repetitive, or dangerous tasks.
The industrial revolution brought about improvements like
assembly lines that led to high volumes in manufacturing;
sub-dividing tasks into modular, repeatable tasks for
individual workers to mindlessly complete. 1 The robotics
revolution takes that paradigm one step further, and employs
technology to solve those repeatable problems faster and
more perfectly than a human could.
1
P. Backer, Industrialization of American Society
http://www.engr.sjsu.edu/pabacker/industrial.htm
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Humans and robots have very different skill sets. Generally
speaking, robots excel in tasks focused on data manipulation,
while humans excel at complex reasoning. In many factories,
assembly line workers are faced with dull tasks like attaching
two parts together for hours on end every day. That same
manufacturing process could be performed by a robot, which
could complete the task more quickly and less tediously,
freeing human workers for more interesting tasks. Robotics
research into characterizing and developing many more
robust automated manufacturing techniques means that the
set of automatable tasks is becoming more extensive and
effective every year. This research is allowing the
manufacturing industry to adapt to growing markets and
increasing requirements for precision and speed.
3) Human-Robot Interaction
Despite advances in automation, humans are still necessary
for monitoring manufacturing lines in order for processes to
be properly prepared and maintained. Industrial robots are
typically designed for a specific task in their environment and
to do the task as efficiency possible, which can involve
moving heavy parts at a high speed. This results in a fairly
dangerous environment that blocks humans from being within
the work envelope of a robot, and does not enable factories to
have robots working alongside humans. However, the
workforce of the future will need robots to work safely
alongside humans in order to sustain the same levels of
productivity in low-cost production [1].
II.
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camera in its head and can accommodate custom robot
grippers. It is controlled either using a PS3 controller or
through the onboard software, which allows it to track and
grasp an object within its field of view. This robot is available
for $35,000.
C. ZenRobotics Recycler
The ZenRobotics Recycler is the first robotic waste sorting
system in the world. It’s currently designed for reclaiming the
valuable raw materials from construction and demolition
waste, such as metal, wood, and stone (Fig. 3). This robot
uses visible spectrum cameras, near infrared cameras, 3D
laser scanners, and haptic sensors to create an accurate realtime analysis of the waste stream currently being processed.
The semi-mobile product version can be shipped in a standard
shipping container, and its system which includes two robotic
arms weighs 20 tons, and is 12 m long.

WHAT IS STATE OF THE ART?

A. Baxter
Baxter, made by Rethink Robotics, is an industrial robot
made specifically to reduce burden on humans on the
assembly line. Unlike other robotic arms, it requires no safety
cages, can be programmed by an assembly line worker, and is
portable. Due to its two 7 DOF arms with torso and head,
Baxter moves at a much slower pace and is made for low
volume, high mix manufacturing. Baxter, a $22,000 robot,
can be programmed by the user either through the
touchscreen interface (which also doubles as its face, Fig. 1)
or by direct manipulation of its arms by an operator.

Figure 2.

UBR1 mobile manipulation platform used in academia.

.
Figure 3. ZenRobotics Recycler, the first robotic waste sorting system to
reclaim raw materials

Figure 1. The many faces of Baxter

B. UBR-1
The UBR-1 is a mobile manipulation platform designed both
for academic research as well as business automation by
Unbounded Robotics, a spin-off of Willow Garage (Fig. 3).
This robot can see where it’s going, drive itself around, and
manipulate objects using its arm. It has a PrimeSense RGB-D

D. Goal of the project
The ultimate goal for the project is to perform a task in a
shared space with humans using cheap, portable sensors. The
specific task is a physical implementation of Tetris, with
pieces travelling down a conveyor belt (treadmill) at greater

87

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

and greater speeds. The challenge is to safely operate the arm
when people are within the manipulator’s grasp, which may
happen when placing pieces on the belt for the arm to
manipulate. The Microsoft Kinect sensor is inexpensive and
widely available, and is able to produce an image correlating
the distance of an object from the camera to the color image
that is produced. Calculations can be performed to compare a
customizable software model for the robot actuator and its
motion (in this case the position in 3-space of the R17 arm)
and the depth map of the workspace to determine whether an
action is safe to perform or not. For example, a human
entering the space that the arm will travel through is not safe.
The TETARM system can attempt a different movement
strategy, or it can slow or stop the treadmill until the human is
away from danger, and then continue with the sorting
protocol. The specific safety implementation depends on the
application at hand.
E. Enabling technologies
1) Kinect RGB-D Sensing
To sense the pieces, we are using the Microsoft Kinect for
XBox 360 RGB-D camera as our low-cost vision sensor.
Through the depth images produced by the Kinect, our
system is mostly light-independent within an indoor
environment and can determine more precisely where
objects are in a 3-D environment. Due to the nature of the
IR diffraction, the light can be easily faded out and does
not operate well in brightly lit areas. The Kinect is
mounted to a frame above the treadmill, and while this
does result in some image occlusion by the arm covering
the pieces underneath it, the pictures that are used to
determine piece type, location, speed, and orientation are
cropped to the area outside the arm’s work envelope. If
either of these limitations needed to be removed, the
sensor could be mounted at a different location to allow for
an unobstructed view of the work area. Due to the
predictability of the the system, a closed-loop control to
confirm the piece was picked up is not necessary.
III.
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2) OpenNI and OpenCV
The OpenNI library for the Kinect is an open-source
framework to standardize Natural Interaction (NI) devices,
applications, and middleware which also has a large
developer community behind it. 2 All the relevant information
from the camera is bundled and packaged into ROS topics,
and published to topics whenever new data comes in. The
depth image is collected using the OpenNI library and is then
processed through OpenCV. OpenCV is a library of
programming functions aimed at real-time image processing
systems that was initially developed by Intel but is now open
source. 3 The image from the Kinect is cropped (Fig. 4) and
thresholded for only the height of the pieces to create a black
image with the pieces in white. To identify pieces, the
templates of the different pieces are compared to the
processed Kinect image to determine the location, type, and
orientation of the piece. .
3) Python
The majority of processing in the TETARM system occurs in
a structure of python nodes. Python is a widely used,
relatively simple open-source programming language which
works well with ROS using the rospy library. ROS can
launch multiple python executables as independent nodes
running simultaneously.
4) Arduino
Arduino is an open source hardware microcontroller. The
software is free to use, and it has extensive example code and
an active community. The Arduino Uno I/O controls the
gripper servo and treadmill motor using PWM outputs, and
measures the speed of the treadmill using a reed switch
encoder. The Arduino can be set up as a ROS node to
subscribe and publish to topics.

IMPLEMENTATION

A. Software
1) ROS
For our system, we use ROS (Robot Operating System) as a
standardized communication framework. Initially created by
Willow Garage, and currently maintained by the ROS
consortium, ROS is a multi-platform communications
protocol for coordinating and communicating between
multiple parallel processes on different platforms.
Additionally, the platform can be any sort of processor, as
long as it is connected to the network and can speak the
common language of the ROS protocol.
Using ROS, each platform has one or more nodes running
simultaneously. Each node can “publish” and “subscribe” to
“topics.” Whenever a new packet is published to a topic,
every node that subscribes to that topic runs it’s individual
callback function. This allows for effective asynchronous
computation. ROS is also very useful for handling multiple
data sources, as it uses new data as it comes in.

Figure 4. Kinect's view of the treadmill to determine the presence and
charactereistics of pieces. The region in which the Kinect looks for new tetris
pieces is highlighted by the green lines

3
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LOGIC STRUCTURE

The general code structure is loosely based off the “Olin
Robot Brain,” a biologically inspired structure that is a hybrid
of reactive and subsumption paradigms often used in robotics
at Olin College. It is organized in low-level (hindbrain), midlevel (midbrain), and high-level (forebrain) sections (Fig. 5,
6). In this way, the levels of processing are separated so
reactive behaviors happen in a fast loop, the maintenance
behaviors go slightly slower, and the overarching behaviors
to accomplish high-level goals take in various pieces of data
in order to determine what commands to send in order to
carry out the mission.

Figure 6. More detailed description of code architecture and where types of
processing occur in the code.

Beyond reacting to the presence of pieces to accomplish the
main goal of playing Tetris, the arm must also be safe around
humans. Therefore, the hindbrain processes the depth image
from the Kinect to tell if there are any unexpected obstacles in
the arm’s trajectory for the safety of itself and others. If so, it
stops the arm and treadmill to prevent it from going near or
through that foreign object and saves the state of the system.
A. Hardware
The TETARM project employs a number of different
hardware systems: the ST Robotics R17 Arm controller, an
Arduino Uno, a Microsoft Kinect, a linux computer, and three
mechanical systems: the R17 Arm itself, a servomotor gripper
and a motorized treadmill.
The R17 Arm is a 5 degree of freedom arm comprised of
revolute joints. The R17 serves as a close analog for much
larger industrial robotic arms; its joints are kinematically very
similar and it has no built-in compliance when in use. Its
controller takes in RoboForth commands, but as previously
mentioned, we are using a python wrapper for RoboForth.
This provided many built-in functions such as position
control in Cartesian coordinates that allowed us to focus our
efforts on creating a human-safe work environment and
object sorting.
The gripper was created using a stratasys 3D printer and a
standard hobby servo. It is attached to the end of the arm
using magnets, which allows it to be easily swapped out if a
different mechanism is desired and to help prevent damage by
falling off if the gripper collides with an unexpected object.
The treadmill is a standard treadmill with the hand holds
removed as to not interfere with the Kinect. Additionally we
mounted a reed switch and magnets on one of the belt pulleys
so that we can ensure that the treadmill is travelling at the
desired rate.
The Arduino Uno is an inexpensive controller for the
servo gripper and treadmill, both of which are controlled
using a PWM signal.
We chose the Microsoft Kinect because it is fairly
inexpensive and gives a fairly accurate depth image
compared to other systems. The RGB camera feature of the
Kinect allow simplifies debugging because it allows us to
directly compare the depth and RGB images in real time.

The hindbrain interfaces with the sensors and actuators by
executing the desired commands of the midlevel, monitoring
the encoder and doing low-level processing, and updating the
midbrain on the status of the hardware. The midbrain parses
data, tracks the timing of the system, coordinates commands
and information coming from the forebrain and hindbrain.
This section does the bulk of the computation in the
architecture. The high-level receives relevant information
from the mid-level such as the type of piece available for
placement and returns a high-level decision of what Tetris
column the piece should be placed in and in what orientation.
The midbrain then coordinates the actions to successfully
collect the piece.

Figure 5. The diagram of the structure of code distinguished by levels of
processing
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V.

VII.

PRELIMINARY EXPERIMENTS

With the treadmill running at about 1.3 m/s, the system can
identify, pick-up, and place pieces moving on the treadmill to
play a reasonable game of tetris. Occlusion caused by the arm
does not affect the behavior of the system, and a human
avoidance algorithm detects if is if any foreign object comes
into the field of view of the depth camera within the range
from the Kinect to above the pieces. If an object is detected
before a command is sent, the arm waits and the system
pauses until the object no longer in its trajectory. Due to the
constant movement of the treadmill under the pieces, the
pieces at the bottom tend to shift and rotate, which disturbs
the placement of other pieces. An issue with the system is the
lack of validation of its manipulation of the environment.
Because it is not a closed-loop system, it has no way of
knowing whether it misses a piece or if the places pieces
shift. Without this knowledge, the system might assume an
inaccurate state of the world, so future pieces are placed
inappropriately. A possible solution to this is mounting
another Kinect or a similar sensor such that it can see the
bottom of the treadmill, which is in the occlusion zone of the
existing Kinect.
VI.
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FUTURE DEVELOPMENTS

The current arm requires some more modifications in order to
make it functional for an assembly line workspace. Due to
current limitations of the arm (eg. commands are string-based
so it cannot pause in the middle of an executed command),
both a fail-safe relay system that would trigger the emergency
stop as well as our human-detection and avoidance algorithm
that does not allow the command to be executed until the area
is safe is necessary. Since the arm ceases operation when an
object is present in its original trajectory due to the mentioned
limitation, it’s not very efficient to pause an entire system
until a human leaves the working envelope. Ideally, the arm
should be able to recognize the presence of an object and
recalculate a trajectory to still complete its mission without
hitting the object. Beyond that, a predictive element to
analyze manipulator trajectory and possible human arm/body
trajectory would improve the effectiveness of recalculating
valid paths. Furthermore, a more robust and redundant sensor
suite for tracking the pieces would enable the treadmill to
move faster, but it would require a motor controller with a
greater power capacity. Additionally, playing tetris is a very
specific implementation of a pick-and-place system. A
different gripper system (e.g. the iRobot Universal Gripper)
would allow a greater variety of objects that can be
manipulated. Additionally, as we were running our system, it
became evident that it is not as robust as we had designed it
to be. There is still the potential for better algorithms to be
integrated into our system.

CONCLUSION

We successfully created robust platform which can be easily
modified to perform a wide variety of assembly line tasks.
Using only inexpensive equipment we modified a robotic arm
to be able to detect objects in its environment; our system was
able to successfully identify, manipulate, and sort Tetris
pieces. The system is also separately able to detect and react
to unexpected objects in its path by stopping all movement
until the object exits the area of the arm’s trajectory. The
major limitations for this system are its inefficiency in the
presence of a humans and the lack of a closed-loop system to
confirm that it actually grabbed a piece and the piece went to
the proper position.

In order to validate our improvements to the system, we will
run a series of tests to determine the efficacy of our system
along several parameters. These include reaction time to an
unexpected object in the workspace, percent of time obstacle
is not hit, percent of pieces grabbed, and percent of successful
placed pieced. The independent variables are treadmill speed,
piece type, and piece orientation. This will give us a good set
of data points describing how the arm behaves under various
conditions.

The system we created can be quickly adapted for practical
use due to the high level of modularity built in to it. Simply
by changing out the high level node the function and the
vision identification specifics and possibly adding sensors,
the system could be changed to perform any of a variety of
tasks, such as sorting recyclables or packing boxes. This
allows it to be dropped into an existing factory floor for very
little cost compared to a new full system, and will allow for
increased safety and productivity if the task being performed
by the robot’s changes.
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deformation gage at the base of the arm. The system is
illustrated in Figure 1.

Abstract—In this paper, a one link flexible system is modeled
and controlled. Linear and non-linear models are first
presented. Three different controllers are designed and applied
to the developed models: the first one is based on Linear
Quadratic Gaussian/Loop Transfer Recover (LQG/LTR)
method, the second one is based on the H-infinity method, and
the last is based on a Controllable Lyapunov Function (CLF).
The three controllers are applied on real time on a physical
system and the experimental results are compared.

I.

INTRODUCTION

The control of robot manipulators with flexible links is
more and more present in engineering applications. Because
of design constraints and/or to provide some safety from the
force applied at the tip of the link, flexible arms are frequently
used in different applications. For example, the Canadian Arm
is considered flexible due to its length. The flexible arms are,
indeed, harder to control; Flexible links manipulators are
underactuated, distributed, and nonminimum phase systems.
In the literature, Linear Quadratic Gaussian with Loop
Transfer Recover (LQG/LTR) method was applied in [1]. An
H-infinity method was also developed for a flexible link with
two degrees of freedom and applied in [2]. The Controllable
Lyapunov Function (CLF) is presented in [3] and [4].

Figure 1. Physical system

In Figure 2, the blocks used in Simulink, to apply a voltage
to the motor and to read the sensors' signals are shown.
Conversion gains are used to convert the input voltage to
angles in degrees. An initialization block, shown in the upperleft corner of the figure, is also needed.

The goal of this article is to apply those methods to linear
and nonlinear models of a flexible link system, to test them on
a physical flexible arm, and to compare the experimental
results and discuss the effectiveness of each method.

Déformation (deg )
HIL Initialize
HIL -1 (q4-0)

-K-

II.

PHYSICAL FLEXIBLE ARM

a0

The test bed physical system used is the SRV02 Flexible
Link, from Quanser inc. The system has an acquisition card
that can be plugged in a computer to control the motor that
drives the flexible link and can read signals from physical
installed sensors, within Matlab interface. The flexible arm is
rotated by a DC motor; its rotation angle is measured by an
encoder and the deflection of the arm is measured by a

HIL
Write

Entrée (V )
HIL Write
(HIL -1)

a2
HIL
Read
Timebase
e0
HIL Read
Timebase

deformation

V -> deg

Angle total (deg )

-Kenc -> deg

(HIL -1)

Angle (deg )

Figure 2. Real time implementation
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ܶൌ

In this section, two mathematical models are presented.
The first model, which is linear, considers the flexible arm as a
rotary spring with stiffness Kstiff between the rotary inertia of
the arm, Jl, and the rotary inertia of the motor Jeq. The
simplified system is shown in Figure 3.


ͳ
ͳ
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ଵ
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ଶ

ଵ
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ଶ



Figure 3. Simplified model

The internal energy of the link is neglected and the mass is
considered clustered at the tip of the link. The mathematical
equations of this model are given as follows [5]:

Figure 4. Flexible link

In (3), Jeq represents the equivalent inertia seen by the
motor, Rdm is the vectorial position of the infinitesimal
element dm on the arm and Beq represents the equivalent
damping of the arm. We consider the foreshortening effect of
the link by considering second-order nonlinear kinematics.
Using the assumed modes method, the deformation is
written as follows:
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where qf represents the flexible modes of the beam, and ߶ሺݔሻ
the shape functions, chosen as polynomial functions in this
paper.

Ͳሿ ܦൌ Ͳ

In (1), the state variables are the angular position of the
motor θ, the tip deflection angle α and their derivate with
respect to time. The model was then identified using the least
square method [6]; the value for each parameter is given, in SI
units, as follows:
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In this article, one mode is used to represent the flexible
behavior of the link. Lagrange equations are calculated and the
mathematical model is obtained. This model is a nonlinear
model [7]. The state space model is:
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The second model is obtained using Lagrange method,
combined with the assumed modes method (AMM). The
considered variables in this model are shown in Figure 4. In
this figure are illustrated the position on the arm (x), the
deflection of the arm (v), the Young Modulus (E), the linear
density of the arm (ρ), the motor torque (τL) and the output of
the system, i.e. the total angle of the flexible link tip (yL).



In (5), the state variables are θ, qf and their derivate. The
input, Vm, is the voltage input of the DC motor.

The equations of the kinetic energy (T), potential energy
(V) and the non-conservative force (Q) are expressed as
follows:

IV.

LINEAR QUADRATIC GAUSSIAN WITH LOOP TRANSFER
RECOVER METHOD
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This controller is applied in feedback with the system. The
output is the tip (total) angle. The simulation and the
experimental results are shown in Figures 5 and 6,
respectively.

In the Linear Quadratic Gaussian method with Loop
Transfer Recover we start with a standard LQR method:
Defining weighting matrices and solving Riccati equation to
obtain state feedback gains. In this section, the simplified
model (1) is used to design the controller. The chosen matrices
are expressed in (6); R is weighting the error of the system and
Q, the state variables.
ͳ
Ͳ
ܴ ൌ ͳǢ ܳ ൌ ൦
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Ͳ
ͳ
Ͳ
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The Riccati equation is then solved for the matrix P:
ܣᇱ ܲ  ܲ ܣെ ܲିܴܤଵ ܤᇱ ܲ  ܳ ൌ Ͳ 



The state feedback gains are obtained using the following:
 ܭൌ ܴ ିଵ  ܲ ்ܤ



ൌ ሾͳǤͲͲͲͲ െ ͲǤͲͲͳͷͲǤͲͺͳͶͲǤͲͷ͵͵ሿ

Figure 5. Simulation with LQG/LTR controller

A Kalman filter is then applied, which represents the loop
transfer recover part. The arithmetic mean of the input and
output noises, respectively n and m, are chosen as follows:
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A similar Riccati equation is then solved to obtain S; it is
illustrated in (10).
ᇱሻ
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The Kalman filter gain KFK is then obtain using the
following:
Figure 6. Experimental results: LQG/LTR controller
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Comparing the simulation and the experimental
results, a small difference in the time response is noticed. Both
results don't show any error in steady state regime.

்

The controller generated from these two gains is:


ܭொீ ൌ െܭሺ ܫݏെ  ܣ  ܭܤ ܭி ܥሻିଵ ܭி 

V.

 

H-infinity method is an optimal control method with
respect to the weighting functions, as in LQG method. It is
based on optimisation of specific internal outputs, defined by
an augmented system. This method is shown in Figure 7.

The numerator N and denominator D of the transfer
function of the LQG/LTR controller are expressed by:
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H-INFINITY METHOD
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 ܻܣ ܻ ்ܣ ܻሺߛ ିଶ ܥଵ் ܥଵ െ ܥଶ் ܥଶ ሻܻ  ܤଵ ܤଵ் ൌ Ͳ  

The controller is then computed in function of these
matrices (as a state-space system):
ܣ ൌ  ܣ ሺߛ ିଶ ܤଵ ܤଵ் െ ܤଶ ܤଶ் ሻܺஶ
െ ሺ ܫെ ߛ ିଶ ܻஶ ܺஶ ሻିଵ ܻஶ ܥଶ் ܥଶ
ܤ ൌ ሺ ܫെ ߛ ଶ ܻஶ ܺஶ ሻିଵ ܻஶ ܥଶ் 

Figure 7. Experimental results: LQG/LTR controller

The weighting functions, W 1, W2 and W3, are simple
transfer functions (such as first and second order systems).
The first one, W1, weights the error of the output of the
system. Its function is selected as:


ܹଵ ൌ

ଵ



Zeroes
-15.58
0
0

The second function weights the energy of the command; a
gain is sufficient for this purpose:


Poles
-1e-4
-3.06
-15.19
-56.55

Gain
284

The simulation and experimental results are
respectively, in Figure 8 and 9.
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The third function is a weight on the output itself. It is
important to choose a function which will dampen the high
frequencies. With a second-order transfer function, defined by
a damping factor of 1 and a natural frequency of 25 rad/s, W3
is obtained:
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The augmented system, P, is then represented by:
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The augmented system can also be expressed by:
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Figure 8. H-infinity: Simulation results

 

The state equations of this system become:
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The Riccati equations for the first two systems are solved
to obtain, respectively, X and Y for a certain γ. This parameter
is iterated to obtain positive X and Y:


 

The zeroes, poles and gain of the controller are shown:
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Figure 9. H-infinity: Experimental results
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CONTROLLABLE LYAPUNOV FUNCTION METHOD

The CLF method is applied on the nonlinear model. This
model is shown in (22):
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The objective is to choose a Lyapunov function, i.e. a positive
definite function V(x) with a negative definite time derivative.
The selected function used in this paper depends on the output
error and the time derivative of θ and qf. The error is defined
as:
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Figure 10. CLF: Simulation results

 

In (23), yd is the desired output and L is the length of the
flexible link. The used Lyapunov function V is expressed as:
ܸ ൌ ሺߝ  ݔଷ  ݔସ ሻଶ 



 

where x3 and x4 are the derivates of θ and qf, respectively.
The time derivative of this function is:
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Figure 11. CLF: Experimental results

It is therefore possible to make this function strictly negative,
by setting the following:

VII. RESULTS ANALYSIS
The responses of the controlled system with all the developed
controllers are shown in Figure 12. The responses
characteristics, steady state error, time response and
overshoot, will be compared.
First, all the methods present no steady state error, neither in
simulation nor experimentation. There are small residual
oscillations. The physical system has of a set of gears to
reduce the speed; there is an adjustment between the gears
that makes it difficult to correct small oscillations. Also, the
physical system and the amplifier, which may generate small
vibrations, are mounted on the same table at the moment of
the tests.
Second, the time response with H-infinity controller is the
shortest, followed by the LQG/LTR controller. The controller
based on Lyapunov method is the slowest, due to its long
delay at the rise of the reference signal. Finally, none of the
responses present an overshoot.
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where u is the input of the system. The control is selected such
that:
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The value of k is kept 1 in this paper. Simulations and
experimentations were conducted using this control law; the
results are shown, respectively, in Figures 10 and 11.
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method, one with the H-infinity method and one with a
Controllable Lyapunov Function. They were all simulated
and tested on a physical flexible link system.
The obtained results are satisfactory; none presents steady
state error or overshoot, but the H-infinity controller presents
the best time response. The LQG/LTR method also has a
good response time, but the CLF controller has the longest
delay time.
To conclude, the applied methods on the linear model
seems to be good enough; the neglected non linearity doesn't
seem to cause problems when controlling this flexible arm due
to the slow input settling time. H-infinity method is quite good
and could be tuned even more. An analysis of the impact of
the three weighting functions could be done in further
analysis. Also, using different Lyapunov functions for the
CLF controller could lead to better response of the system.

The performances of the controlled system are summarized in
Table 1.
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Figure 12. Results comparison
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continuous analysis (spatial and temporal) with the opportunity
to cover big areas in very short times. The second alternative is
possible only thanks to the development of a sensor-equipped
submarine vehicle that, towed by a vessel, in real time sends onboard computer such parameters as temperature, depth, pH,
hydrocarbons, nitrates, to mention the most important.
Moreover, each value is connected to some information that
establish the position and the time of sampling. This vehicle is
called towfish. In literature, we can find similar models
developed for specific tasks, as instance the VPRII (Video
Plankton Recorder) whose objective is to detect the presence of
plankton of size 1 μm [1].

Abstract—In this paper an underwater towfish vehicle, designed
for environmental monitoring of Malta channel, is described. On
board the vehicle, three different sensors are installed in order to
monitor the values of nitrates, hydrocarbons, conductivity,
temperature and pH of seawater. Each of these sensors is
provided with RS232 serial interface to cope with a data
acquisition board designed to collect and send the data recorded
on board the vessel. The collection of data is accompanied by
further specification: the exact time and location of sampling. For
this reason, we make use of an underwater acoustic positioning
system named 'USBL' (Ultra-Short Baseline), which, by
exploiting the communication system through radio waves,
detects the absolute position of the towfish from a vessel and
calculates geographic coordinates. All instruments inside the
vehicle are powered by a special towing cable provided with
electric cables inside allowing both the passage of current for
power supplying and data transmission. Finally, on board
computer allows to monitor and display, in real time, the stream
of data coming from the towfish acquisition system including all
data detected by sensors, kinematic parameters, data concerning
absolute and relative positioning, dynamic behavior, and
manual/semi-automatic control strategy.

I.

In the next paragraphs, we analyze the external structure of
the towfish (par. II), the architecture of the project (par. III), the
sensors (par. IV), the cable with the annexed towing system
(par. V) and the equation of motion (par. VI).
II.

STRUCTURE

The structure of the towfish is very similar to an airplane,
equipped with elevators, ailerons and rudder. In a general
scheme, the vehicle is composed of a main cylindrical body
with a hemispherical cap and a cone tail, two front ailerons, two
back elevators, a rudder, two lateral pods for the housing of the
sensors and the linkage system to the umbilical cable [2].
Referring to Fig. 2 we can observe:

INTRODUCTION

In the last decades, the defense of the environment has
become one of the most serious problem to solve. The
continuous increase of maritime traffic is, for example, one of
the main responsible factors of the water pollution that, either
due to accidental causes, such as oil spill, or due to the natural
exhaust emission from engines, pours a very big amount of
pollutants into the seawater, which may cause serious damage
to our ecosystem.

1. Main cylindrical body
2. Fixed wing
3. Cone body
4. Hemispherical cap
5. Aileron
6. Rudder
7. Elevator
8. Pod
9. Linkage system.

In order to monitor the presence and the amount of these
pollutants into the seawater, we can follow two directions: to
make static samplings in pre-established areas or to make a
*Corresponding author
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concerning the time and the place of the sampling thanks to a
system called USBL (Ultra-Short BaseLine), based on a GPS
external sensor fixed on the boat: thanks to a communication
system through radio waves, it calculates the absolute position
of the towfish from the vessel. Thus, the acquired data are
stored on an external hard disk, represented with the block ‘data
logger’ in the figure.
As previously mentioned, the communication system
between the towfish and the vessel is the umbilical cable that,
besides its main function of towing, allows to feed the
electronic/electric devices inside the towfish and communicate
with them. To make it possible, the winch has to be equipped
with an electromechanical device called slip ring that allows the
transmission of power and electrical signals from a fixed to a
rotating structure. The cable is 400 m long and, to avoid current
losses due to the huge distance, we recurred to the alternating
current. Inside the towfish, the power cable terminates into a
AC / DC converter since all the devices work in continuous
current. The servomotors that activate the ailerons, the elevators
and the rudder are fed by the converter. To power the sensors,
each working with a different voltage, a DC / DC converter is
laid before. The cables for the transmission of the signals
communicate with a sbRIO card of the National Instrument that
represents the main control unit inside the towfish and whose
function is to communicate with both the sensors and with
integrated controller servo motors.

Figure 1. Structure of the towfish

IV.

SENSORS

The principal aim of the towfish is to make specific analysis
in order to identify the presence of polluting substances in the
areas of Malta Channel and all those areas identified as “Marine
Protected Areas”.
In order to do so, the towfish has to be equipped with the
so-called “oceanographic sensors”. One of the most important
is the CDT multi-parametric probe, which takes its name just
from the three parameters it can get: conductivity, temperature
and depth. On this probe, several sensors have been installed,
capable to acquire such parameters as pH, Oxygen, Redox, that
explain why we use the term “multi-parametric”. Moreover, we
can calculate the main properties of the seawater as saltiness,
sound speed, water density and Oxygen ppm, obtained through
the UNESCO Technical Paper algorithm.

Figure 2. Parts detail

The towfish is developed to reach a maximum depth of 50
meters. In these conditions, the vehicle undergoes a relative
pressure of 5 bar: following an accurate analysis, “structural
steel 235” has been chosen as main material and a 3 mm
thickness does not make the structure to get deformed at such
depth. We cite [3] for further details on the structural analysis.

Another probe is able to identify the presence of Polycyclic
Aromatic Hydrocarbon (PAH) that are naturally found in fossil
carbon and oil (for example, naphthalene, acenaphthene,
phenanthrene, chrysenepyrene, anthracene, etc). This probe
uses the fluorescence method with UV irradiation as
measurement standard, by using a xenon lamp as light source
and, as tracer, an ultraviolet-ray photodiode with antiinterference filter and with compensation of the light intensity
fluctuations of the sun light and lamp.

All the electronic devices are housed inside the main body,
which is 700 mm long and 300 mm large. In one of the two pods
a camera is located, while the oceanographic sensors are fixed
outside under the main body. The total weight is about 80 kg.
III.

ARCHITECTURE

The main architecture of the project is shown in Fig 3. In
the upper part, it is possible to see the boat that has to tow the
towfish. On board, we can find the control unit, whose function
is carried out by a personal computer. It owns two functions:
processing the data coming from the inertial instruments inside
the towfish in order to check the attitude and acquiring the data
produced by oceanographic sensors (CTD, Hydrocarbon,
Nitrate). Moreover, it has the function of showing the images
coming from a camera, which has the main role of security
monitoring. Collected data are followed by the information

The above-mentioned method is also used in the probe for
nitrates.
Each sensor is equipped with serial door (RS232 or RS485)
since the communication between the probe and the control unit
of the towfish is possible thanks to a serial protocol. For critical
time applications, the transmission of data, through the
umbilical cable, recurs to the CAN-bus protocol.
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Figure 3. General architecture

The latter has been chosen because RS232 does not work
on longer transmission lines than 100 m. On the contrary, CAN
offers excellent capacities of working also in difficult
environments thanks to the use of differential voltage; it is also
very reliable since it has excellent capacities of recognizing and
limiting the errors, thus providing a safe transmission.

10 knots is about 2100 N and, since the breaking load is
estimated to be about four times the nominal one, the cable has
to have a MBL (Minimum Breaking Load) greater than 8400
N. To estimate the electrical load, instead, we calculated the
electric consumption in extreme operating conditions, that is in
situations in which each device works at the best of its
performance. If we suppose to work at a nominal voltage in DC
of 12 V, the use of current is about 30 A, that is to say at a power
of about 360 W. In order to avoid excessive losses on the cable
of 400 m, we have chosen to let the alternating current flow [4].
By means of simple calculations, in those conditions the
consumption is about 1.5 A. The best choice is to use a cable of
2ଶ (one for the inlet cable and one for the outlet cable).
Since the used protocol is CAN, for the transmissions of the
data, instead, twisted pair-type cables have been used to avoid
interferences, given the presence of the power cable.

In order to combine data collected by the probes with georeferences information, the method called USBL (Ultra-Shot
BaseLine) is used. On board the towfish a transponder is
installed to communicate through radio waves with the
transceiver put under the vessel. By receiving the signal from
the satellite (through GPS receiver) and by making simple
mathematical calculations (with the help of pitching, rolling
and yaw sensors), the central unit of the USBL system, in turns,
calculates the absolute position of the towfish.
V.

UMBILICAL CABLE

Figure 4 shows the cable cross section and its internal
components.

The cable is a very important element in the project since it
has two main functions: it allows both to tow the towfish and to
feed all the electric/electronic devices inside the towfish
(sensors, motors, video camera, acquisition boards, etc.). In
order to establish the type of cable necessary to carry on both
functions, it is convenient to make either a CDF analysis to
determine the maximum load or an electrical analysis by
calculating the electrical load in extreme working conditions.
From the former it came out that the nominal load at a speed of

A. 10 individually screened 0.22 ଶ twisted signal pairs
cables
B. 2 Polyethylene insulated 1.96 ଶ plain copper power
conductors
C. Assembly voids filled with silicone rubber compound
D. Vectran fibre strength braid
E. Solid filled Polyurethane sheath.
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VI.

EQUATION OF MOTION

We use the towline model [5] and the CFD results –
obtained from previous simulations – to determine the
equations of equilibrium of the towfish in steady-state condition
of motion [6]. In Fig. 5 we can observe the forces and torques
acting on the towfish assuming a constant towing speed. The
system in (1) represents the equations of motion along the
horizontal and vertical direction and the moment equation about
the centre of mass:
Fx – Tx = 0
I – G – Fy + Ty = 0
I xi – G xg + Mf + Ty xt + Tx yt = 0

(1)

Fx, Fy and Mf, applied at the origin of the moving frame,
represent the horizontal and vertical component of the
hydrodynamic force and pitch torque coming from the
interaction towfish-water; I is the buoyancy, it depends by the
geometry of the towfish; G the weight applied at the centre of
mass of the vehicle; Tx and Ty the horizontal and vertical
component of the towline tension applied at the point of
attachment of the cable to the towfish; finally, xj and yj represent
the x- and y- component of the position vector going from O to
the point of application of the generic jth-force.

Figure 4. Cable drawing (Courtesy of Cortland®)

A Matlab GUI interface to study the pitch and depth control of
the towfish has been implemented. In Fig. 6 we can observe the
four panels of the GUI organized as follow:
1. Input data panel
2. Forces and moments plot panel
3. Numerical values of forces and moments
4. Total force and moment acting on the towfish

Figure 5. Forces and torques acting on the towfish in steady-state condition
of motion

Such cable has an external nominal diameter of 15 mm, a
nominal weight of 290 kg/km on air, a weight of 110 kg/km in
the seawater and a minimum breaking load of 10 kN.
These peculiar aspects affect the choice of the necessary
instruments to move the cable during the operations of descent
and recovery of the towfish, in particular winch, snatch and slip
ring. As a matter of fact, the winch drum has to have a diameter
that is similar or bigger than the cable diameter, otherwise the
latter would exceed the minimum dynamic bend radius under
which it could suffer damages. For these reasons, the winch
drum has an internal diameter of 150 mm. The snatch has to
follow the same specific features of the cable.
Finally, the slip ring is the electrical device that allows the
current to flow between the cable rolled around the winch and
the cable ending into the control unit. It can operate with
voltage up to 1000 V and a current of 7.5 A: features that well
correspond to the project specifications.

In the first panel we can set the parameters related to the size of
the cable – such as external nominal diameter, weight in
seawater and total length – and the parameters of simulation, in
particular the desired depth. Alpha and Beta represent the
angles of attach (AOA), respectively, of the ailerons and
stabilizers of the towfish: they will change automatically once
the command ‘Find equilibrium’ will be executed. In the second
panel, instead, we can see the forces and moments previously
described, and it is possible to observe if the equilibrium is
reached when the total forces and moments are approximately
equal to zero. We could also proceed in the opposite direction,
changing the AOA – located under the second panel – and
verify whether the equilibrium is reached or not.
CONCLUSION
In this paper, a power and data transmission system in an
underwater vehicle for the monitoring of Malta Channel was
described. The oceanographic probes represent the best choice
to carry out this type of work, but to receive the data in real time
in the control unit mounted on the boat, it is necessary to
provide them with a serial connection. For this reason, there
was the necessity to have a particular cable that, besides towing
the towfish during the sea missions, allows housing both power
cables and data transmission inside it. A 400 m length does not
permit the communication through RS232 protocol, so we have
opted for CAN protocol.
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Figure 6. GUI interface

Once the data have been collected, they are provided with
geo-references thanks to the USBL system, thus having the
possibility to make accurate maps which have such indications
as both geographic coordinates and the time of sampling.
Finally, we created a GUI interface to see if it is possible to
reach the equilibrium once parameters are defined.
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Abstract— This paper reports the posture control of a spherical
joint antagonistic drive system using a rubberless artificial
muscle. This system is a robot joint in which the spherical
bearing is driven by two antagonistic structure of a rubberless
artificial muscle. The angle measurement device attached to
spherical bearing measures the posture of joint. Experiment is a
posture control of a joint using two DOF PI control system, at
the case of a changing joint torque or a changing joint posture.
Results of the experiment verified that this drive system can
move with a target value in these cases.

I.

INTRODUCTION

Recently, robot have becomes familiar to human [1]. Their
introduction into fields of all kinds is anticipated. Most
notably, there is demand for robot to support care giver and
care recipient in welfare applications in Japan, which is aged
society with a low birth rate. Moreover, a robot to support
human is expected in the industrial world, or in the home. It is
existence as a range of operations is shared with human. As a
robot most have to touch human is demanded light weight and
flexible for essential safety.
In addition, a robot is expected to have a versatility to do
various takes alongside human. In response to this, some
studies of robot that imitate human skeletal muscle structures
have been undertaken because a human wrist can do various
takes safely[2]. The human wrist can move with multiple
degrees of freedom (DOF) a single joint. Consequently, we
expect that a robot joint will become simple and lighter
structure if it is modified to have multiple degrees of freedom.
Several studies have used a pneumatic artificial muscle
that is both light and flexible as an actuator that drives a robot
joint [4][5][6]. It is conceivable that a robot arm can move in
multi direction when an external force such as a sudden touch
is applied because an actuator with flexibility can drive a joint
with multi degree of freedom.

Department of Machine Intelligence and Systems
Akita Prefectural University
Yurihonjyo, Akita, Japan
naoki_saito@ akita-pu.ac.jp
tsatoh@ akita-pu.ac.jp

We developed a rubberless artificial muscle (RLAM) that
don’t use rubber, as a kind of Pneumatic artificial muscle. It
has improved characteristics over usual pneumatic rubber
muscle, which can change by degradation of rubber [7]. We
produced a system for which the spherical bearing as multiple
DOF joint is driven by an RLAM. This system can operate
with two DOF. Additionally, the angle measurement device
was used to read a rotation angle around two axes with joint
posture. It is attached to a spherical bearing. It runs separately
the indication of target value at feed-forward control and the
error compensation at feed-back control because of the use of
two DOF PI control as a control system. Here, it can
compensate the joint posture itself because of a rotation angle
around axis is controlled object.
This research includes an experiment to assess the posture
control of the spherical joint driving system. The result shows
the possibility of a robot arm that can be driven with multi
DOF while a change a joint torque.
II.
A.

RUBBERLESS ARTIFICIAL MUSCLE

Outline
A McKibben pneumatic rubber muscle [10] is the most
well-known muscle of this kind. This muscle has a structure
with a braided sleeve covering a slender rubber tube. When
compressed air applies to rubber tube, the tube expands and
the muscle contract in the axial direction by a transformation
of the pantograph structure of its sleeve. Since an artificial
muscle has few metal parts, it is lightweight, and the high
power weight ratio is realized. And it also has a passive
compliance characteristic of a pneumatic system. The passive
compliance characteristic is very effective to realize the
softness of the machine in contact with a person, etc. It is
conceivable that a McKibben rubber muscle probably loses its
drive performance eventually because of the degradation of
rubber.
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Therefore, we developed a rubberless pneumatic artificial
muscle. It is a bursiform aluminized polyester film sheet
instead of rubber tube. It is covered by sleeve. An RLAM is
portrayed in Figure 1. The RLAM operating principle is also
transformation according to the pantograph structure of the
sleeve, which is exactly the same as McKibben artificial
muscle. RLAM can drive a lower pressure than that of the
McKibben muscle. The air bag of the aluminized polyester
film sheet expands easily because the rubber elastic force does
not act when the artificial muscle is driven [7].
B.

Mechanical equilibrium model of RLAM

Isometric and isotonic contraction characteristics of
RLAM are presented in Figure 2. The parameter shown in
Figure 2(a) is internal pressure. This graph shows that RLAM
has characteristics by which the contractive force decrease
then shrinkage increases. Finally, the contractive force
becomes negligible when approaching the shrinkage limit. On
the other hand, the parameter is the load value that adds to
RLAM at Figure 2(b). Based on this graph, RLAM has a
nonlinearity and hysteresis characteristic by which the actions
of contraction and stretching differ, at a relation between
internal pressure and shrinkage.

0.01MPa

0.03MPa

140

0.07MPa

0.1MPa

0.05MPa

120

Force [N]

The structure and the operating principle of RLAM are the
same as those of a McKibben rubber muscle. Therefore, the
mechanical equilibrium model refers to McKibben’s
characteristic also. The derivation of the model equation uses
the mechanical equilibrium [6] model by SATO that based on
Shulte’s formula and which incorporates the friction between
the sleeve and air bag. The model equation is presented in the
equation (1).
ܨൌቊ

݈ଷ
ሺ͵ܿ ݏଶ ߠ െ ͳሻ െ ߤߨܮܦቋ ܲ
Ͷߨ݊ଶ

(1)

Here, F denotes the RLAM contraction force, P stands for
the impressed pressure, l is the length of a single sleeve, n is
the number of windings of a single sleeve, ߠ is the sleeve
angle, ߤ is the friction factor, D is RLAM diameter, and L is
the length of the RLAM when contracted.
The mechanical equilibrium model by equation (1), and
the contraction characteristics of RLAM from Figure 2 (a) are
depicted in Figure 3. This graph shows almost accurate
modeling, irrespective of change the load value, which adds to
RLAM. However, this model does not incorporate the
hysteresis characteristic because it was derived from the action
at contraction. Consequently, it is conceivable that there is a
hysteresis effect [8].
Antagonistic structure

The pneumatic artificial muscle can only contract; two
muscles usually make an antagonistic structure as one set [9].
Therefore, the antagonistic structure can be driven in both
directions according to their pulling. Moreover, it is
conceivable that two muscles compensate each hysteresis
property. Accordingly, the antagonistic structure is adopted for
RLAM.

180
160

When RLAM are integrated into control system, this
nonlinearity is necessary for linearization. Accordingly, it
shows a mechanical equilibrium model of RLAM that is used
for experiments.

C.

Figure 1. Rubberless artificial muscle.
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Figure 2. Characteristics of RLAM.
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B. Sphericial angle measurement device
The spherical bearing and the developed spherical angle
A. Organization
measurement
device are portrayed in Figure 7. A schematic
The spherical joint driving system used for the experiment
view
of
the
measurement
device is presented in Figure 8. The
is portrayed in Figure 4. A schematic view of this driving
system is presented in Figure 5. The driving system comprises structure of this measurement device is based on a gimbal
a spherical bearing and four RLAMs. Two antagonisms by mechanism. This device is constituted that the inner ring, the
two RLAMs have the rotation center as a spherical bearing outer ring, and the ground way for the spherical bearing. The
center. The driving system can drive with two DOF because of inner ring encircles the periphery of the spherical bearing. The
the antagonisms that are positioned crosswise. The wires that outer ring crosses the shaft. The rotation axis M and the
connect spherical bearing with RLAM turn a direction on the rotation axis N are orthogonal. Here, the axis M is the center
way by idler. They become straight on the central axis. The of the connection axis that joins the side of bearing and the
spherical angle measurement device, which is based on a inner ring, and the axis N is the center of the connection axis
gimbal mechanism, is attached to the spherical bearing. Here, that joins the inner ring and the outer ring. Also, adding a z
the driving system is installed so that the spherical bearing axis that passes through the shaft center of spherical bearing,
then, it can measure rotation angles around three axis at
side is facing downward. The gravity effect is decreased.
Cartesian coordinate, due to attach the position sensor on each
The coordinate system around the spherical joint is axis. It is decided the rotation angles around each axes are ߠ
presented in Figure 6. The X-Y plane in this Figure is a cross ߠ ߠ௭ . However, the position sensor cannot be attached on the
section that includes rotation center O. As shown in this figure, z axis. Accordingly, it measure the rotation angle of gear that
the joint posture is expressed in joint posture ߠ [deg], which is attached ground way.
is a slope from the z axis and in joint posture ߮ [deg] that is a
rotation around the z axis, by the polar coordinates.
Additionally, there is a wire fixed point at a spherical joint and
the wire contact point at the idler on X and Y axis. The
Idler
Spherical joint
rotation angle around the axes are ߠ௫ , ߠ௬ . The figure shows an
M-N plane that is the axis of measurement of the joint angle
measurement device in the X-Y plane.
III.

SPHERICIAL JOINT DRIVING SYSTEM

Posture measurement
device

Wire
Rubberless muscle

Figure 5. Schematic view of drive system.
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Figure 6. Coordinate system around spherical bearing.
Figure 4. Spherical joint antagonistic drive system.
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Here, from Figure 6, the rotation axes M, N are shifted 45
deg from the rotation axis X, Y by the RLAM antagonistic
structure. The relation between each rotation angle around the
axis suggests the following equation using the coordinate
rotation matrix.
ͳ
ͳ
ۍ
െ
Ͳې
ߠ௫
ξʹ
ێξʹ
ߠ ۑ
ቐߠ௬ ቑ ൌ ͳ ێ
൝ ߠ ൡ
ͳ
ͲͲ ۑ
ߠ௭
ێξʹ ξʹ
ۑ
Ͳۏ
Ͳ
ͳے
ߠ ߠ
 ۓെ ۗ
ۖξʹ ξʹۖ
ൌ ߠ ߠ
 ۔ ۘ
ۖξʹ ξʹۖ
ە
ۙ
Ͳ

(2)
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Next, the shrinkage of each RLAM is derived using
equations (4) and (5). The model of posture change around the
joint is presented in Figure 9. Point ݂ is a wire fixing point on
X and Y axis. Point ܿ is a wire contact point at the idler. Here,
the subscript is the RLAM number at Figure 6. Contraction of
RLAM2 is described here, for example. The radius of the wire
fixed point isݎ௪ , the radius of the wire contact point is ݎ , the
distance between the wire fixed plane and the wire contact
plane is ܮ . The RLAM contract result in the joint posture
change, and the wire fixed point is moved from ݂ଶ to ο݂ଶ , but
the wire contact point is not moved. At this time, the
remainder between ݈ଶ and ο݈ଶ is equal to οݖଶ . Here, ݈ଶ is the
length of ݂ଶ ̱ܿଶ , ο݈ଶ is the length of ο݂ଶ ̱ܿଶ , and οݖଶ is the
shrinkage of RLAM.
οݖଶ ൌ ݈ଶ െ ο݈ଶ

(6)

The values of ݈ and ο݈ are derived as shown below.

C. Change in the attitude of the sphericial joint
From Figure 6, it is said that the joint posture is expressed
by polar coordinates. However, it must change the angle
writing because the rotation around each axis that is measured
by the spherical angle measurement device becomes a
controlled object. Moreover, RLAM actually drive the joint.
Thereby, it must derive the target displacement of each RLAM.

݈ଶ ൌ ටܮ ଶ  ሺݎ െ ݎ௪ ሻଶ

(7)

ο݈ଶ ൌ ඥሺܮ െ ݎ௪  ߠ௫ ሻଶ  ሺݎ െ ݎ௪  ߠ௫ ሻଶ

(8)

Shrinkage of other RLAMs can be described similarly.

Now, the angle writing is changed to Cartesian coordinates
from polar coordinates. Then it derives the angle around the
axis. The coordinate change is decided following equation by
Figure 8.
ݔ
 ߠ  ߮
(3)
ቊݕቋ ൌ  ݎ൝  ߠ  ߮ ൡ
ݖ
 ߠ
It is assumed that no rotation occurs around the z axis
because this driving system can be driven by two DOF. Each
rotation angle around the X axis ߠ௫ and around the Y axis ߠ௬
is done according to the following equation (3).
ݕ
(4)
ߠ௫ ൌ ିଵ
ݖ
ݔ
(5)
ߠ௬ ൌ ିଵ
ݖ
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Figure 8. Schematic view of the measurement device.
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Figure 9. Change in the attitude for joint.

Figure 7. Spherical bearing and
measurement device for the spherical joint.

105

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

D. Change in the toruqe because of a change in the attitude
From Figure 9, the angle between the z axis and wire
(hereinafter, the wire angle) is changed by a change a posture
because a radius of wire fixed point difficult to a radius of
wire contact point in this driving system. If the wire tension
that pulls the joint is constant, then the vector that is resolved a
vector of the wire tension in the z axis direction (hereinafter,
the antagonistic force) also conforms to the wire angle.
Therefore, the joint torque is changed by a joint posture.
Because the antagonistic force is the same at all wire fixed
points, each wire tension can be derived geometrically. Here,
the wire tension equals the contraction force of RLAM.
The wire angle and antagonistic force are presented in
Figure 10. Given RLAM2 as shown in Figure 9, the joint
rotation angle is ߠ௫ , the wire length before the change posture
is ݈ଶ , the wire length after the change posture is ο݈ଶ , the
ሬሬሬԦఛ , the wire tension vector is ሬሬሬሬԦ
ܨ ,
antagonistic force vector is ܨ
ܨ is ߠఛ , and the angle between z
the angle between ሬሬሬԦ
ܨఛ and ሬሬሬሬԦ
axis and ሬሬሬሬԦ
ܨ is ߠఛ Ԣ . Based on those definitions above, the
relation between the wire tension and the antagonistic force is
shown below.
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Figure 10. Change in the torque for joint.
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Equation
(2)

ሬሬሬሬԦ
ܨ ൌ

ሬሬሬԦ
ܨఛ
 ߠఛ

ߠఛ ൌ ߠ௫  ߠఛ Ԣ

ߠఛ Ԣ ൌ  ିଵ ൜

ܮ െ ο݂௭
ൠ
ο݈ଶ

(11)

Here, ο݈ଶ is the remainder between ݈ଶ and the shrinkage of
RLAM, and ο݂ଶ௭ is the position of ο݂ଶ for the z axis direction.
Contraction force of others RLAMs are calculated similarly.
IV.

EXPERIMENT

A. Control method
An outline of the experimental apparatus is presented in
Figure 11. A block diagram is presented in Figure 12. The
control is done using a PC. The electric pneumatic regulator is
connected to each RLAM for pressure regulation. The control
object is a joint posture, but the operational object is internal
pressure. Therefore, each RLAM is operated individually.
Pressurization to RLAMs is applied by specify the initial
displacement 25 [mm].
A two DOF PI control system is used for this experiment.
The control system branches off a feed-forward term that
gives a target value and a feed-back term that gives an
adjusted value by deviation for an operational object. The
target values are specified to a joint posture ߠ , ߮ as polar
coordinates. The joint posture is changed to a rotation angle
around each axis using equation (4) and (5). First, the RLAM
shrinkage is derived as ߠ௫ , ߠ௬ . Then equation (6) is used as the
feed-forward term. At this time, the RLAM contraction force
is derived using equation (9). The antagonistic force is
designated independently. The internal pressure is derived
using equation (1) by the shrinkage and contraction force. It is
a target value for the operational object. Next, the angle that is
measured by the joint angle measurement device feeds back to
a target value. This deviation is tuned through the PI controller.
Then it is branches off four adjusted value using equation (6).

Equation
(4)(5)

ࣂ
࣐

Coordinate
transformation

Displacement

+

+

ࣂ࢞ 㸪ࣂ࢟
+

-

PI
controller

Figure 11. Outline of the experimental apparatus.
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and ߠఛ Ԣ is derived by following equation using a trigonometric
function.

PI

Control pressure

(9)

Here ߠఛ is

RLAM

Spherical joint
dive system
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Figure 12. Brock diagram for the joint posture control.
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tension that is derived by equation (9) is about 42 [N]. From
Figure.2, the contraction force at the 25 % of contraction is
under 20 [N] at the graph of 0.1 [MPa] pressure. For this
reason, it is probably difficult the contraction force that is
outputted at RLAM exceeds 40 [N]. Thereby, the necessary
contraction force for driving this system was not achieved
probably because the joint posture is sufficiently.

Y axis

Two cases are used for experimentation. One case is a
joint posture ߠ changed to 10, 15, 20, 25 [deg] with
antagonistic force ሬሬሬԦ
ܨఛ constant at 30 [N]. The other case has an
antagonistic force changed to 20, 30, 40, 50 [N] with joint
posture ߠ constant at 20 [deg].

40

40

20

20

0
-60

-40

-20

0

20

40

60

-60

0
-40

-20

0

-20

-20

-40

-40

-60
X axis

-60

20

40

60

40

60

X axis

(a) 10deg        (b) 15deg

0.12 m

-60

Reflective marker

Figure 13. Measurement of joint posture.
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B. Experiment
The experiment confirms the trajectory of the tip of the
driving system’s arm at the posture control experiment. A
reflective marker is stuck on the tip of the arm. The tip of arm
position is photographed with the camera installed on the z
axis, as presented in Figure 13. These images are processed to
measure the trajectory on the X-Y plane. The joint action is
such that the arm goes around the z axis clockwise because the
joint posture ߮ is changed, while a joint posture ߠ is constant.
The start point and the rotation direction are presented in
Figure 14.
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Figure 15. Result of changing a joint posture.
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Figure 14. Rotation direction for the experiment.
V.
A.

RESULT

Case of changing joint posture ߠ

The result is presented in Figure 15 for the case of
changing a joint posture that is ߠ. In alphabetical order, the
result of that ߠ are 10, 15, 20, and 25 [deg]. From these graphs,
there is some discrepancy. Still, the arm tip can move nearly
along the target circle, as shown in graph (a), (b), and (c).
However, there is a greater discrepancy between the target
circle and the measured position at graph (d). This discrepancy
is measured as about 7 [mm] at the greatest in the first
quadrant. It appears to a great degree around the x and the y
axis. From Figure 14, RLAMs are shown to be positioned on
these axes. Consequently, these points of the RLAM become
the longest or shortest length.
For the case in which ߠ is 25 [deg], the maximum
shrinkage of RLAM is about 37 [mm] at calculated value.
This shrinkage is percentage of contraction about 25% for
RLAM using the experiment. In addition, at this time, the wire

Case of changing the antagonistic force

The result is presented in Figure 16 for the case of
changing an antagonistic force. In order, the result of that
antagonistic force are 20, 30, 40, and 50 [N]. From these
graphs, the tip of the arm can move nearly along the target
circle, irrespective of the antagonistic force changes, that is
given. However, the discrepancy is not at the graph (b), (c),
and (d), is existed at the graph (a) in third and fourth quadrant.
Here, from Figure 14, it considers the rotation direction.
Then this discrepancy appear after the tip of arm passes on the
x or y axis. In other words, after two RLAMs that are
competing have a spell at each action that is contraction or
stretch. However, the trajectory in the first and second
quadrant is almost identical to those of graphs (b), (c), and (d).
For this reason, this discrepancy is probably caused by the
friction of sliding part, which affects the action of each RLAM
individually, rather than the action that affect the entire
driving system as RLAM antagonistic. The contraction force
of RLAM increases as the antagonistic force increase.
Accordingly, the static friction force when the action direction
of RLAM is reversed, or the friction at the system is driven,
become smaller. Therefore, it is conceivable that a smoother
action for the joint becomes possible.
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case of changing the antagonistic force, and another case of
changing the joint posture. These results show that, although
the antagonistic force and the joint posture were changed, this
driving system can drive almost accurately using same control
system.
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Our results showed the possibility of multi-degree-offreedom robot arm that can take various postures while
changing the joint torque. Moreover, results show some points
of improvement of RLAM and this driving system. Future
studies will be undertaken to improve this driving system.
Then, experiments will be conducted to enable posture control
of this driving system while it controls the antagonistic force.
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Summary

From experimental results, it was confirmed that this
system can operate along the target trajectory with changing
the joint posture ߠ or changing the antagonistic force.
The amount of the maximum contraction displacement and
the maximum contraction force of each RLAM change with
the conditions of operation. Therefore, it turned out that the
estimation of these amounts is important. The equations
showing the geometrical relationship derived in this paper is
useful in order to estimate these amounts.
And it turned out that the amount of contraction force
affects smooth moving of the spherical joint antagonistic drive
system. When smooth operation is desired, it is appropriate
that the antagonistic force becomes high.
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This research experimented the posture control which
directly measures the posture of spherical bearing as two
angles. An experiment was conducted for two conditions; a
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x regulator: a valve position controller is implemented.
Typically most commonly adopted regulators are PID
ones (Proportional, Integral, Derivative );

Abstract - Aim of this work, is the development of a rig for the fast
prototyping and the testing of the actuation system of large
quarter turn valves for power plants . In particular, friction
forces generated on sealing and bushings by the internal
pressurized fluid influence opening and closing torques of large
valves. In order to test a valve actuation system, the proposed rig
is able to simulate the resisting torque and more generally the
mechanical impedance of pressurized quarter turn valve.
The proposed actuation of the rig is hydraulic. In this work,
design criteria of different solutions are discussed with a
particular attention to robustness and stability troubles of the rig
respect to disturbances, limited bandwidth of sensor and
actuators and interaction with partially unknown tested system.

I.

x drive system: according a reference command produced
by the regulator, a drive system, is used to finally control
the actuator; as example, hydraulic or pneumatic
cylinders, are driven by single or multiple stage servovalves.

INTRODUCTION

There are several kind of process valves used in Oil&Gas
industry and more generally for large process plants whose
opening state is controlled by imposing a rotation of about 90°,
as example ball or butterfly valves. Main features and
specifications of this kind of valves are the object of several
industrial standards[1]-[4]. Angular position of the valve is
usually controlled by linear pneumatic or hydraulic actuators.
Typically adopted mechanical transmission are quite simple as,
for example, the Scotch-Yoke one represented in the scheme
of Figure 1. Also different solutions should be adopted
including electric actuators and toothed transmission systems,
like gears of transmission belts. Most of the available
documentation in literature is referred to patents concerning
industrial applications [5]-[17].
As visible in the example of Figure 1. the actuation system of
the valve is controlled by a closed position loop implemented
on a component briefly called positioner. The positioner is
mainly composed by the following components:
x angular position feedback: sensors are used to measure the
angular position of the controlled valve;

Figure 1. Example of Quarter Valve actuation system using a pneumatic
cylider and a scotch yoke transmission system

Aim of the proposed rig is to test the valve actuation system and
positioner by reproducing the opening/closing torque of
simulated pressurized quarter turn valve that is not really
installed in the rig. A simplified scheme of the proposed HIL
architecture (Hardware In the Loop) is visible in Figure 2. This
a quite interesting feature considering cost and encumbrances
of the real quarter turn valves that have to be controlled by
tested actuator and positioner. Finally, it should be considered
that a real quarter turn valve should produce realistic opening
and closing torques only if pressurized and flooded as in real
operating conditions. Considering different operating scenarios
(different fluid properties, flow and pressure conditions), it
should be very expensive to build and maintain a plant able to
properly pressurize a real quarter turn valve installed on the rig.
Consequently, proposed HIL approach is quite convenient to
test actuators and positioners which should be different in terms

110

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

of size, layout and calibration. Therefore, there is the need to
design the actuation and regulation of the rig to avoid potential
troubles of stability due to the interaction with a tested system,
whose behavior is partially known.
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More demanding requirements concern the simulated torque
profile: as visible in the example of Figure 3. the maneuvering
torque is variable respect to valve run. Shape of the torque
profile should be different for ball or butterfly valves.
Calculation of the valve maneuvering torque is a part of the
internal know-how of the producer; however calculations also
take count of the effects generated by pressure unbalances
across the valve. However, as visible in Figure 3. , the
maximum resisting torque recorded during a complete
maneuver of a valve should be about three times greater than
the minimum one. The ratio between torques exerted by the
biggest and the smallest tested actuator has a value of about ten.
Consequently, the rig has to be able to simulate a wide range of
different torque values with a variability ratio between the
biggest and lowest one of about thirty as visible in TABLE I.
TABLE I.

SPECIFICATIONS CONCERNING TESTED ACTUATORS

Figure 2. Principle of Operation of the Proposed Test Rig

Parameter

More generally this problem should be treated as a particular
case of a SISO (Single Input, Single Output) torque controlled
system which has to be robust as much as possible respect to an
external disturbance. This kind of problem has been widely
studied in robotics for the following applications:

Angular Run [°]
Max Angular
Speed[rad/s]
Max Acceleration
[rad/s2]
Max Resisting
Torque [Nm]
Min. Resisting
Torque[Nm]

x force controlled or compliant end effectors [21]
x robots interacting with humans or potentially sensitive
environments [18]-[20].

In particular, specifications in terms of maximum speed of
actuators are quite not demanding since a complete opening or
closing run of a quarter turn valve require about 10 seconds.

1000-5000-10000[Nm]
350-1600-3300[Nm]

opening run
closing run

4500

Torque[Nm]

4000
3500
3000
2500
2000

Respect to previously cited applications, object of this work is
an industrial application in which this kind of problems are not
often investigated. Furthermore, the range of torques generated
by the tested components is quite uncommon respect to typical
robotics or vehicular applications. Finally, design of the rig has
to be a compromise between different specifications concerning
cost, maintenance and ease of use.
TESTING SPECIFICATIONS

0.08-0.144-0.28[rad/s2]

5000

Similar problems are common on active or semi-active
suspension systems, which have to be robust against
disturbances whose frequency content should be far higher
respect to the bandwidth of the implemented control systems.
Typical examples should be related to the control of railway
pantograph with wire [23] or fluid [24] actuators. Also in the
study of semi-active suspensions for vehicles, proposed
regulators have to be robust respect to non-linear actuators with
limited bandwidth [25].

II.

0.137- 0.143-0.157 [rad/s]

5500

x walking robots were obstacles due to unstructured or partially
unknown working environment should be treated as hard
constraints or imposed position disturbances [22].

Testing specifications are a direct consequence of the wide
range of different actuators and positioners that have to be
verified on the rig as visible in TABLE I.

min.NOM. MAX
VALUE
80°-90°-100°

1500
-1

-0.8

-0.6

-0.4

-0.2

0
0.2
Angle [rad]

0.4

0.6

0.8

Figure 3. Example of simulated torque profile during an opening and a
closing run (courtesy of ABV Velan)

III.

DESIGN OF THE HYDRAULIC ACTUATOR

For the rig, a hydraulic actuation is preferred since it’s able to
provide heavy torques with reduced encumbrances.
Management of electric actuators is generally more complex in
the braking phase and the rig actuation has to be mostly
regulated as a brake able to dissipate a continuously controlled
power. The use of gearings with high reduction ratio is not
advisable in order to reduce troubles related to friction, tooth
backslash and more generally transmission stiffness since in the
considered application the angular run is limited and there are
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frequent inversion of motion sense. Consequently, a direct drive
solution has to be preferred.
Hydraulic torque motors are commercially available; however,
considering cost specifications, it was preferred a simple
pivoted linear actuator linked to the rig using the leverage
described in the scheme of Figure 4. The main geometric
parameters of the transmission are described in TABLE II.
Proposed solution can be easily implemented using low cost
commercial components; Also customizations respect to future
applications, not included in the current specifications, are
easier to be implemented.
TABLE II.
R
260[mm]

MAIN GEOMETRIC PARAMETERS OF TRANSMISSION
xp
379[mm]

Figure 5. Normalized τ(α) compared with the reference τopt(α)

yc
147[mm]

For the leverage described in Figure 4. , the ratio τ(α) between
the exerted torque T and the corresponding linear force of the
hydraulic cylinder, F should be calculated according (1).

W

T
F

l
D

r x p cosD  yc sin D
yc  r cosD  x p  r sin D
2

TABLE III.

(1)
2

MAIN GEOMETRIC PARAMETER OF THE CHOSEN HYDRAULIC
ACTUATOR

Parameter

Value

Int. Diameter
Rod diameter
Max flow

63mm
45 mm
4.6
liters/minute

Pressure

160-170bar

IV.

Notes
*Eq. Area of about 15 cm2
Calculated for an augmented max
speed of 0.04-0.05 m/s
for a nominal torque of 5000Nm

HYDRAULIC PLANT DESIGN

The hydraulic plant of the rig is briefly described by the LMS
Amesim™ scheme visible in Figure 6. The plant configuration
has been designed in order to make possible the implementation
of two different control strategies:
x Strategy “A”: Proportional Flow Controller
x Strategy “B”: Pressure Limitation with Adjustable
Compliance

Figure 4. Pivoted linear actuator connected to the rig using a simple
rotoidal joint

Figure 5. shows the behavior of τ(α) normalized respect to its
value on the lower endrun. The normalized τ(α) profile is
compared with τopt(α). τopt(α) is a reference ideal transmission
ratio which makes possible the emulation of the torque profile
described in Figure 3. using a linear actuator exerting a
constant force (as example an hydraulic actuator fed with
constant pressure). Unfortunately, the chosen transmission
system meets the optimal requirements only on the end-run.
For intermediate run positions, corresponding to approximately
null value of the angle α, the value of τ(α) is too high . This is
a drawback for the design of the hydraulic actuation system of
the rig since a sub-optimal value of τ(α) has to be corrected by
continuously adjusting the pressure inside the actuator.
However, considering the specifications of TABLE I. and the
geometry described in TABLE II. it’s possible to size the
hydraulic cylinder obtaining the results described in TABLE
III.

Figure 6. LMS Amesim™ scheme of the rig plant

A. Proportional Flow Controller
In this configuration the 4/3 distributor valve visible in Figure
6. is closed; the hydraulic actuator is controlled by a
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proportional valve realizing the torque control scheme
described in Figure 7. The inlet pressure of the proportional
valve is regulated using the servo-relief valve and the
accumulator visible in the plant scheme of Figure 7.
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transfer function which is usually described in term of eigenfrequency ωn and damping factor ε.
Consequently the dynamical behaviour of ΔP(s) is better
described by (3).
hy
Zn2
As
x s
2
2
V
V
s  2HZn s  Zn h  s 0
ht  s 0
t

'P s

is

'P s

i s G1  x s G2

Eb

Figure 7. Architecture of the Proportional Flow Controller

In particular a reference torque profile Mref is reproduced using
a closed loop regulator that is implemented respect to a
measured feedback torque Mfeed. For the measurement of the
feedback torque is considered a limited bandwidth of about 1520Hz. The gain of the regulator is scheduled in order to
compensate system non-linear behaviour and the variable
transmission ratio τ(α) of the actuator.
The actuator, as previously said, is supposed to be a double
rod, double effect hydraulic cylinder, so the equivalent area A
of both actuator chambers, should be considered equal.
Consequently the force F delivered by the actuator is
proportional to A and to the difference of pressure ΔP
between actuator chambers.
In order to model proportional valve and actuator is considered
a linearized model available in literature [24][26][27]: ΔP (s)
is calculated in the Laplace domain, as a function (2) of two
terms, respectively proportional to the valve spool state y(s)
and to the position of the actuator x(s) :

hy

As
(2)
x s
V0
V0
ht s
ht s
Eb
Eb
In particular in (2) the following symbols are adopted:
x A, V0 are respectively the area and the volume of the
actuators chambers supposed to be equal (system linearized
respect to the mean run).
x hy and ht are parameters which reproduce respectively the
proportionality of flow respect to valve state and the
leakage of both valve and cylinder.
x Eb is the bulk modulus of the oil
In flapper and jet pipe servo-valves [27]-[29], the spool
position y(s) is controlled by an internal amplification stage.
Alternatively, in proportional valves [30], the spool is actuated
by high performance linear motors/solenoids. In both cases,
the relation between the valve command i(s) and the
corresponding state y(s) is approximated by a second order
P s

y s

(3)

Eb

In particular the transfer function G2(s) describes the
relationship between a displacement of the cylinder and the
corresponding pressure variation.
G2(s) represents a cross coupling term between the rig
actuation dynamic and the corresponding tested system. In
order to improve the dynamical response of the system G2(s)
have to be rejected, cancelled or minimized.
For this reason, in the control scheme of Figure 7. is also
implemented a velocity feedback contribution proportional to
cylinder speed.
This approach, suggested by different sources in literature
[26][29], has been successfully applied by Allotta and Pugi,
for the force control of a railway pantograph [24].
It should be also noticed that an increase of compressibility
effects (corresponding to an increase of the V0/Eb ratio) and of
the leakage (ht) should produce a reduction of G2(s). However,
this solution offers limited benefits and many potential
drawbacks since the increase of compressibility effects also
negatively affect the dynamical response of the valve,
represented by the transfer function G1(s).
B. Pressure Limitation with Adjustable Compliance
Tested positioners have a quite slow dynamical response
corresponding to valve opening times of about 10-12seconds.
Consequently, the high dynamical response granted by the
previously described controller (strategy A, proportional flow
controller) it’s not so important. On the other hand, considering
the high variability of tested components both in terms of
dynamical response and simulated torques profiles, robustness,
and stability performance of the controller are more important
and should justify the adoption of the less conventional layouts
as the one described in Figure 8.
In this case respect to the plant scheme of Figure 6. the
proportional valve is deactivated. Force exerted by the actuator
is controlled by regulating the pressure in one of the two
chambers of the cylinder while the other one is connected to
the oil tank. A 4/3 distributor is used to switch the connections
of the chamber respect to the opening or closing direction of
the valve.
Pressure inside actuator chamber is regulated using a servorelief valve. The servo-relief valve is continuously controlled
by an analog signal reference.
As visible in the scheme of Figure 8. the reference command
pressure for the relief valve, Pref is calculated as the sum of
two contributions:
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x Pstat: from equation (4), it’s possible to calculate Pstat(α)
respect to the transmission ratioG τ(α) and to the desired
torque profile Mref(α). Pstat(α) is the reference pressure of
the rig actuator chamber calculated considering the ideal
static equilibrium of the machine (no friction, neglected
inertial contributions, ideal hydraulic plant response):
M reff
(4)
1
Pstat

Eds. Leo J De Vin and Jorge Solis

performed without penalizing too much the dynamical
response of the torque control loop of the rig.

A

x Psl: Pstat is calculated considering a simplified static model
un-affected by disturbances. Psl is the contribution
calculated by a closed loop torque controller whose input
is the error between the desired torque Mref and the
meausured one Mfeed. Aim of the Psl contribution is to reject
as much as possible unmodeled dynamics as a disturbance.
This term is implemented as an high gain PI (proportional
integral) controller saturated to a known value.
The implemented regulator resemble the philosophy of sliding
mode controllers [31] in which the control action is the sum of
two contribution, aiming to emulate a desired dynamics and to
reject disturbances and umodeled dynamics.

Figure 9. Simplified approach adopted to increase the robustness of the rig
control and actuation system

Considering the plant layout of Figure 6. the dynamical
behavior of the system is described by (5), in which the
following simplifications are assumed to be valid:
x The pumping unit assures a constant flow Qpump
x The flow delivered to the controlled cylinder chamber is Q.
x The servo-relief valve flow Qvalve is constrained to be
negative since the valve can be used only to discharge the
controlled capacities. The flow of the relief valve is
supposed to be controlled by a proportional regulator with
a constant gain k. Valve dynamics is reproduced as a
second order system with a natural frequency ωn of about
12 Hz and a damping coefficient of about 0.7-0.8.
(5)
Zn2
Q  Q pump  Qvalve k Pref  P 2
 Q pump 
s  2HZn s  Zn2
§
·
V
 ¨¨ Axs  0* sP ¸¸
E
b*
©
¹

Figure 8. Architecture of the Pressure Limitation with Adjustable
Compliance

In particular the proposed regulator of the rig is optimized in
order to be very robust respect to the interaction with a
potentially stiff tested positioner.
In order to make more clear the followed approach the
simplified scheme of Figure 9. is considered:
x The test rig is a treated as a torque controlled system which
have to reproduce the reference torque Mref.
x The tested positioner is a position controlled system able
to follow a reference position αref
Both the interacting control systems have its own control loop
(transfer functions Gpos(s) and Grig(s)) and actuators (Ppos(s)
and Prig(s)). The coupling between the dynamical behaviour of
the two systems is modelled considering the transfer functions
Kpos(s) e Krig(s). The dynamical response of the tested
positioner is highly variable and partially unknown;
consequently, in order to improve system robustness, authors
focused their attention in the optimization of rig transfer
functions. In particular the equivalent stiffness Krig(s) has to be
optimized in order to reduce potentially dangerous interactions
between the two systems. This optimization has to be

0

In (5) the equivalent compressibility term (V0*/Eb*) is higly
influenced by the presence of the gas filled accumulator.
In particular the compressibility of the pneumatic accumulator
is largerly dominant and should be approximately calculated
according (6):
V0* dV
Vaacc 1
(6)
Eb*

dP

k(Pinit Vinit )

Where the following symbology is adopted:
x Vacc is the current volume of the pneumatic accumulator,
while Pinit and Vinit represent the initial (preload) pressure
and volume values
x E is the coefficient of the polytropic transformation which
is used to approximate the behavior of the gas in the
accumulator.
Solving (5), it’s possible to calculate the behavior of the
pressure P of the controlled chamber of the actuator as a
function of three inputs, Qpump, Pref, x.
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The area of the actuator A and the transmission ratio τ(α) are
known, so it’s possible to calculate from (7) the three transfer
functions Gpump(s), Gref(s), Krig(s), between the three inputs
Qpump, Pref, x and the torque M delivered by the actuator (8):
M

Q pump G pump s

G pump s
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K rig ( s )

Pref Gref s
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PRELIMINARY SIMULATION USING LMS AMESIM

150

100

In particular both rig and tested actuator mechanical behavior
are reproduced in complete multibody model. The geometry of
the rig is the same described in TABLE II. The tested actuator
and positioner is supposed to be a scocth yoke transmission
with the geometry described in Figure 1. Inertial properties of
components are taken directly from CAD geometries. Tested
actuator is supposed to be fed with an air pressure
corresponding to a maximum opening torque of about
5000Nm. The controller of the positioner is supposed to be an
high gain PI (Proportional Integrator) regulator manually tuned
with an equivalent impedance of the valve in order to obtain a
feasible response. For the rig controller the two regulator
configurations proposed in this work are implemented, and
corresponding results are compared.
The response of hydraulic [30] and pneumatic components in
terms of hydraulic losses and dynamical behavior is modelled.
Also pipes are discretized considering lumped models
[32],[33], in which resistive, inertial and capacitive effects
working on fluid are evaluated.

0.14

System: tftraf
Gain: 3.78e-009
Pole: -27.9 + 36.3i
Damping: 0.609
Overshoot (%): 8.96
Frequency (rad/s): 45.8

200

0

-150

0.58

0.84

100

(9)

A. Model Description
Using LMS Amesim™, authors developed a complete model
of the rig whose main feature are visible in Figure 11.

2
n

s

x Gpump(s): Qpump introduces a disturbance whose influence is
rejected by the pressure control loop of the relief valve.
Highe valve gain k decreases the module of Gpump(s).
x Gref(s) : it’s possible to calculate a root locus of Gref(s)
parametrized respect to valve gain k as visible in Figure
10. For too high values of k the system became clearly
unstable.

150

From (9) it should be deduced that by moderately
the compressibility term V0*/Eb* it’s possible to
value of Krig(s) without compromising too
bandwidth of the pressure controller which
calculated from the expression of Gref(s).
V.

Some further considerations should be performed from (8):
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Other important non linear phenomena such as friction and
compliances on joints of mechanical components are modeled
in order to further verify the robustness of the proposed
controller. In particular on prismatic joints, kinematic and a
static friction factors are evaluated to be equal respectively to
0.15 and 0.3. Also on rotoidal joints friction is applied
considering the application of the same model [34] over a
cylindrical surface with a radius of about 10mm.

50

0.84
0.72

-200
-250

-200

0.58
-150

0.44
-100

0.3

0.14
-50

0

50

100

Real Axis (seconds -1)

Figure 10. Root Locus of Gref(s)

x

Krig(s): this transfer function represent the coupling term
with the tested system. To increase the control robustness
without penalizing too much the gain k, Krig(s) has to be
carefully shaped. For position disturbances with
frequencies far higher than the frequency of the valve ωn,
Krig(s) is approximated by (9):
Figure 11. LMS Amesim model of the HIL Test rig (example referred to the
proportional flow controller)
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Finally mechanical compliances on joints are introduced as
equivalent springs/bushings. In particular, the simulated
deformation of the joint is supposed to be linear respect to the
applied load.
B. Preliminary Simulation Results
Using the previously described model, authors compared the
performances of both the proposed controllers (proportional
flow controller, and the pressure limitation one) in terms of
robustness respect to parametric uncertainties. The following
procedure is adopted:
x First both the regulators are calibrated considering a
nominal working scenario.
x a Montecarlo simulation with perturbed parameters is
performed: the model is perturbed considering some
parametric variations, as example in the simulated
friction factor, or in the reference torque profile that
have to be simulated, and the effects in terms of
robustness of response of the system are evaluated.
Some qualitative results are summarized in TABLE IV. and
in TABLE V.
TABLE IV.

ROBUSTNESS ANALYSIS
VARIATIONS OF TESTED POSITIONEER

RESPECT

TO

PARAMETRIC
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uncertainties deliberately introduced with the Montecarlo
simulation. In particular, uncertainties in the model of the
positioner were expressed in terms of gains of its position loop
and in terms of exerted torque: a variation of the gain of the
position loop of the positioner was used to roughly reproduce
the behaviour of a system with different stability margins and
performances. Also pneumatic actuators and positioners with
different sizes, scaled to cover different torque categories, have
different performances in terms of equivalent stiffness offered
to the rig. Consequently the simulation of different models of
tested actuators and positioners is also useful to test the
robustness of the controller of the test rig.
In particular in Figure 12. some results concerning the
simulation of different Mref profiles and the corresponding M
measured are shown: performances and robustness of the
controller are heavily influenced by a variation of the
simulated torque profile. Simulations are also repeated with
different friction factors on joints showing a much lower
sensitivity of system performances respect to this kind of
disturbance. In Figure 13. the difference between Pstat and Pref
is shown; this difference represents the contribution in terms
of actuator pressure needed to compensate friction and other
non linear phenomena. Since this difference is quite small, the
regulator can easily reject the effects of friction variations.

Effect in terms of
Robustness
Parameter
Friction on
joints
Compliance
on Joints
Scaled Ref.
Torque
Profile
Variation of
the positioner
loop Gains
TABLE V.
VARIATIONS OF

Perturbation(s)
State
No-Friction/
Doubled Friction
No Compliance/
10X compliance
Max. Torque Profile
Min. Torque Profile
Pos. Gain mult. x 0.5
Pos. Gain mult. x 10

ROBUSTNESS
THE RIG

ANALYSIS

Flow
Controller

Pressure
Limitation

Robust

Robust

Sensitive

Robust

Very
Sensitive

Sensitive

Very
sensitive

Robust

RESPECT

TO

PARAMETRIC

Effect in terms of
Robustness
Parameter
Friction on
joints
Compliance
on Joints
Valve
Bandwidth
Bandwidth of
the torque
feedback

Perturbation(s)
State
No-Friction/
Doubled Friction
No Compliance/
10X compliance
-20%
+20%
-20%
+20%

Flow
Controller

Pressure
Limitation

Robust

Robust

Sensitive

Robust

Sensitive

Less
Sensitive
Robust

Very
sensitive

Preliminary simulations substantially confirm the behaviour
predicted by the theoretical analysis performed on linearized
models of the system: the pressure limitation controller proved
to be more robust than the other one respect to parametric
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Figure 12. Example of results, comparison considering different reference
torque profiles and different simulated friction factor on joints (pressure
limitation regulator)

Figure 13. Calculated pressure profiles for the nominal configuration
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VI.

CONCLUSIONS AND FUTURE DEVELOPMENTS

In this work the preliminary study of a rig for the HIL testing
of a quarter valve actuation system has been presented. In
particular, the layout of the test rig including its control logic
has been optimized in order to increase robustness and
performances respect to parametric uncertainties of both rig
and tested system. The major contribution of this work is the
fruitful transfer and application of know-how which is more
frequently used in robotics, to an industrial testing application.
For the next year the rig will be effectively put in service and
authors hope to be able to discuss performances and robustness
of both rig and tested systems with the support of experimental
data.
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Abstract—Actuators for small machine tools usually need
separate guidance elements since they cannot carry transversal
loads. Hence, cross section and mass as well as the complexity of
the actuator system increase. In the paper we present a novel
Shape-Memory-Alloy (SMA) actuator design, which does rather
not require additional guidances. The stiffness in directions
different from the actuators moving direction is realized by the
geometric arrangement of the SMA elements. Those are
designed by general formulations regarding the requested
degrees of freedom, geometry, applied load, and control aspects.
To evaluate this general design approach a multi domain model
of a linear actuator is developed. That covers not just the
mechanical part of the arrangement; but also the transient
behavior of the SMA. Beyond that an adaptive closed loop
control concept for positioning applications, which considers the
nonlinear positioning behavior of SMA actuators, is developed
and implemented. Furthermore, a linear actuator is designed to
validate the design approach experimentally and to investigate
the actuators capabilities to serve as miniaturized drive.

I.

INTRODUCTION

Modern high precision machine tools for small work pieces
are usually downscaled equivalents of macro scale machine
tools. The dimensions of applied machine components like
drives, guidance elements and supports do not significantly
differ. Hence the cross section of such machines is related to
their big counterparts. Due to the rather small workspace of
these machines they are characterized by an extensive
disproportion between workspace and cross section. The
dimension of the machine commonly exceeds the dimensions
of the work piece by orders [1]. This effect is mainly caused
by two reasons. Firstly, the miniaturization of drives is
limited because their physical principle necessitates minimum
sizes. Secondly, guidance elements need a certain dimension
to realize the expected stiffness. Due to their high specific
workload and relatively small spatial requirements, Thermal
Shape-Memory-Alloys (SMA) possess an outstanding
potential to overcome this disproportion [2]. However, to

realize the expected workload SMA elements like wires or
strips necessitate working in pulling load case as shown in
TABLE I.
TABLE I.

Load case
Push/Pull
Torsion
Bending

WORK DENSITY OF SEVERAL LOAD CASES [3]

Work density in
J/kg
460
80
4.6

Efficiency in %
1.3
0.23
0.013

Since these arrangements cannot carry transversal loads
current wire-based actuators still require additional guidance
elements as described for example in [4],[5],[6],[7]. There are
only a few known approaches where the solid state properties
of shape memory alloys are consistently used for realizing
actuation and guidance function. Figure 1. (left) shows a
micro system actuator for realizing two dimensional
movements without requiring additional guidance elements
[8]. Another approach as shown in Figure 1. (right) describes a
multi staged approach using SMA sheet structures to realize
solid state properties [9].
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Figure 1. Solid state actuators: micro actuator (left) [8], multi stage
actuator (right) [9].
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Beyond that SMA actuators offer a reversible strain of a
few percent if a high number of cycles have to be achieved.
Hence their dimensions are rather large. Mechanical
transducers like levers are able to enhance the deflection
range, but cause losses considering force and efficiency and
increase the cross section. Approaches like spooled-packaging
(see Figure 2. (left)) can improve the size of actuators, but
however the packaging technique introduces performance and
fatigue losses due to friction and bending [10].

Eds. Leo J De Vin and Jorge Solis

basic concepts of classical parallel robots, there are some
major differences. Because the actuators constantly have to
be set under a certain pre-stress, such parallel wire
manipulators always require more actuators to realize the
desired number of DOFs (D). For Completely restrained
Parallel Manipulators (CRPM) the principle is determined by
the unilateral kinematic constraints defined by the tensed
wires. The required number of actuators (A) is defined by:


 ܣൌ  ܦ ͳ



There are further redundantly restrained Parallel manipulators
(RRPM) which are characterized by:

Figure 2. Concepts for enhancing the stroke range of SMA actuators[4]

Another approach as described in [4] is to arrange the
required SMA length in several staged SMA modules as
shown in Figure 2. (right). The actuator stroke in x-direction
results from the sum of all partial strokes of the rigid
elements, which are supported by guiding elements.
However, here the SMA elements work against a pretension
spring and consequently cannot apply active forces in both
directions. Therefore new approaches, have to be developed
to raise the deflection range by avoiding mentioned
disadvantages.
II.

GENERAL APPROACH

As mentioned before, wires cannot carry transversal loads
and thus the moving stages require additional guidance
elements. A differential arrangement and angular orientation
of these wires possesses to overcome this problem by
splitting the resulting wire forces into longitudinal and
transversal components. Figure 3. shows two possibilities for
combining actuation and guidance function. The actuator on
the left side is able to perform movement or to absorb forces
in the x-y plain whilst the stiffness in z direction is almost
zero. The actuator on the right side however is movable and
stiff in all translational degrees of freedom (DOF).

 ܣ  ܦ ͳ



The redundant arrangement (increased number of actuators)
can be used to modify the workspace, to increase the end
effector forces or to realize stiffer structures. For further
information about parallel wire robots see e.g. [12].
A further aspect is that conventional SMA actuators usually
need an external force to set them back to their origin position
after actuation. Such mechanisms can be for instance
applying a constant load, a pretensioned spring or another so
called antagonistic SMA wire [13] [14]. Due to the
arrangement as parallel wire robot this functionality can be
covered by the principle of the system setup.
Actuators with only one DOF are able to realize forces in the
desired direction but cannot absorb forces and consequently
realize stiffness in the other directions. Blocking DOFs
necessitates one additional actuator per DOF. Hence, every
Solid state SMA actuator which blocks all DOFs requires at
least seven SMA elements which are symmetrically arranged.
Using the approach of parallel wire robots enables to design
solid state SMA actuators realizing the desired DOF. The
next chapters focus on the development and control of a
linear solid state linear SMA actuator which is able to realize
a stroke of 4mm with a bidirectional force of 50N.
A. Design approach of a Linear Actuator
As described previously an actuator with one DOF and
stiffness in another direction generally requires at least three
SMA wires. Figure 4. shows an example of such system
using two wire pairs.

Y

Figure 3. Possibilities for combination of actuation and guidance function

X

Such systems, called parallel robots, are well known and
extensively investigated. Their number of DOFs (D) usually
correlates with the number of actuators (A) [11]. However,
shape-memory-alloy actuators of small diameters have the
same mechanical behavior like wires, they cannot absorb
pushing forces. Hence such systems have to be described as
parallel wire Robots [12]. Although these robots share the

Figure 4. Linear SMA actuator principle

The differential arrangement and angular orientation of the
wire pairs possesses to realize actuation in x and stiffness in y
direction by splitting the resulting wire forces into
longitudinal and transversal components. The pullback
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mechanism needed for SMA actuation is realized by the
antagonistic arrangement of the wires.
Another four wire pairs symmetrically arranged around the xaxis possesses to enhance the principle to the third dimension.
Beyond that stacking the actuation stages as shown in Figure
2. Allows realizing higher actuator strokes without increasing
the length. Figure 5. shows such actuator which possesses
positioning in x direction und further provides stiffness in y
and z direction.
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TABLE II. also shows the allocated values, which were
chosen to reach the desired Stroke of 4mm and a force of
50N.
The resulting actuator performance can be determined by
derived formulas which contain the design parameters and the
geometric correlations. The most important performance
values are the actuators stroke:

l D  H rev
m
cos J



n  'V max  AD ,Q  cos J 



 'z A,max



and its applicable load force:


Figure 5. Solid state linear SMA actuator with multiple stages

The rotational DOFs around y and z are further fixed. Fixing
the DOF around x would require another SMA wire pair.

 FA,max

The formulas clearly show that there is a design conflict
between stroke and force considering the wire angle. To
achieve a minimum cross section (volume) the tube diameter
has to be as small as possible since the volume increases with
the square of the diameter but rather linear with the length.
Consequently the wire angle has to be as small as possible to
realize a small tubes diameter.
IV.

ANALYTICAL DESCRIPTION OF A LINEAR ACTUATOR

III.

The actuator can be described by independent parameters as
shown in TABLE II. , which affect the active and passive
actuator behavior. lD represents the length of the single wires,
which are integrated in m stages. Further the actuator consists
of n wire pairs per stage. Ȗ describes the angle, between the
actuator axis and the wire direction (Ȗ<=90°). AQ and İrev
define the cross section of the SMA wires and respectively
their reversible strain. Variables like the tube thickness and
their diameter do not affect the performance of the actuator.
The tubes length only depends on the actuator parameters and
is consequently no input parameter.
TABLE II.

Design
Parameter
lD
m
n
Ȗ
AQ
İrev
ǻımax

ACTUATOR MODEL

To understand the complex activation behaviour and to
determine different control algorithms a Matlab®-based
simulation tool using the approach given in [15] was
developed. The tools basic principle is the power balance
shown in (5). It consists of the electrical power Pel as input
value and the heating power Pheat, the convection power Ptherm
, the mechanical power Pme and the phase transformation
power Ptrans as losses or output values. The contained terms
result of the characteristic material behavior combined with
the thermal and mechanical boundary conditions and can be
described briefly by:

DESIGN PARAMETERS



Value
wire length
number of stages
Number of wire pairs
per stage
angle of wireinclination
wire cross section
reversible strain
usable load tension

49.8 mm
2
3
11.0°
0.113 mm²
4%
150 MPa

 Pel

Pheat  P therm  Pme  Ptrans 



The energy input is represented by a defined electrical current
which is applied to the SMA-wire. As a result of the electrical
resistance of the wire, thermal energy is induced and an
activation power is delivered to the SMA-material. This
power meets some negative feedback mechanisms such as
thermal convection and thermal radiation as shown in Figure
6.
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Where İ0 represents the initial strain of the wires. The model
is used to investigate the actuator parameters and to develop
the control concept including its parameters.
V.

Figure 6. Power balance based SMA Model

The residual thermal power Pheat applied to the SMA-ctuator
causes a temperature variation. A specific characteristic of the
SMA’s behaviour is the discrete occurrence of the phase
transformation process, which is modelled by a finite state
machine. That enables to change the process depending on
rising or falling temperature. During the phase transformation
process the wire delivers a mechanical power Pme. The
formulation of equations for these power terms lead to a
complete description of the dynamic behaviour of a SMAwire.
The entire actuator can be approximated by a single
antagonistic wire-wire-configuration. The number of stages,
the number of wire-pairs and the wire-inclination-angle are
transformations of the input- and output variables.
The actuator is described by the interaction of two separate
wire-models. As shown in Figure 7. the only coupling
between the wire model parts is represented by the
mechanical domain.

Figure 7. Antagonistic model with two separate wire models

The mechanical interconnection results from the constraints
for the wire strains (İ1,İ2) and the wire stresses (ı1,ı2).
Neglecting external loads the following equations can be
derived:


V1

V2

V



CONTROL CONCEPT

The material behavior of SMAs is strongly nonlinear, which
makes the realization of the position control relatively
ambitious. Nevertheless linear control approaches as
described in [16], [17] are a suitable choice for many
applications. This is caused by the simplicity of the
algorithms and the possibility to optimize the controller only
by adjusting a few parameters. Furthermore such control
algorithms are relatively robust concerning possible
variations in actuator parameters. Overall linear controllers
offer the possibility to realize adequate closed loop controls
without profound knowledge in control design.
Under certain circumstances as described in [18] the plant of a
single SMA wire can be described by a simple first order lag
element that can be controlled by a simple PI-controller.
However, the integral part of the controller is always set as a
compromise between heating and cooling. Figure 8. shows the
simplified control loop of a single SMA wire that consists of a
PI-controller and the plant as a first order lag element.

Figure 8. Approximated SMA PI control loop

A. Control concept for antagonistically arranged actuators
The existence of two SMA wires in antagonistic
arrangement necessitates an enlargement of the plant by an
additional first order lag element that represents the second
SMA wire. The wires are coupled at their mechanical output
(see Figure 9. ). As described in [15] the phase transition
temperatures of SMAs increase with an increasing tension.
This correlation possesses to raise these temperatures in the
first wire by heating the second [19]. Due to the increasing
difference between ambient and phase transformation
temperatures in the first wire the transformation from
austenite to martensite will occur faster. To benefit from this
effect the control concept bases on splitting the control value.
As shown in Figure 9. the first actuator only acts in case of
positive control values and the second actuator only acts for
negative values.



as well as


H2

2  H 0  H1 
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Figure 9. Control concept of the antagonistic arrangement
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Due to the coupling between the SMA wires it has to be
considered that only one wire is heated at a certain time. This
can be realized by the limitation of the mechanical tension
between the wires using the measured position and the
electrical resistance as described in [20].
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B. Adaptive control
Controlled drives for positioning applications demand very
high precision and constant dynamics. Hence they require a
closed loop control with very accurate position sensors.
Further, control concepts as described previously show a
differing dynamic behavior along the stroke range since they
are set up with constant parameters. Adaptive control
concepts enable to solve that problem.

Figure 11. Multi step of an SMA-actuator

Assuming a discrete control system, as used in the
experimental setup,(7) can be written as



Figure 10. Impact of pretension on ȟ-T-relation

The reason for varying dynamic behavior of SMAs is the
variable gain (mH) of the SMA transformation curve (ȟ-Tcurve, ȟ is the relative content of martensit ) from martensite
to austenite. As shown in Figure 10. , the dynamic behavior
of controlled SMA-actuators depends on its martensite
content and consequently its position. In case of small gains
at the beginning and at the end of phase transformation the
system is thermally stiff. A large variation of the actuator
temperature only leads to small variation of the martensite
content and respectively the geometric properties. For larger
mH small temperature variations have a rather big impact on
the geometric properties.
Figure 10. further shows the measured impact of the
mechanical pretension ıV on the ȟ-T-curve. An increasing
pretension leads to increasing transformation temperatures
and consequently a shifting point of maximum gain.
Simultaneously the value of max(mH) decreases.
To illustrate the impact of the variable gain of the ȟ-T-curve
Figure 7. shows a multi-step-movement of an SMA actuator.
It is obvious, that the higher actuators dynamic in the medium
positioning area leads to a significant overshoot of the
actuator position, while there is a quite low positioning
dynamic in the lower and upper area of the stroke range.
By reasons of technical practicability it is necessary to
quantify the gain mH to realize a specific dynamic behavior.
mH is defined as

 mH
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Equation (6) shows, that mH can be derived from the timediscrete changes of the martensite content and the actuators
temperature. Both the first and the latter variable is not
metrological allocable. Hence, they have to be determined
indirectly.
To detect the periodic change of the martensite content a
measuring via the specific electrical resistance ȡel is feasible.
Assuming a linear interpolation between the two phase
specific values for martensite (ȡel,M) and austenite (ȡel,A), the
periodic change of the martensite content is given by

U el

 [



U el ,M  U el , A





ȡel can be derived from the electrical resistance, using the
actuators length, which is measured anyway.
To detect the periodic change of the wire temperature the
following model based approach applying the thermal low
pass characteristic of SMA structures is used:


^`

 L T

sT

Pel 

sRth

1  sRth Cth

 

s represents the complex frequency parameter of the
LAPLACE-transformation, Pel the electric heating power, Rth
the thermal resistance and Cth the heat capacity.
To verify this approach two antagonistic SMA wires were
pretensioned to each other in several strengths. A slope
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shaped current was used to heat one of the two wires. Figure
9 shows the results of the simulated investigation (left) and
the measured values (right) of mH. A comparison of both
graphs illustrates that the approach is feasible.

mH, the larger is the heating effort to realize a certain rate of
changing martensite to austenite. Due to the relation between
martensite content and wire length, a new indicator can be
defined:


Figure 12. Simulative and experimental results of mH measurement

To apply this method in position control a closed-loopcontrol was simulated using two independent SMA wire
models, which are concatenated via mechanical boundary
conditions (same tension, İ1=f(İ2)). The results are shown in
Figure 13. For emphasizing the effect of an adaptive control
the results are supplemented by two constant parameterized
controllers. In the lower stroke range (left) the high gains
controller realizes a feasible positioning behavior, while the
same parameters induce an overshoot in the medium range
(right). On the other hand the low gains controller is
optimized for the medium stroke range.
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 m *H

x

Pel

 

To illustrate the difference between the two indicator
variables in Eqn. (7) and (11) a constant heating power was
applied in the antagonistic SMA model. Both mH and m*H
were calculated. The results are shown in Figure 15. The
position of the minima differs marginally, because the course
of m*H includes the stress-strain relation over and above the
relation between ȟ and T (mH). Furthermore both variables
can be measured easily. This leads to an advantage compared
to using mH.

Figure 15. Illustration of different ways for qualifying mH

Figure 16. shows the influence of the applied load on the
detection of m*H. Due to the stress-dependency of the phase
transformation temperatures, the maximum decreases with
increasing mechanical load. This effect correlates with the
results shown in Figure 12. and possesses to use m*H as
indicating factor.

Figure 13. Impact of the adaptive control

Figure 14. Course of mH and the derived control gain KI forFigure 7.

Figure 14. shows the corresponding measurement of mH (left)
and the derived control gain KI (right).
Due to the necessity of measuring the actuator position, the
wire current and wire voltage have to be measured. The
success of the determination of mH depends on the signal
quality. Investigations showed that the influence of noise
limits the applicability. Hence, an alternative way of
qualifying an mH corresponding value was investigated.
For SMA there is a relation between the martensite content
and the length of the wire. Furthermore the change of
temperature depends on the heating power, which is applied.
Considering Fig. 6 it can be derived, that the less the value of
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Figure 16. Impact of the external load on m*H
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VI.

EXPERIMENTAL RESULTS

A. Conventional PI Controler
In the first step the experimental investigations are targeted
on the general proof of function of the novel actuator. Thus a
test bench with position measurement via laser sensor and a
conventional PI controller is built, as shown in Figure 17. .
The tested actuator uses 0.38 mm diameter alloy X2-wires,
which are heated by electrical power that is applied on the
flanges of the actuator by controlled current sources.

Eds. Leo J De Vin and Jorge Solis

control concept, where the parameters are calculated whilst
positioning.
Figure 19. shows the positioning behavior for the lower and
Figure 20. of the medium stroke range. The course of the
corresponding P gain of the adaptive controller is shown in
Fig 20.

Figure 19. Impact of the adaptive control (low strokes)
Figure 17. Experimental setup

The parameters of the PI controller are determined using the
actuator model. Figure 18. shows the comparison of
simulation and experiment using a stair shaped position
reference value. The curves show that there is a high
accordance of simulation and measurement for positive but
rather higher deviations for negative reference values. This is
mainly caused by the complex thermal conditions considering
actuator design that are not completely reproducible in the
model.

Figure 20. Impact of the adaptive control (medium strokes)

Figure 18. Comparison of simulation and experimental results for control
with constant parameters

The results further show the previously described varying
dynamic behavior of the actuator related to its stroke range.
B. Adaptive Control
To investigate the performance of the adaptive control three
different controller setups were investigated to compare the
approach to conventional controllers. First, a setup to realize a
proper dynamic in the lower and upper stroke range was
chosen. A second setup meets the requirements for the
medium stroke range. The third setup realizes the adaptive

Figure 21. Normed Course of the controler P-Gain relating to figure 19

It is obvious, that the dynamic properties of the positioning
depend on the topical stroke range in case of constant control
parameters. For high values there is a significant overshoot in
the medium section, while the low values do not realize an
acceptable positioning behavior in the lower and upper stroke
section. This setup is rather feasible for the medium stroke
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section. The adaptive control adjusts the control gain
parameters depending on the present m*H of the SMA system.
At the lower stroke range the system tries to fit the course of
the higher parameterized controller to realize a maximum
dynamic. While reducing the parameter values in the medium
section, the actuators dynamic fits the course of the lower
parameterized controller. Thus, the dynamic is nearly
independent from the present actuator position and
consequently the dynamic can be kept constant for nearly the
entire stroke range.
VII. SUMMARY AND OUTLOOK
In this paper a new approach for a multifunctional SMA
actuator design is presented. By a specific arrangement of the
SMA wires the wire force is split into a longitudinal and a
transversal component which enables the actuator to carry
transversal loads and consequently enables to leave additional
guidance elements. The approach is described in detail on a
linear actuator configuration. Based on a developed actuator
model the relations between the design parameters and the
actuator specification were identified. Measurements show
the actuators general working ability.
Further a novel adaptive closed loop control concept for the
actuator setup is presented. Due to their nonlinear stressstrain behavior SMA actuators are characterized by strain
dependent load conditions at the activated SMA element.
Consequently the actuator dynamic depends on its position,
so constantly parameterized controllers do not realize the
control properties that can be achieved by conventional
drives.
Hence an adaptive closed loop control concept to ensure a
constant actuator dynamic over the entire stroke is developed.
The approach is based on the determination of the transient
transfer dynamics of the SMA Element. The numerical model
of the actuator is used to develop the adaptive control
theoretically. Two possible strategies are investigated and
evaluated. The model based detection of the gain in the phase
transformation curve is not practicable, since the differentiation of two measured, noisy values is especially in
closed loop control barely possible. Hence, another approach
using the electrical power and the actuator velocity was
realized and investigated. Experiments show the proof of the
adaptive control approach. Measurements of a conventional
PI control are further compared to the achieved results.
Future investigations will concentrate on the application of
the control concept on a rotational actuator. Furthermore the
actuator will be optimized to realize an easier, reliable
assembling.
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Abstract—We consider here a practical issue of using power
ampliﬁers in torque-control mode for robotics applications.
Speciﬁcally, we bring up the problem that may be caused by internal high-gain current control loops combined with limitations due
to impossibility to provide an inﬁnite voltage supply. The issue
can be observed on a simple example of a tracking failure on a
single link manipulator with a major gravity disturbance. The
armature current does not track a reference within an admissible
working region due to a voltage saturation in an ampliﬁer. Such a
behavior can be reproduced and predicted by our model, which
can be used for a more intelligent motion planning and more
precise motion control.

I. I NTRODUCTION
It is well-accepted that model-based feedback control design
can provide a superior performance. Many powerful techniques exist for particular classes of models, see e.g. [1].
However, choosing a good model is still an art. Simpler
models allow higher variety of applicable techniques, while
if a model, used for a feedback design, does not describe an
important feature of the process, the closed-loop behavior may
be unacceptable and even unpredictable.
As an example, in robotics applications, taking into account
actuator dynamics in a controller design may result in a much
better performance than if a controller is designed only based
on a simple model of robot dynamics with directly controlled
torques [2]. For electrically driven manipulators, a model of
motor dynamics can be included to the overall system model
for control design to obtain a high performance motion control
[3], [4]. However, as a consequence, the complexity of the
control design problem is increased.
Separating the control design problem into the one for
the electrical system, an internal loop, and the other for the
mechanical system, an outer loop, is a standard way to reduce
† Corresponding author
‡ Supported by Government of Russian Federation, Grant 074-U01

the complexity see Fig. 1. Typically, the controller for the
electrical system is aimed to ensure that the motor torque does
track a reference torque. Generally, such controllers employ
high gains to ensure a sufﬁciently fast transient response that
makes it common in the literature to assume that the actual
motor torque is equal to the reference one. As a result, the
whole electrical dynamics can be neglected at the outer control
loop design stage. Thus, the mechanical system becomes the
focus of the control design development.
In practice, the electrical (the inner loop) controller is
generally embedded into a power ampliﬁers’ electronics set
into the torque control mode. In certain ideal conditions, this
mode provides the proportionality of the motor output torque
with the input voltage to the servo-ampliﬁer. As stated above,
this is ensured by the internal current control loop. In [5],
manipulators actuated by the ampliﬁer in torque control mode
are classiﬁed as voltage-driven manipulators.
II. P ROBLEM F ORMULATION
In spite of the beneﬁt of voltage-driven manipulators, certain care should be taken to take advantage implementing
them within various robotics/automation related applications.
Excluding electrical dynamics from consideration, relying on
perfect performance of an internal loop controller, essentially
implies that certain limitations of the actuator in the electrical
system and, in particular, existence of the motor terminal
voltage is ignored. It is intuitively clear that the admissible
working region of a motor cannot be fully exploited when
the maximum supply voltage to the motor is limited. We
will illustrate below on a simple example that ignoring this
effect results in the control performance deterioration in certain
regimes. More precisely, we are to illustrate a non-ideal current
tracking within the admissible working region of the actuator
whenever the targeted motion is signiﬁcantly fast.
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control
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Fig. 1. Separate controllers for electrical and mechanical subsystems

In motor drives domain, saturation problem of motor servos
has been addressed in [6], [7], [8], [9] to mention a few.
Speciﬁcally in [8], a modiﬁed windup algorithm is proposed
to deal with voltage saturation problem in a DC motor servo.
In the ﬁeld of robotics, several approaches are proposed
to deal with torque saturation, see e.g. [10], [11], [12],
[13]. Furthermore, experimental result of dealing with torque
saturation considering gravity disturbances is presented in
[14]. Nevertheless, to the best knowledge of the authors, no
literature addressed the impact of voltage saturation in robotics
actuators drives, especially where strong gravity disturbances
affect the system.
The intention of this work is twofold. First, we illustrate
the impact of voltage saturation in the considered class of
manipulators. Here, roughly speaking, a saturation-type nonlinearity, appears not before the outer (mechanical) control
loop but inside the internal (electrical) high-gain loop. We
show that the built-in controller in the power ampliﬁer fails to
track the torque reference when the manipulator is operated
at high velocity, speciﬁcally when the gravity is the major
disturbance in the system. Second, a model is proposed in
this paper that show a similar behavior as in the experiment.
The rest of the paper is organized as follows. The occurrence
of the non-ideal current tracking is illustrated in Section III;
Section IV comprises the mathematical derivation of the
system model and of the identiﬁcation procedures; lastly,
the results and conclusions are presented in Section V and
Section VI, respectively.
III. E XPERIMENTAL C ASE S TUDY
A. Hardware Setup
Our setup consists of a link moving in a vertical plane that
is actuated by a PENTA brushed DC motor through a PWM
servo ampliﬁer from e-MOTION, see Fig. 2. One end of the
link is connected to the shaft via a gearbox with gear-head
ratio 50:1. The motor is operated at nominal current 3.65 A.
Besides, the power supply to the ampliﬁer is set at 24 V, which
consequently sets the maximum motor terminal voltage. The
ampliﬁer is activated in the torque control mode throughout
all our experiments. Finally, a fast control prototyping system
based on the dSpace board 1103 is used as a real time platform
that is working at the sampling rate of 1 kHz.

Fig. 2. Experimental Setup of one-link voltage-driven manipulator

B. Measurements and Estimations
The angular position of the link is measured by a rotary
encoder and the measurement of the armature current is
provided by the ampliﬁer. The velocity is estimated offline from the measured position as follows. The quantized
position samples are recorded and interpolated by a cubic
smoothing spline function. This interpolation is computed
every 20 samples considering the frequency response of the
system that is much lower than the sampling rate. Once we
obtained the interpolated position, the velocity is computed by
analytical differentiation of the interpolation.
C. System Response to Set-Points
Fig. 3 shows the given set-points and the corresponding
normalized armature current response. The stair set-points
between 0.25 to 0.29 with an increment at 0.01 are given
to the ampliﬁer to observe the behavior of the system. These
set-points are intentionally alternated by rest period set-points,
which are set at 0.24. The rest period is introduced before the
next step level in order to sufﬁciently excite the system. That
is to say that the alteration of set-point from the rest period to
the next stair step is expected to surpass the noise amplitude.
Furthermore, the set-point value in rest period is chosen to
maintain the movement of the link. In that case, the static
friction is overcome and the system does not stop during the
operation.
From the implemented set-points, one can observe that the
current tracking holds below a certain set-point. However,
current drops are seen when the set-point exceeds this value.
Further observation shows that these drops happen when the
link is approaching downward position where the velocity is
high see Fig. 4.
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A. Mechanical Dynamical Model
The general dynamics of a multi-link robot manipulator,
including friction can be written as [15]:
M (θ)θ̈ + C(θ, θ̇)θ̇ + g(θ̇) + Fv θ̇ + Fcl (θ̇) = τ

(1)

where θ, θ̇, and θ̈ are vectors of joint displacement, velocity,
and acceleration, respectively. M, C, g, Fv and Fcl are inertia,
Coriolis, gravity, viscous friction and Coulomb friction terms.
We consider a one-link manipulator in this paper so that (1)
can be simpliﬁed into
J θ̈ + kg sin θ + kv θ̇ + kcl sign(θ̇) = τ

where J denotes the inertia, kg denotes the gravity constant,
kv is viscous friction constant, and kc is Coulomb friction
constant. Coriolis term does not appear since it only occurs
on manipulators with at least two links. The gravity term is
expressed with trigonometric (sin) function because of the
choice of initial position that is upright throughout all experiments. The viscous friction is proportional to the velocity
and Coulomb friction term is proportional to the sign of the
velocity. Lastly, the input τ for a voltage-driven manipulator
is expressed as
τ = ku iarm
(3)

Fig. 3. Observation of Current Drop in Experiment
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where ku is the current-to-torque constant and iarm is the
armature current.
The measurement system does not provide the exact angular
position because the encoder is set to zero once it is turned
on regardless of the exact initial position of the link. To deal
with this, we included the possible offset on the measurement
to the system dynamics. Thus, the measured angular position
can be written as following:
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Fig. 4. Experimental Observation of Current Drop in Relation to Estimated
Velocity of the Link

(4)

where y is the measured angular position and α is the offset.
Substituting (4) and (3) into (2) yields:
J ÿ + kg1 sin y + kg2 cos y + kv ẏ + kcl sign(ẏ) = ku iarm (5)

Our explanation of the observed performance deterioration
is the following. The velocity of the link oscillates as the link
rotates in a vertical plane. A strong gravity disturbance is
generated from this motion due to the rotation of the link.
As the velocity increases, the back-EMF increases, and the
internal current controller compensates it by increasing the
voltage to the motor. When the required compensation exceeds
the maximum supply voltage to the motor, current drops occur.

where
kg1 = kg cos α,

(6)

By choosing the velocity as the state and the output,
treating the gravity and friction forces as disturbances, the ﬁnal
dynamic equation (5) can be rewritten in state-space form as
follows:
ẋ

=
+

IV. S YSTEM M ODELING
To model the behavior of voltage saturation in servoampliﬁer, we have identiﬁed system parameters in the way
that is presented in this section.

kg2 = kg sin α

−kv x


ku

⎤
iarm
⎢ sin y ⎥
⎥
⎢
⎣ cos y ⎦ (7)
sign(ẏ)
⎡


−kg1


−kg2


−kcl

where the apostrophe symbol denotes the division by J of the
corresponding constants in (2). This ﬁnal representation is to
be used further for system identiﬁcation.
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I DENTIFIED SYSTEM PARAMETERS

Fig. 5. Up:Integrated Random reference current and measured armature
current response of the System. Down:Estimated velocity

B. Identiﬁcation of Mechanical Parameters
To identify the system parameters, an integrated random
signal between 0.15 and 0.32 is given as an input. For our
experimental setup, the voltage-to-current proportional gain is
found to be about 1.05. The constant power spectral density
property of a random signal is exploited to explore the system
in a speciﬁc, low, range of frequencies since the integrator
limits the exploration in the high frequency region.
Moreover, to ensure the movement of the link, a sufﬁciently
high set-point will replace the set-point generated by integrated
random source when the estimated velocity is below a certain
threshold (0.25 rad/s in this experiment). To estimate the
velocity from the measured position, a simple differentiator
is utilized during the experiment.
The recorded reference current and estimated velocity are
depicted in Fig. 5. The upper ﬁgure shows the armature current
in red and the given reference input in blue. From this data,
we use for identiﬁcation only the data from the interval 40
- 54 s, where the link is constantly moving and no armature
current drops occur.
The truncated data is then proceed for parameters estimation
using identiﬁcation toolbox in MATLAB with the following
conﬁgurations: ﬁrst order state space structure, canonical form,
PEM method, and no error constant estimation. The comparison between the velocity estimated form the measurements and
velocity from simulation can be seen in Fig. 6. The obtained
parameters with 92% ﬁtness are shown in Table I.
C. Full Dynamical Model
Now we are to extend the standard mechanical model with
simpliﬁed dynamics of the DC motor and of the ampliﬁer with
a hidden internal current control loop.
Using the estimated values of the mechanical parameters,
see section IV, and additional parameters taken directly from
the DC motor and the other hardware manuals, summarized in

Parameter

Value

kv

1.861 N.s/kg.m


ku

71.69 N/A.kg.m


kg1

5.321 N/kg.m


kg2

0.5248 N/kg.m


kcl

11.94 N/kg.m

Table II, a Simulink model in Fig. 8 is built under assumption
of presence of a high-gain PI internal controller.
The Simulink diagram highlighted in red in Fig. 8 is
constructed
based on (7). Gravity coefﬁcient, Kg is computed
!
2 + k 2 .
from kg1
g2
The actuator, comprised of a power ampliﬁer and DC motor,
is depicted by the block diagram highlighted in blue in Fig. 8.
It is assumed that PI controller in the ampliﬁer will ensure
the armature current to track the reference current. The PWM
realizes the control signal, taking into account the known
motor terminal voltage.
The dynamics of a simpliﬁed model for a DC motor with
an ampliﬁer in torque controlled mode, assuming an internal
loop current PI controller, considered here, are given by the
following equations
 τ
V (t) = Kp e(t) + Ki
Ki e(τ )dτ
(8)
0

diarm
= Vamp (t) − Riarm − Vemf
(9)
dt
where e(t) is the difference between iref and iarm , Kp and Ki
are the gains of controller, V (t) is the output of the controller,
Vamp denotes the output of the PWM block, and Vemf
represents the back electromotive force that is proportional
to the link velocity (θ̇):
L

Vemf = Ke N θ̇

(10)

where N is the gear ratio and Ke is the voltage constant of
the motor.
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In practice, the implementable potential to the motor depends on the working region of PWM whose output is
"
Vs ,
kT < t < (k + Dk )T
, k = 0, 1, 2, ...
Vamp (t) =
−Vs , otherwise
(11)
where Vs = 24 V denotes the constant voltage supply to the
ampliﬁer and Dk denotes the duty cycle, which is computed
by


1 V (kT )
+1
(12)
Dk =
2
Vs

iref +

and the DC motor (open-loop) transfer function
(14)

in the standard way.
The transfer function of the closed loop system is then
K p s + Ki
s2 L + (R + Kp )s + Ki

iarm

DC
motor

10
normalized/armature/current,/x25
velocity/(rad/s)

9.5
9
8.5
8
7.5
7
6.5
6
5.5
5
3.5

4

4.5

5

5.5
second

6

6.5

7

Fig. 9. Current drop behavior produced from the estimated model

V. R ESULTS

Consider a DC motor with a PI controller as in Fig. 7
and assume it is designed via a standard transfer function
shaping considering the back-EMF as a disturbance. The
transfer function of the inner closed-loop system modeling a
DC motor with an ampliﬁer in the torque control mode ensured
via a PI controller can be obtained from the controller transfer
function
Ki
C(s) = Kp +
(13)
s

Gc.l. (s) =

V

PI
controller

Fig. 7. Internal PI controller in power-ampliﬁer

D. Inner Loop Current Controller

1
R + Ls

e

-

for |V (kT )| ≤ Vs . Beyond this region, the output of PWM
is saturated at -24 V and 24 V. This is due to the potential
source given to the ampliﬁer. Consequently, it is also necessary
to limit the output of the integrator between -24 V and 24 V.
To run simulations, a ﬁlter is placed between the PWM
output and the motor input to decouple the DC component
from the high frequency carrier. In this work, the ﬁlter has
a chosen pole at -1000 s−1 . Moreover, the noise is assumed
acting on actuator since there is indication of noise appearing
in the recorded armature current. Lastly, the internal loop
current controller is assumed to be a high-gain PI feedback
controller, whose hypothetical design is discussed in the following subsection.

G(s) =

Eds. Leo J De Vin and Jorge Solis

(15)

where Kp and Ki should be chosen sufﬁciently large to gain an
extremely fast transient response. Thus, under ideal conditions
with no saturation effect, it can be assumed that iarm ≈ iref .
For our analysis, Kp is particularly chosen as L/ and Ki
is chosen as R/ to cancel the dynamic of the motor. The
corresponding closed-loop transfer function becomes, after the
fast stable pole-zero cancellation, equivalent to Gc.l. = 1/( s+
1). It can be seen that the closed-loop response only depends
on due to the particular choice to compute controller’s gains.
The value directly deﬁnes the response time of the closedloop system. Here, is chosen at 0.0001 s−1 .

In Fig. 9, an expanded view of the velocity and armature
current from a simulation of the estimated model is shown.
It can be seeing that the suggested model can predict the behaviour of the physical system. As observed in the experiment,
the armature current drop occurs when the velocity is high due
to the voltage saturation of the power ampliﬁer.
When the value of the supply voltage (Vs ) is increased in
simulation, this problem disappeares. This infers a hardware
approach to solve the problem. When a robot is speciﬁcally
used for a particular task and cost is not an issue, choosing an
ampliﬁer with higher supply voltage, and/or a more powerful
motor, can be considered. However, a more intelligent motion
planning and more precise motion control might be considered
for a robot that is aimed for different tasks. In the latter case,
the proposed model can be used for control design in order to
counteract the described effect.
To be noted here that the set point observed in simulation,
at which the drop starts to occur, is different from the one in
experiment. In simulation, the drop starts to happen at set point
equals to 0.34 rather than 0.29, observed in the experiment.
Several factors can cause this discrepancy, such as error due to
parameter estimation, as well as our assumption on the type,
the choice of the gains and even the structure of the controller
implemented in the ampliﬁer.
Also to be noted is that beyond the prediction of current
drops, the model presented here can also predict the overshoot
when a large enough transition occurs due to jumps in a
reference.
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Fig. 8. Simulink block diagram of the estimated system
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VI. C ONCLUSION
Despite the importance of taking into account actuator
dynamics into control design, the torque-control mode allows
control design engineers to neglect it under certain conditions
of operation. However, the saturation in the drive in realizing
the control signals breaks this feature and results in a current
tracking failure whenever sufﬁciently high speed tasks are
undertaken. Here, we have illustrated the issue on a simple
example and suggested to take into account the saturation
effect within the inner current control loop. Our model can
replicate the effect of voltage saturation in the class of voltagedriven manipulators in torque-control mode. Our take-away
message is that caution should take place when choosing the
operating voltage of this class of manipulators. Moreover,
whenever high-speed operation is required, the consideration
of the impact of the observed effect is necessary at the control
design stage in order to achieve a precise motion control.
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(QHUJ\(IILFLHQW+LJK3UHVVXUH3XPS


6WHIDQ1LHGHUEHUJHU/XNDV.XUPDQQ

,QVWLWXWHRI$XWRPDWLRQ
8QLYHUVLW\RI$SSOLHG6FLHQFHVDQG$UWV1RUWKZHVWHUQ6ZLW]HUODQG)+1:
:LQGLVFK6ZLW]HUODQG
VWHIDQQLHGHUEHUJHU#IKQZFKOXNDVNXUPDQQ#IKQZFK

Abstract²+LJKSUHVVXUH +3 SXPSVEDVHGRQWKHWHFKQRORJ\RI
SUHVVXUH LQWHQVLILHUV ZLWK K\GUDXOLF GULYHQ SOXQJHUV DUH
SUHGRPLQDQWO\ XVHG IRU ZDWHUFXWWLQJ DSSOLFDWLRQV +\GUDXOLF
GULYHVDUHZHOOVXLWHGIRUKLJKORDGDSSOLFDWLRQVGXHWRORZRYHUDOO
V\VWHPFRVWVDQGDVLPSOHFRQWUROVWUXFWXUH6RZK\VKRXOGWLPH
EHVSHQWRQUHVHDUFKIRUDQDOWHUQDWLYHGULYHWHFKQRORJ\"7RGD\¶V
RPQLSUHVHQW GHPDQG IRU HQHUJ\ DQG UHVRXUFHHIILFLHQF\ LV WKH
SULPDU\ PRWLYDWLRQ 7KH H[LVWLQJ WHFKQRORJ\ LV UDWKHU EXON\ LW
UHTXLUHV VHYHUDO PHGLD DQG UHJDUGLQJ WKH SUHVHQWHG +3 SXPS
)LJ WKHHIILFLHQF\IDFWRURIQHDUO\LVQRWVWDWHRIWKHDUW
&RQVHTXHQWO\WKHVFRSHRIWKLVUHVHDUFKLVWRFRPSOHWHO\UHSODFH
WKH K\GUDXOLF GULYH ZLWK WZR HOHFWURPHFKDQLFDO DFWXDWRUV
$FFRUGLQJ WR FXUUHQW VLPXODWLRQV VXFK D GLUHFWO\ GULYHQ +3
SXPS )LJ LVH[SHFWHGWRDWWDLQDQHIILFLHQF\IDFWRURIDERYH
$OWKRXJKWKHFRQWUROFRPSOH[LW\ZLOOLQFUHDVHDQLPSURYHG
RYHUDOOHQHUJ\GHQVLW\ GHFUHDVHGLQVL]H DQGUHGXFHGQXPEHURI
PHGLD DEDQGRQLQJK\GUDXOLFVDQGSQHXPDWLFV PD\OHDGWRQHZ
ILHOGV RI DSSOLFDWLRQ HJ IRRG SURFHVVLQJ >@ DQG ELRPHGLFDO
V\VWHPV>@

,

,1752'8&7,21

7KH VFRSH RI WKLV UHVHDUFK LV WR VLJQLILFDQWO\ LQFUHDVH WKH
HQHUJ\DQGUHVRXUFHHIILFLHQF\RIKLJKSUHVVXUHJHQHUDWLRQE\
UHSODFLQJWKHK\GUDXOLFGULYHRID+3SXPSZLWKWZRHOHFWUR
PHFKDQLFDODFWXDWRUV7KHVXEVWLWXWLRQRIDK\GUDXOLFV\VWHPE\
D GLUHFWGULYH ZDV WKH PDMRU FKDOOHQJH EHFDXVH SUHVVXUH
IOXFWXDWLRQLVQRORQJHUGDPSHGE\DFFXPXODWRUV6XFKDVWLII
V\VWHPZLOOSODFHKLJKGHPDQGVRQWKHSUHFLVLRQDQGG\QDPLFV
RI IXWXUH GLUHFWGULYH DQG FRQWURO V\VWHP 5HVHDUFK LQWR
DOWHUQDWLYH GULYH DQG FRQWURO WHFKQRORJLHV ZDV FRQGXFWHG E\
PRGHOLQJDQGYDOLGDWLQJDQH[LVWLQJ+3SXPS )LJDQG)LJ
 7KHIROORZLQJDQDO\VLVRILWVKLJKSUHVVXUHJHQHUDWLRQODLG
WKHIRXQGDWLRQIRUGLUHFWGULYHHYDOXDWLRQDQGFRQWUROGHVLJQ$
ILUVW DSSURDFK IRU FRQWURO GHVLJQ DGDSWV WKH PRWLRQ RI WKH
K\GUDXOLFGULYHQSOXQJHUVIRUWKHHOHFWURPHFKDQLFDODFWXDWRUV
E\JHQHUDWLQJDWUDMHFWRU\

,QWKHWKFKDSWHUWKHDUFKLWHFWXUHDQGRSHUDWLQJSULQFLSOHRI
WKHH[DPLQHG+3SXPSZLOOEHH[SODLQHG,QWKHQGFKDSWHUWKH
GHULYDWLRQ DQG YDOLGDWLRQ RI WKH VLPXODWLRQ PRGHO ZLOO EH
LOOXVWUDWHG SURYLGLQJ D EDVLF XQGHUVWDQGLQJ RI KLJKSUHVVXUH
JHQHUDWLRQ ,Q WKH IROORZLQJ UG FKDSWHU WKH HYDOXDWHG GLUHFW
GULYH WHFKQRORJ\ ZLOO EH LQWURGXFHG DQG WKH DSSOLHG PRGHO
PRGLILFDWLRQV ZLOO EH H[SODLQHG ,Q WKH ILQDO WK FKDSWHU WKH
FRQWUROFRQFHSWIRUDGLUHFWO\GULYHQ+3SXPSZLOOEHGLVFXVVHG
A. Architecture of the Existing HP Pump
/LJRFNL>@GHVFULEHVWZRW\SHVRI+3SXPSV7KHILUVWW\SH
KDVDVLQJOHGRXEOHDFWLQJSUHVVXUHLQWHQVLILHUZLWKDWWHQXDWRUV
RQWKHKLJKSUHVVXUHVLGHWRVPRRWKWKHVLQXVRLGDOZDWHUMHW7KH
VHFRQG W\SH KDV WZR SUHVVXUH LQWHQVLILHUV )LJ   DFWLQJ
DOWHUQDWLQJO\ZLWKDSKDVHVKLIWRI7KHSUHVHQWHG+3SXPS
EHORQJV WR WKH VHFRQG W\SH DQG UHDOL]HV D VWHDG\ ZDWHU MHW
ZLWKRXWDWWHQXDWRUVRQWKHKLJKSUHVVXUHVLGH
3RVLQ)LJODEHOVWKHPDMRUHOHPHQWVRIWKHSUHVHQWHG
+3SXPS7KHK\GUDXOLFVRXUFHDQD[LDOSLVWRQSXPSSURYLGHV
XS WR  EDU SUHVVXUH WR WKH K\GUDXOLF V\VWHP ORZSUHVVXUH
VLGH  $FFXPXODWRUV DUH LQVWDOOHG WR SUHYHQW D SUHVVXUH
IOXFWXDWLRQ GXH WR WKH YDU\LQJ FRQVXPSWLRQ RI WKH SUHVVXUH
LQWHQVLILHUVDQGWKHVZLWFKLQJRSHUDWLRQRIWKHZD\YDOYH
7KLVZD\YDOYHDOWHUQDWLQJO\DSSOLHVWKHSUHVVXUHWRRQHRI
WKHWZRSUHVVXUHLQWHQVLILHUV:LWKDWUDQVIHUUDWLRRIWKHVH

$QLQLWLDOOLWHUDWXUHUHVHDUFKVKRZHGWKHSURJUHVVPDGHLQ
GLUHFWGULYHWHFKQRORJLHVVLQFHWKHV>@3URFHHGLQJPDLQO\
ZLWKWH[WERRNVZDVILQDOO\VXIILFLHQWWRREWDLQDGHTXDWHPRGHOV


)LJXUH The presented high-pressure (HP) pump based on
hydraulic driven plungers acting alternatingly with a phase shift.

7KDQNVWR5RFNZHOO$XWRPDWLRQZKRSURYLGHGWKHGULYHWHFKQRORJ\
IRUWKHSURWRW\SLQJ
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)LJXUH Cyclic operation of high-pressure pump (Pos. 1…6) and phase shift between two pressure intensifiers (A and B) of shown HP pump in Fig. 1.
(red: single connection to source, blue: single connection to tank, orange: shared connection to source)

SUHVVXUHLQWHQVLILHUVLQGXFHDKLJKSUHVVXUHRIXSWREDU
LQWR WKH ZDWHU V\VWHP KLJKSUHVVXUH VLGH  0RUHRYHU WKH
SOXQJHU PRWLRQ JHQHUDWHV D IORZ WKURXJK D FKHFN YDOYH
IROORZHGE\WKHFXWWHUKHDGYDOYHWRWKHZDWHURXWOHW VHH
DOVR)LJ 
B. Operating Principle of the Pressure Intensifiers
7RXQGHUVWDQGWKHKLJKSUHVVXUHJHQHUDWLRQE\WKH+3SXPS
EDVHGRQK\GUDXOLFGULYHQSOXQJHUVDFWLQJDOWHUQDWLQJO\DFORVHU
ORRNRQWKHFRQWUROPHFKDQLVPVRIWKHSUHVVXUHLQWHQVLILHUVZLOO
EHJLYHQ
2Q WKH ORZSUHVVXUH VLGH WKH SUHVVXUH LQWHQVLILHUV DUH
DFWLYHO\FRQWUROOHGE\DZD\YDOYHZKLFKUHDOL]HWKHSKDVH
VKLIWRI,QLWLDOO\WKHSUHVVXUHLQWHQVLILHU$LVFRQQHFWHGWR
WKHK\GUDXOLFV\VWHP )LJ3RV (DFKSOXQJHUSRVLWLRQLV
PRQLWRUHGE\DQLQGXFWLYHVHQVRU%HIRUHWKHSOXQJHULVIXOO\
H[WHQGHGLWVVHQVRUVLJQDOL]HVWRWKHZD\YDOYHWRVZLWFKWR
LWVRSSRVLWHSRVLWLRQ )LJ3RV :KHQWKHZD\YDOYH
SDVVHVLWVFHQWHUSRVLWLRQERWKSUHVVXUHLQWHQVLILHUVDUHEULHIO\
FRQQHFWHGWRWKHK\GUDXOLFV\VWHP )LJ3RV DQGFDUU\RXW
)LJXUH Defined states for modeling the high-pressure system.
(1: pressurization, 2: boost, 3: retraction)
DVPRRWKKDQGRYHUEHWZHHQWKHWZRSOXQJHUV2QFHWKHZD\
YDOYHUHDFKHVLWVRSSRVLWHSRVLWLRQWKHIXOO\H[WHQGHGSOXQJHU
UHWUDFWV DQG WKH SUHVVXUH LQWHQVLILHU % LV FRQQHFWHG WR WKH DFFRUGLQJ WR WKH FKRVHQ  FXWWHU KHDG YDOYH  RFFXUV
K\GUDXOLF V\VWHP )LJ  3RV   WR FRQWLQXH WKH F\FOLF LPPHGLDWHO\ :KHQ WKH SOXQJHU UHDFKHV LWV HQGSRVLWLRQ WKH
GHFHOHUDWLRQUHVXOWVLQDGHFUHDVLQJIORZOHDGLQJWRDSUHVVXUH
RSHUDWLRQ
IOXFWXDWLRQDQGWKHFKHFNYDOYHFORVHV
2QWKHKLJKSUHVVXUHVLGHWKHOLQNDJHRIWKHWZRLQWHQVLILHUV
3) Retraction state
$ DQG % LV SDVVLYHO\ VROYHG E\ WZR FKHFN YDOYHV 7KH KLJK
7KH SOXQJHU PRYHV EDFNZDUGV LQWR WKH LQLWLDO SRVLWLRQ
SUHVVXUHJHQHUDWLRQFDQWKXVEHGLYLGHGLQIROORZLQJVWDWHV
ZLWKLQWKHDYDLODEOHWLPHSHULRG )LJ3RV 7KHSUHVVXUH
1) Pressurization state
ZLWKLQ WKH KLJKSUHVVXUH F\OLQGHU GHFUHDVHV LPPHGLDWHO\ DQG
7KH SOXQJHU LV LQ LWV LQLWLDO SRVLWLRQ 7KH KLJKSUHVVXUH WKHFKHFNYDOYHWRWKHZDWHUVXSSO\RSHQV
F\OLQGHULV SUHILOOHGZLWKZDWHU,QWKHVWHDG\VWDWHWKH ZDWHU
,, 02'(/,1*
V\VWHPLVDWWKHRSHUDWLQJSUHVVXUHFDXVLQJWKHFKHFNYDOYHWR
3ULRUWRPRGHOLQJWKHH[LVWLQJ+3SXPSZDVDEVWUDFWHGLQWR
EHFRPSOHWHO\FORVHG7KHSOXQJHUWKHQEHJLQVWRPRYHIRUZDUG
)LJ3RV 7KHSUHVVXUHLQFUHDVHVZLWKLQWKHKLJKSUHVVXUH LWVPDMRUFRPSRQHQWVWKXVDX[LOLDU\V\VWHPV VXFKDVFKLOOHU
F\OLQGHU 2QFH WKH KLJKSUHVVXUH F\OLQGHU KDV UHDFKHG WKH FOHDQHU HWF  DUH QHJOHFWHG +\GUDXOLF FRPSRQHQWV DUH
PRGHOHGVHH:DWWHU>@IRUIXQGDPHQWDOVDVIROORZV
RSHUDWLQJSUHVVXUHWKHFKHFNYDOYHRSHQV
2) Boost state
7KHSOXQJHUFRQWLQXRXVO\PRYHVIRUZDUG )LJ3RV $
VWDEOH SUHVVXUH HTXLOLEULXP EHWZHHQ WKH SURGXFHG IORZ
FRUUHVSRQGLQJWRWKHSOXQJHUYHORFLW\ DQGWKHFRQVXPHGIORZ
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x

7KH K\GUDXOLF SXPS LV PRGHOHG VLPSO\ DV D IORZ
VRXUFH UHDFWLQJ WR ORQJWHUP SUHVVXUH IOXFWXDWLRQV LQ
WKHK\GUDXOLFV\VWHPZLWKDUHVSRQVHWLPHGHILQHGE\
WKHPDQXIDFWXUHU
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x

)RU H[DPSOH D WKURWWOH YDOYH LQIOXHQFHV WKH FURVVVHFWLRQ
$FFXPXODWRUVDUHPRGHOHGDVDQH[SRQHQWLDOIXQFWLRQ
WKDW GHVFULEHV WKH FRPSUHVVLEOH FKDUDFWHULVWLFV RI $'ZKHUHDVDZD\YDOYHWKDWVZLWFKHVEHWZHHQFRQQHFWRUVOHDGV
QLWURJHQ FRPSHQVDWLQJ VKRUWWHUP SUHVVXUH WRDGLIIHUHQWLPSHGDQFHFRHIILFLHQWN'
IOXFWXDWLRQVLQWKHK\GUDXOLFV\VWHP
5HJDUGLQJ WKLV WZR EDVLF HOHPHQWV WKH GHULYDWLRQ RI WKH
x 7KH ZD\ YDOYH LV PRGHOHG DV D PHVK RI IHDVLEOH SUHVVXUH LQWHQVLILHU¶V KLJKSUHVVXUH VLGH FDQ EH HVWDEOLVKHG
OLQNV EHWZHHQ FRQQHFWRUV ZLWK IORZ FKDUDFWHULVWLFV VWUDLJKW IRUZDUG 7KH ORZSUHVVXUH S/ ZLWKLQ WKH SUHVVXUH
ORRNXS WDEOHV  DQG D UHVSRQVH WLPH GHILQHG E\ WKH LQWHQVLILHU¶V ORZ SUHVVXUH VLGH FDXVHV WKH IRUFH )/ RYHU WKH
SOXQJHU¶VDFWLYHDUHD$/DVZHOODVWKHKLJKSUHVVXUHS+ZLWKLQ
PDQXIDFWXUHU
WKHKLJKSUHVVXUHVLGHFDXVHV)+RYHU$+ D 7KXVWKHIRUFHV
A. Model of the Pressure Intensifier
)/DQG)+ RQWKHSOXQJHUPDVVPDFFHOHUDWHWKHSOXQJHU E 
7KHSULQFLSDOSDUWRIPRGHOOLQJLVGHGLFDWHGWRWKHSUHVVXUH
LQWHQVLILHULWVHOI7KLVFRPSRQHQWLVGLUHFWO\UHODWHGWRWKHKLJK


D 
SUHVVXUHJHQHUDWLRQDQGZLOOUHPDLQDVLWLV DOVRXVHGIRUWKH
GLUHFWGULYH /HWXVH[HPSODU\GHULYHQRZWKHDQDO\WLFPRGHO
RIWKHKLJKSUHVVXUHVLGH

E 
$VVXPLQJ WKH IOXLGV DUH LGHDO DQG UHVSHFWLQJ WKH 
IXQGDPHQWDOVRIIOXLGPHFKDQLFVVWDWHGLQ>@DQG>@WKHIORZ
7KH UHVXOWLQJYHORFLW\YLQGXFHV DIORZ4LQ LQWR WKH KLJK
4 LVGHILQHGDV WKH IOXLGSDVVLQJ E\DFURVVVHFWLRQ$ ZLWK D
YHORFLW\ Y D  DQG WKH VXP RI Q IORZV LV DVVXPHG WR EH SUHVVXUHVLGHRYHUWKHSOXQJHU¶VDFWLYHDUHD$+ D 7KHKLJK
SUHVVXUH S+ ZLWKLQ WKH SUHVVXUH LQWHQVLILHU GHSHQGV RQ WKH
FRQVHUYHG E 
LQSXWDQGRXWSXWIORZ 4LQ±4RXW DVVWDWHGLQ E 7KHRXWSXW


D  IORZ 4RXWLV FDXVHG E\ WKH SUHVVXUHGLIIHUHQFHDWWKHSUHVVXUH
LQWHQVLILHU¶V RXWOHW DFFRUGLQJ WR E  7KXV D  DQG E 
LQWURGXFHGLQWR E DVZHOODV D LQWURGXFHGLQWR E GHGXFHV
DQDQDO\WLFGHVFULSWLRQ  FRPSDUDEOHWRDK\GUDXOLFMDFN FI


E  :LOO>@ 

7KH G\QDPLF EHKDYLRU RI HDFK FRPSRQHQW ZLOO EH
DSSUR[LPDWHO\PRGHOHGE\LQWHUFRQQHFWLQJWZREDVLFHOHPHQWV
1) Element of hydraulic capacity
7KHILUVWHOHPHQWLVUHIHUUHGWRDVWKHK\GUDXOLFFDSDFLW\&
D  ZKLFK FRQVLVWV RI WKH UDWLR EHWZHHQ WKH FRPSRQHQW¶V
JHRPHWU\ YROXPH 9  DQG WKH IOXLG FKDUDFWHULVWLFV
FRPSUHVVLELOLW\ .  $ GLIIHUHQFH EHWZHHQ LQSXW DQG RXWSXW
IORZZLOOFDXVHDFKDQJHLQSUHVVXUH E 











D 





E 

)RU H[DPSOH D SLSH KDV DQ DSSUR[LPDWHO\ FRQVWDQW
K\GUDXOLFFDSDFLW\&KRZHYHUWKHFDSDFLW\RIDQDFFXPXODWRU
LVH[SOLFLWO\YDULDEOH
2) Element of flow resistance
7KHVHFRQGHOHPHQWLVUHIHUUHGWRDVWKHIORZUHVLVWDQFH*
D ZKLFKGHSHQGVRQWKHFRPSRQHQW¶VLPSHGDQFHFRHIILFLHQW
N'DQGLWVIORZSURILOH FURVVVHFWLRQ$' 7KHUHIRUHDSUHVVXUH
GLIIHUHQFHZLOOOHDGWRDIORZ E 





)LJXUH Simulink submodel of the pressure intensifier.
(yellow: low-pressure side, blue: mechanics, red: high-pressure side)

D 






E 

134

7REHDFFXUDWHWKHUHVXOWLQJYHORFLW\LVFRQVLGHUHGWREHDUHDFWLRQ
RIDOOWKHIRUFHVRQERWKWKHORZDQGKLJKSUHVVXUHVLGHRIWKH
SOXQJHUDQGLVVXEMHFWWRIULFWLRQDVZHOO

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

)RU QXPHULFDO VLPXODWLRQV WKHVH DQDO\WLF GHVFULSWLRQV DUH
PRGHOHGXVLQJ6LPXOLQN )LJ  DQGQRQ OLQHDU HOHPHQWV DUH
DGGHGHJFKHFNYDOYHVDUHPRGHOHGDVDVDWXUDWLRQWRUHVWULFW
WKHIORZWRRQHGLUHFWLRQ,Q)LJWKHIORZGLIIHUHQFHRI E 
FDQEHIRXQGDW3RVWKHSUHVVXUHGLIIHUHQFHRI E FDQEH
IRXQGDW3RVDQGWKHIRUFHGLIIHUHQFHRI E LVHVWDEOLVKHGLQ
3RV
7RVXPXSDQH[LVWLQJ+3SXPS LQFOXGLQJWKHK\GUDXOLF
V\VWHPWKHZDWHUV\VWHPDQGLWVFRXSOLQJ KDVEHHQVLPSOLILHG
DQGPRGHOHGE\WKHLOOXVWUDWHGPHWKRGV6RPHSDUDPHWHUVZHUH
HVWLPDWHGZKLOHRWKHUVZHUHWDNHQIURPGDWDVKHHWV6LQFHWKH
SUHVVXUH LQWHQVLILHUV DQG VRPH RWKHU FRPSRQHQWV DUH
FXVWRPL]HG SURGXFWV WKHLU FKDUDFWHULVWLFV KDYH WR EH GHULYHG
WKURXJK YDOLGDWLRQ SURFHVVHV LH VLPXODWLRQV DQG
FRUUHVSRQGLQJPHDVXUHPHQWV 
B. Model Validation Process
7KHK\GUDXOLFFDSDFLWLHV&DQGWKHIORZUHVLVWDQFHV*RIWKH
PRGHOOHG HOHPHQWV QHHG WR EH GHULYHG IURP PHDVXUHPHQW
7KHVHSDUDPHWHUVFDQEHLGHQWLILHGE\H[HFXWLQJVLPXOWDQHRXV
SUHVVXUH PHDVXUHPHQWV DQG D IORZ HVWLPDWLRQ 7KH IORZ LV
HVWLPDWHGE\PHDVXULQJWKHSOXQJHUSRVLWLRQ)LJVKRZVWKH
PHDVXUHG KLJKSUHVVXUH WUHQG LQ IXQFWLRQ RI WKH SOXQJHU
SRVLWLRQ 3RV   DQG  LQ )LJ  FRUUHVSRQG WR WKH VWDWHV
GHILQHGLQ)LJ$GHOLFDWHSDUWRIWKHPHDVXUHPHQWVHWXSZDV
WKH LQVWDOODWLRQ RI DOO DGGLWLRQDO VHQVRUV ZLWKRXW FULWLFDOO\
DIIHFWLQJ WKH G\QDPLF EHKDYLRU DQG VDIHW\  RI WKH H[LVWLQJ
V\VWHP
7KH PHDVXUHG GDWD LV HYDOXDWHG ZLWK WKH XWLOL]DWLRQ RI
VWDWLVWLFDODQDO\VLVDVDGYLVHGE\0RQWJRPHU\>@WRGHULYHWKH
IROORZLQJWZRSDUDPHWHUV
1) Estimation of hydraulic capacity
7R HVWLPDWH WKH FRPSUHVVLELOLW\ RI ZDWHU . WKH KLJK
SUHVVXUH S+ ZLWK LQ WKH SUHVVXUH LQWHQVLILHU DQG WKH SOXQJHU
SRVLWLRQ[LVPHDVXUHG$WWKLVSRLQWWKHGDWDSURGXFHGGXULQJ
WKHVWDWHRISUHVVXUL]DWLRQZKHQWKHF\OLQGHUVWD\VLVRODWHGLV
IRFXVHGRQ )LJ3RV 


)LJXUH Measured high-pressure in function of plunger position
(with Labview) and assigned to the defined states.

,W LV DVVXPHG WKDW WKH HVWLPDWHG FRPSUHVVLELOLW\ . VKRXOG
PHHW WKH HIIHFWLYH FRPSUHVVLELOLW\ RI ZDWHU . DW D JLYHQ
FRUUHFWLRQ FRHIILFLHQW D %\ ILWWLQJ WKH PRGHO ZLWK WKH
PHDVXUHG GDWD WKH FRPSUHVVLELOLW\ RI ZDWHU ZDV REWDLQHG DV
H[SHFWHG 7KHUHIRUH WKH VWDWLVWLF PRGHO FDQ EH VDIHO\ XVHG
EDVHG RQ WKH VLJQLILFDQW PDWFK )LJ  VKRZV WKH PHDVXUHG
KLJKSUHVVXUH EODFN OLQH  DQG WKH ILW EOXH OLQH  DW JLYHQ
QRUPDOL]HGSOXQJHUSRVLWLRQ
2) Estimation of flow resistance
7KHHTXDWLRQ E ZLWKWKHIORZUHVLVWDQFH*LVDVVXPHGWR
EH D VWDWLVWLFDO PRGHO WR GHVFULEH WKH IORZ 4 FDXVHG E\ WKH
SUHVVXUHGLIIHUHQFHȴSDWWKH  FXWHU KHDG YDOYH7KH KLJK
SUHVVXUHS+LVPHDVXUHGLQIURQWRIWKHFXWWHUKHDGYDOYHDQG

7KHHTXDWLRQ E IRUWKHHOHPHQWRIFDSDFLW\&LVDVVXPHG
DVDVWDUWLQJSRLQWIRUDVWDWLVWLFDOPRGHORISUHVVXUHJHQHUDWLRQ
7KHLQSXWIORZ4LQKDVEHHQUHSODFHGE\ D ZKLOHWKHRXWSXW
IORZ LV VHW WR ]HUR 4RXW     GXH WR D FORVHG FKHFN YDOYH
)XUWKHUZULWLQJWKHYROXPH9LQWHUPVRIWKHSOXQJHU¶VDFWLYH
DUHD$+LWVDFWXDOSRVLWLRQ[DQGLWVPD[LPDOVWURNHVOHDGVWR
D %\QRZWKHSOXQJHU¶VDFWLYHDUHD$+FDQEHHOLPLQDWHG
VLQFHERWKWKHYROXPH9DQGWKHLQSXWIORZ4LQGHSHQGVRQLW
+HQFHWKHKLJKSUHVVXUHS+EHLQJGHSHQGHQWRQWKHQRUPDOL]HG
SOXQJHU SRVLWLRQ [  V ± [  :KHQ WKH PHDVXUHG GDWD ZDV
H[DPLQHGIXUWKHUHIIHFWVZHUHIRXQGZKLFKZHUHXQDFFRXQWHG
\HW 7KHUHIRUH D FRUUHFWLRQ FRHIILFLHQW D ZDV LQWURGXFHG
OHDGLQJWR E 





D 

)LJXUH Data fitting for the compressability of water (with R).






E 
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V\VWHPZLOOSODFHKLJKGHPDQGVRQWKHSUHFLVLRQDQGG\QDPLFV
RIDIXWXUHGLUHFWGULYHDQGFRQWUROV\VWHP

A. Architecture of the Directly Driven HP Pump
7KHDXWRPDWLRQS\UDPLGRIWKHGLUHFWO\GULYHQ+3SXPSLV
LOOXVWUDWHGLQ )LJ (DFKVHUYRPRWRULVSRZHUHGE\DGULYH
XQLW7KHGULYHXQLWSHUIRUPVWKHPRWLRQFRQWUROWDVNWUDFNLQJ
DSUHGHILQHGWUDMHFWRU\ZKLFKKDVEHHQFDOFXODWHGE\DFRQWURO
%\UHDUUDQJLQJ D DQG E WKHIORZUHVLVWDQFH*DVZHOO XQLW 3/& 7KH3/& PDVWHU FRPPXQLFDWHVWKHWUDMHFWRU\WR
DV WKH LPSHGDQFH FRHIILFLHQW N' FDQ EH REWDLQHG E\ D  DQG WKHGULYHXQLWV VODYHV 2QWKHWRSOHYHODQ+0,LVXVHGIRU
E 5HVXOWVVKRZWKDWWKHHVWLPDWHGIORZUHVLVWDQFH*FDQEH PRQLWRULQJDQGRSHUDWLRQ
DVVXPHG WR EH FRQVWDQW DV ORQJ DV WKH FXWWHU KHDG GLDPHWHU
5HJDUGLQJWKHHYDOXDWHGGLUHFWGULYHDVLOOXVWUDWHGLQ)LJ
UHPDLQVWKHVDPHDQGWKHHVWLPDWHGLPSHGDQFHFRHIILFLHQWN'
FDQEHDVVXPHGWREHFRQVWDQWRYHUDOOVHWWLQJVFI7DEOH7KH WKH K\GUDXOLF V\VWHP ZLOO EH UHSODFHG ZLWK WZR ORZ LQHUWLD
ILW ZLWK WKH PHDVXUHG GDWD LV VLJQLILFDQW WKXV WKH VWDWLVWLFDO V\QFKURQRXV VHUYRPRWRUV RQH IRU HDFK SUHVVXUH LQWHQVLILHU 
7KHVH VHUYRPRWRUV KDYH VXIILFLHQW SRZHU N: HDFK  DQG
PRGHOFDQEHDGRSWHG
SURYLGHWKHIOH[LELOLW\QHHGHGIRUWKHSURWRW\SH7RWUDQVIRUPD
URWDWLYHPRWRUPRWLRQLQWRDOLQHDUSOXQJHUPRWLRQDOLQHDUXQLW
ZDV GHVLJQHG 7KH OLQHDU XQLW FRQVLVWV RI D VKDIW EHDULQJ WKH


D  D[LDO IRUFH DQG OLQHDU JXLGHV SUHYHQWLQJ WKH URWDWLRQ RI WKH
VFUHZ QXW 5HJDUGLQJ WKH QHZ GLUHFWGULYH WHFKQRORJ\ WKH
SUHVVXUH LQWHQVLILHUV DUH ODEHOHG DV SOXQJHU SXPSV VLQFH
K\GUDXOLFVLVQRORQJHUXVHG


E 
B. Mechanical Limitations
7RVXPXSWKHYDOLGDWHGPRGHORIWKH+3SXPSVDWLVILHVWKH
$ FUXFLDO OLPLWDWLRQ RI WKH QHZ GLUHFWGULYH WHFKQRORJ\ LV
GHVLUHG DFFXUDF\ DQG FRPSXWLQJ FRVWV HYHQ WKRXJK VRPH WKH KLJK D[LDO ORDG )+ XS WR  N1  DW WKH VKDIW GXH WR WKH
HIIHFWVZHUHGLVUHJDUGHG HJWKHPDVVRIIOXLGV %DVLFDOO\WKH KLJKSUHVVXUH S+ DFWLQJ RQ WKH SOXQJHUV¶ DFWLYH DUHD $+
VLPXODWHG KLJKSUHVVXUH FRLQFLGHV TXDOLWDWLYHO\ ZLWK WKH DFFRUGLQJWR D 8QGHUFRQWLQXRXVRSHUDWLRQDWPD[LPDOORDG
PHDVXUHGGDWDLQF\FOHWLPHSKDVHVKLIWSUHVVXUHIOXFWXDWLRQ WKHVKDIWZLOORYHUKHDWDQGWKXVDVXIILFLHQWOLIHWLPHFDQQRWEH
IXQGDPHQWDO IUHTXHQF\ DQG GDPSLQJ DV VHHQ TXDOLWDWLYHO\ LQ UHDFKHG DV DQ DFWLYH FRROLQJ DQG OXEULFDWLRQ V\VWHP LV
)LJ 7KHREVHUYHGG\QDPLFLVSUHGRPLQDQWO\FDXVHGE\WKH XQGHVLUDEOH
ORZSUHVVXUHV\VWHPZKLFKZLOOEHUHSODFHGE\WKHQHZGLUHFW
7R VROYH WKLV LVVXH WKH SOXQJHUV¶ DFWLYH DUHD $+ ZDV
GULYHWHFKQRORJ\1HYHUWKHOHVVWKHVLPSOLILHGPRGHOSURYLGHV
GHFUHDVHGUHGXFLQJWKHD[LDOORDG)
+ EHORZN1 DWWKHVKDIW
WKHQHFHVVDU\LQIRUPDWLRQWRJHQHUDWHPRWLRQDQGORDGGLDJUDPV
7R
VWLOO
JHQHUDWH
WKH
VDPH
RXWSXW
IORZ 4RXW DW GHVLUHG KLJK
WRHYDOXDWHDGLUHFWGULYH
SUHVVXUH S+ WKH HTXLOLEULXP EHWZHHQ LQSXW DQG RXWSXW IORZ
,,, 352727<3(
4LQ ± 4RXW  ї    JLYHQ E\ E  PXVW EH PHW 7KHUHIRUH D
KLJKHU
PRWLRQ G\QDPLFV ZLOO EH UHTXLUHG ,Q WKLV VHQVH WKH
7KH JRDO RI D GLUHFWO\ GULYHQ +' SXPS LV WR DFKLHYH WKH
VLJQLILFDQWO\ LQFUHDVHG HIILFLHQF\ RI  FI &KDOPHUV >@  SURWRW\SHGHVLJQLVDWUDGHRIIEHWZHHQORDGDQGG\QDPLFV
ZLWKRXWDGHJUDGDWLRQRIWKHZDWHUMHW$PDMRUFKDOOHQJHLVWKH
1HYHUWKHOHVV WKH RYHUDOO HIIHFW IRU WKH HYDOXDWHG GLUHFW
VXEVWLWXWLRQRIWKHK\GUDXOLFV\VWHPE\WKHGLUHFWGULYHLWVHOI GULYH )LJ LVSRVLWLYH7KHKLJKORDGDSSOLFDWLRQDGDSWHG
LH WKH V\VWHP¶V RVFLOODWLRQ LV QR ORQJHU GDPSHG E\
DFFXPXODWRUV+HQFHHYHU\LQDFFXUDF\RIWKHSOXQJHUSRVLWLRQ
ZLOO LPPHGLDWHO\ OHDG WR D SUHVVXUH IOXFWXDWLRQ 6XFK D VWLII

7$%/(,

S
>EDU@
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)LJXUH Simulated and measured presure within each high-pressure
cylinder (HD1, HD2) and before 2/2 cutter head valve (HD3).

0HDQIORZ4PHDVXUHGDWVWHDG\VWDWHRISUHVVXUHS
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&KLDVVRQ>@ZLWKFRPSOLDQWPRWRUSDUDPHWHUVSURYLGHGE\WKH
PDQXIDFWXUHU 1H[W D FORVHG ORRS SRVLWLRQ FRQWURO ZDV
GHVLJQHG )LJ 7KHFRQWUROOHU¶VSDUDPHWHUVZHUHFDOFXODWHG
E\ SROH SODFHPHQW WR DFKLHYH PD[LPXP G\QDPLFV ZLWKRXW
H[FHHGLQJSHDNYDOXHV)LJOHIWVLGH 7KHSHUIRUPDQFHRI
GLVWXUEDQFH ORDGVWHSDWV)LJULJKWVLGH ZDVLPSURYHG
E\ SURYLGLQJ WKH FRQWUROOHU ZLWK WKH PHDVXUHG SUHVVXUH RU
DOWHUQDWLYHO\ZLWKWKHHVWLPDWHGORDG$QREVHUYHUFDQEHXVHG
WR REWDLQ WKH ORDG ZLWKRXW WKH XVH RI KLJKSUHVVXUH RU IRUFH
VHQVRUV
6XPPLQJXSWKLVLQQHUFORVHGORRSV\VWHP )LJ VHUYHV
DVDGHVLJQSODQWIRUWKHRYHUO\LQJWUDMHFWRU\DOJRULWKPZKLFK
ZLOOEHGLVFXVVHGLQWKHQH[WFKDSWHU7KHVLPXODWLRQPRGHORI
WKH GLUHFWO\ GULYHQ +3 SXPS DOORZV D VWUDLJKWIRUZDUG
GHYHORSPHQWRIDQDOWHUQDWLYHFRQWUROFRQFHSW%HFDXVHRIWKH
IDUUHDFKLQJFKDQJHVFDXVHGE\UHSODFLQJWKHHQWLUHK\GUDXOLF
V\VWHPDUHYDOLGDWLRQSURFHVVRIWKHSURWRW\SHLVUHTXLUHG

)LJXUH Automation pyramide of the HP pump
with two directly driven plungers.

,9 &21752/35,1&,3/(
7KH LQLWLDO FRQWURO LGHD LV WR DGDSW WKH PRWLRQ RI WKH
K\GUDXOLFGULYHQSOXQJHUVIRUWKHHOHFWURPHFKDQLFDODFWXDWRUV
E\ JHQHUDWLQJ D WUDMHFWRU\ %\ PHDQV RI DVVHPEOLQJ VXFK D
WUDMHFWRU\ WKH SUREOHP LV SDUWLWLRQHG DFFRUGLQJ WR FKDSWHU ,
LQWRWKHWKUHHSUHGHILQHGVWDWHV
1) Problem of pressurization
7KH SOXQJHU SXPS LV SUHILOOHG ZLWK ZDWHU DQG WKH FKHFN
YDOYHWRWKHFXWWHUKHDGYDOYHLVFRPSOHWHO\FORVHG7KXV
WKHSOXQJHUKDVWREHVHWWRDSRVLWLRQ[3VRWKDWWKHGHGLFDWHG
KLJKSUHVVXUHFDQUHDFKWKHGHVLUHGYDOXHSG
)LJXUH Structur of the directly driven HP pump
with inner closed loop position control.

2) Problem of boost
7KH FKHFN YDOYH LV RSHQ DQG WKH SOXQJHU YHORFLW\ Y
FRUUHVSRQGV
WR D IORZ 4 JHQHUDWLQJ WKH ZDWHU MHW 7KXV WKH
IURP K\GUDXOLFV LV WUDQVIRUPHG LQWR D PRWLRQ DSSOLFDWLRQ
ZKLFK LV EHWWHU VXLWHG IRU VHUYRPRWRUV ,Q DGGLWLRQ WKH SOXQJHU KDV WR EH UHJXODWHG WR D YHORFLW\ Y% VR WKDW WKH
SURWRW\SHZLWKLWVGLUHFWO\GULYHQSOXQJHUSXPSVLVHVWLPDWHGWR HVWDEOLVKHGKLJKSUHVVXUHFDQVWD\DWDGHVLUHGYDOXHSG
EH KDOI WKH VL]H DQG KDV KDOI WKH ZHLJKW RI DQ HTXLYDOHQW
3) Problem of retraction
K\GUDXOLFGULYHQSXPS
7KLVVWDWHKDVQRLPSDFWRQSUHVVXUHJHQHUDWLRQ7KXVWKH
SOXQJHUKDVWREHVHWEDFNWRLWVLQLWLDOSRVLWLRQ[
PLQZLWKLQWKH
C. Model of the Directly Driven HP Pump
WLPHJLYHQ
7RHYDOXDWHDFRQWUROFRQFHSWWKH PRGHORIWKHK\GUDXOLF
GULYHZDVHQWLUHO\UHSODFHGZLWKDPRGHORIWKHQHZGLUHFWGULYH
7R FDOFXODWH D VXLWDEOH WUDMHFWRU\ IRU KLJKSUHVVXUH
WHFKQRORJ\ )LJ   7KH FORVH UHODWLRQVKLS EHWZHHQ D JHQHUDWLRQDQDQDO\WLFPRGHOIRUWKHSUREOHPRISUHVVXUL]DWLRQ
SHUPDQHQWPDJQHWLF V\QFKURQRXV VHUYRPRWRU DQG D GLUHFW DQGDPRGHOIRUWKHSUREOHPRIERRVWLQJZLOOEHGHULYHGIURP
FXUUHQW PRWRU DOORZV WKHXVHRI DEDVLF '& PRWRU PRGHO FI WKH PRGHO YDOLGDWLRQ SURFHVV &KDSWHU ,,  7KHUHIRUH E  LV


)LJXUH CAD-model of the energy-efficient HP pump
with directly driven plungers.

)LJXUH Simulink submodel of a DC-motor with observer and position control.
(yellow: DC-motor, blue: observer, red: position control)
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)LJXUH Simulation of synchrouneous servomotor (Simulink) as direct-drive for a high-pressure pump.
(left side: Current and voltage on maximal load, right side: Controller performance on position step at 0.1 s and load step at 0.3 s)

UHDUUDQJHGIRUWKHSRVLWLRQ[UHVXOWLQJLQ  7KLVGHILQHVWKH
SOXQJHUSRVLWLRQ[3QHHGHGWRUHDFKWKHGHVLUHGSUHVVXUHSG









$QG D LVVHWLQWR E DQGUHDUUDQJHGIRUWKHYHORFLW\Y
UHVXOWLQJLQ  7KLVGHILQHVWKHSOXQJHUYHORFLW\Y%QHHGHGWR
VWD\DWGHVLUHGKLJKSUHVVXUHSG5HFRJQL]LQJWKDWWKHUHTXLUHG
YHORFLW\SUHGRPLQDQWO\GHSHQGVRQWKHLQVWDOOHGFXWWHUKHDG
YDOYHZHLQWURGXFHGDFRPSUHKHQVLYHIORZUHVLVWDQFH*ZKLFK
FKDUDFWHUL]HV WKH IORZ UHVLVWDQFH RI WKH HQWLUH KLJKSUHVVXUH
VLGH

7KHVH SRO\QRPLDOV   FRQQHFW WKH DVVHPEOLQJ SRLQWV WR
WKHWUDMHFWRU\ )LJ 7KHWUDMHFWRU\VKRXOGPHHWWKHVHFRQG
RUGHUFRQGLWLRQWRSURGXFHDFRQWLQXRXVSOXQJHUPRWLRQ7DEOH
VSHFLILHVWKHUHVXOWLQJFRHIILFLHQWVIRUHDFKSRO\QRPLDO RIDQ
LQWHUYDOL 









 





 

6XPPLQJXSVXFKDWUDMHFWRU\FDQHDVLO\EHJHQHUDWHGE\
WKHHYDOXDWHG3/&0RVWRIWKHFDOFXODWLRQVKDYHWREHH[HFXWHG

7KH WUDMHFWRU\ FDQ EH IXOO\ GHILQHG E\ LQWURGXFLQJ WKH
PD[LPDOSRVVLEOHDFFHOHUDWLRQDPD[ OLPLWHGE\WKHV\QFKURQRXV
VHUYRPRWRU &RQVHTXHQWO\WKHVWDWHRIERRVWODVWVDVORQJDV
WKHUHWUDFWLRQDQGWKHSUHVVXUL]DWLRQSKDVH 2QO\RQHRIWKHWZR
SOXQJHUSXPSVLVLQWKHVWDWHRIERRVWDWDJLYHQWLPH 
A. Trajectory Generation
:LWK WKH ILUVW DSSURDFK WKH WUDMHFWRU\ FDQ EH FDOFXODWHG
EDVHG RQ LQWHJUDWLQJ WKH QHHGHG DFFHOHUDWLRQV 7R DYRLG
LQWHJUDWLRQHUURUVDQGWRUHGXFHFRPSXWLQJFRVWVWKHWUDMHFWRU\
LV PRUH HIILFLHQWO\ FDOFXODWHG XVLQJ WKH RVFXODWLRQ PHWKRG DV
VXJJHVWHGE\,VDDFVRQ>@,QRXUFDVHZHGHILQHDVHWRIILYH
SRO\QRPLDOV SL W  L  «  ZLWK DVVHPEOLQJ SRLQWV RQ
SRVLWLRQV  DQGDWWLPH  DVFDQEHVHHQLQ )LJ 







 

)LJXUH Position trajectory for set value generation.


([SDQGLQJWKHFRQGLWLRQRIFRQWLQXLW\IRUKLJKHURUGHUVFDXVHOLWWOH
DGGLWLRQDOZRUN(YHQWRSURYLGHWKHLQQHUFRQWUROORRSZLWKIXUWKHU
VHWYDOXHV YHORFLW\DQGDFFHOHUDWLRQ LVSRVVLEOH
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7KHEDVLFLGHDRIWKHH[WHQGHGFRQWUROFRQFHSWLVWRKDYHD
VLQJOHPDQLSXODWRUUHDFWLQJZLWKLWVHQYLURQPHQWLQGHSHQGHQW
RI D VHFRQG PDQLSXODWRU 7KLV FDQ RQO\ EH DFKLHYHG ZLWK DQ
DFFXUDWHWUDMHFWRU\FRQWUROWDNLQJDGYDQWDJHRIWKHSKDVHVKLIW
2WKHUZLVHWKHSUHVVXUHJHQHUDWLRQLVXQFRQWUROODEOHGXHWRWKH
SDVVLYHFRXSOLQJRIWKHWZRSOXQJHUSXPSV&RQVHTXHQWO\WKH
PXOWLSOH LQSXW VLQJOH RXWSXW V\VWHP FDQ EH WUHDWHG DV D 6,62
V\VWHP
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9

LWKSRO\QRPLDOYDOLGZLWKLQLWVWLPHLQWHUYDOǻWL

DWWKHLQLWLDOL]DWLRQZKHQWKHRSHUDWRUVHWVXSWKHGHVLUHGKLJK
SUHVVXUH2QO\WKHILUVWDQGVHFRQGSRO\QRPLDORIWKHWUDMHFWRU\
QHHGVUHFDOFXODWLRQRQFHLQFDVHRIWKHGHVLUHGKLJKSUHVVXUHLV
FKDQJHGRQOLQH

&21&/86,21

7RGHVLJQDQHQHUJ\HIILFLHQW+3SXPSZLWKRXWDWWHQXDWRUV
RQ WKH KLJKSUHVVXUH VLGH D VHWXS ZLWK WZR VLQJOHDFWLQJ
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EHHQ JHQHUDWHG WR V\QFKURQL]H ERWK SOXQJHU SXPSV DQG DQ
H[WHQGHG FRQWURO FRQFHSW LV VXJJHVWHG WR UHJXODWH WKH XSSHU
YHORFLW\ OHYHO )LJ  FHQWHU  6LPXODWLRQV GHPRQVWUDWH WKH
FRUUHFWJHQHUDWLRQRIKLJKSUHVVXUHZDWHUMHWV )LJERWWRP 
ZLWKXQNQRZQ FXWWHU KHDGYDOYHFRQVXPSWLRQ 5HJDUGLQJ
WKHXQFHUWDLQWLHV HJWKHGLPHQVLRQRI WKHZDWHUV\VWHP DQ
DGDSWLRQ RI VWLIIQHVV FRXOG LPSURYH WKH FRQWUROOHU EHKDYLRU
ZKLFK DFFRUGLQJ WR 6LFLOLDQR >@ OLPLWV WKH FRQWUROOHU
SHUIRUPDQFH )XUWKHU RYHUORDG PRQLWRULQJ LV VLPSO\
LPSOHPHQWHG E\ IUHH]LQJ WKH WUDMHFWRU\ JHQHUDWLRQ WKXV
LPPHGLDWHO\ IRUFLQJ WKH SOXQJHU SXPS WR VWRS VDIHO\ $
SURWRW\SHRIWKHQHZ+3SXPSKDVEHHQDVVHPEOHGWRSURYHWKH
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B. Extended Control Concept
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FDOFXODWHG D 7KHQWKHDQDO\WLFPRGHO  LVXVHGWRVHWWKH
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SURMHFW SDUWQHUV -HW &XW 3RZHU 5RWNUHX] &+  =DXJJ
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Abstract—A hydraulic system comprising two straight pipelines
of relatively small cross section, each of which individually
supplied by means of two 3/2 three-way hydraulic directional
valves with digital control, has been the subject of this research.
Non-adjustable flow throttle and hydraulic accumulator are
connected in series between each valve and pipeline.At their
outlets both pipelines are connected to a counter-balance valve.
Obtained readings indicate dynamic change of pressure inside
pipelines and are presented as transient processes produced by
mathematical
simulation
model
synthesis.
Research
investigations have been focused on analyzing the impact of the
throttles’ cross-section size and the phase lag in the valves’
control signal on the overall dynamic characteristic of pressure
in both parallel pipelines.
Based on the resultant pressure operating range in either of the
parallel pipelines, and in accordance with the conclusions
related with flow rate control, an actuator device was
incorporated into the system. Said device is a double acting
hydraulic cylinder which is unilaterally supplied by both
parallel loops. The actuator is connected to a counter- balance
valve at its outlet. Employed mathematical simulation model has
been upgraded, which allows investigating the response of the
actuator device at various values of its operating stroke and
various frequencies of the input control signal. A performance
quality evaluation of the investigated hydraulic system with
digital control has been made based on the presented transient
processes.

I.

INTRODUCTION.

Over the recent years the broad band pulse modulation of
input electric signals has found its ever expanding share of
application in the control circuits of hydraulic drive systems.
This allows control to be effected by uniform small size
electro-hydraulic valves which are connected in parallel.
Generally, these distributing devices are either two-way or
three-way, two-position quick acting valves which have
contributed to them being referred to as quickly switching
valves. Effective implementation of such type of control
brings about to energy efficiency, reliability and last but not
least – low cost.

Hydroaerodynamics and hydraulic machines
Technical University of Sofia
Sofia, Bulgaria
alexander_mitov@mail.bg

Employment of digital control based on broad pulse
modulation causes, in most of the cases, unstable performance
of controlled actuators which carry out indirect control over
larger hydraulic capacities. The main reason for that is the
non-uniform change of pressure and flow rate in dynamic
mode which in turn is due to the difference in lengths of
pipelines that implement the connection between control and
actuator units. To avoid this irregularity, in a number of cases
the usual practice is to resort to adjustment of frequency or the
amplitude of the input control signal (clock frequency),
however, this is possible to a certain limit which is determined
by the valve’s natural frequency since the unit of lowest
natural frequency is the limiting one in all elctro-hydraulic
systems. On the other hand the dynamic performance of the so
called digital hydraulic systems could be readily and
effectively corrected by means of introducing additional
hydraulic devices: hydraulic accumulator and counter- balance
valve coupled in tandem or separately. However, this is not
always possible with regard to design limitations or
considerations of compactness [3, 7].
This is why it is necessary in some cases to increase the
number of quick acting, parallel connected valves in order to
achieve smooth and uninterrupted change in the basic energy
parameters: those of pressure and flow rate, and hence get
higher stability of the system. Experience and practice show
that a combination of said possibilities is applied in most cases
to improve the system’s efficiency as a whole.
A. Structuring Of The System Under Research
The paper investigates the dynamic processes of change in
pressure which arises in a hydraulic system that comprises two
straight pipelines each of which supplied by a hydraulic 3-way
2-position directional valve with digital control. Valves are
connected in parallel and between each valve and pipeline a
fixed throttle and hydraulic accumulator are connected. A
counter-balance valve is coupled to pipelines outlets. As a
result of a series of simulation investigations carried out with
experimental installation consisting mainly of a straight
pipeline supplied by means of a three-way, two-position
hydraulic valve with digital control and based on a verfified
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model [1,6,8], this paper has focused on experimental lay-out
including additional hydraulic actuator.
B. Main Objective
The principal aim is to make a generalized analysis of
simulation investigations related to the dynamic performance
of investigated hydraulic system both prior to and following
the inclusion of actuator device.
II. LAY-OUT AND ARRANGEMENT OF THE EXPERIMENTAL
INSTALLATION WITHOUT ACTUATOR DEVICE
Fig.1 presents the lay-out of employed experimental
installation which cosnsits of two quick acting three-way, two-

Eds. Leo J De Vin and Jorge Solis

position (3/2) proportional valves (6 and 7) connected in
parallel. Each of them is connected to a straight pipeline (12
and 13) which consists of two parts with respective lengths.
Cross-section diameter of both pipelines is equal to 7.1mm.
Between each valve and pipeline are connected in series a
fixed hydraulic throttle (8 and 9) and hydraulic accumulator
(10 and 11) which serve to correct the basic parameters of the
systems: pressure and flow rate. A counter-balance valve (16)
is connected at the pipelines outlets before reservoir (17).
There are four pressure transducers in the system which read
supply (2) and discharge (4) pressure as well as the difference
in pressure between pipline’s inlet and outlet (14 and 15). A
flow meter (1) is installed at the supply line.

Figure 1. Experimental installation lay-out [4].

III.

SIMULATION MODEL SYNTHESIS

This simulation model was made with Matlab/Simulink,
based on a verified mathematical simulation model [3]. The
block diagram of the model is presented in Fig.2. It consists of
hydraulic pressure source (3) to which are connected both
three-way directional valves (14, 15) with proportional and
servo valve actuators (11, 12). A fixed throttle (16, 17) is

connected at the outlet of each valve plus hydraulic
accumulator (18,19) and hydraulic pipe (20, 21) with their
respective design and control parameters. At the outlets of
both pipes a counter-balance valve (24) is connected whose
outlet is linked to the reservoir (28).

Figure 2. Simulation model of employed experimental installation (Matlab/Simulink).
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Both valves are controlled separately through digital
discrete pulse generator (5, 6) and digital-analogue converter
(9, 10). A separate oscilloscope (7, 8) was included for the
purpose of graphic reading of the input control signals to both
control circuits. Each pipeline is provided with a transducer
(22, 23) for reading the transient processes of change in
pressure. Transducers read the differential pressure in dynamic
mode which is later visualized simultaneously in either branch
by means of a two-channel oscilloscope (27). Parameters for
hydraulic fluid (4) are assigned as well as numeric iteration
method –”ode23” (13).
IV.

Eds. Leo J De Vin and Jorge Solis

B. Configuration II
It contains the parameters from the second stage of
research. These investigations are focused on the influence of
phase shift in the control signal of one of the two valves. The
signal is formed by a generator of digital discrete pulses
(Fig.2, pos.5, 6) and in fact is a high frequency step
rectangular pulse signal with the following parameters shown
in generalized format - Fig.4.
x
x
x
x

SIMULATION EXPERIMENT

The following methodology of conducted simulation
experiments was adopted in two configurations. This
methodology is related to the investigation and analysis of the
effect of the phase shift in the control signal directed to one of
the two quick acting valves upon the dynamic characteristic of
pressure in each pipline as well as the impact of both fixed
throttles.
A. Configuration I
This configuration retains the parameters from the first
stage of research. The current investigations are focused on
the influence exerted by the size of the throttles cross-section
(Fig.1, pos. 8, 9). Table I presents the values of the crosssections with respective diameters of the throttle’s clear
opening [3].

Amplitude : 1, [-]
Pulse duration : 50 % (of the period)
Period: 0.1, s
Phase delay: 0.001,s

Figure 4. Input control signal [3].

Table II showns the values of control signal phase shift.
TABLE II.

PHASE SHIFT OF CONTROL SIGNAL
Phase shift

TABLE I.

Variant 1
Variant 2
Variant 3
Variant 4
Variant 5

PARAMETERS OF THROTTLES
d

S

m

m2

7,1.10-3
6,5.10-3
5,5.10-3
4,5.10-3
3,5.10-3

40.10-6
33.10-6
24.10-6
16.10-6
10.10-6

Variant 1

For the purpose of illustrating the effect of changeable
parameters one of the throttles is assigned a fixed value (7.1
mm) whereas the parameters of the other throttle are changed
as per Table I. The results of the conducted simulations with
values from Variants 1÷5 are agglomerated and confined
within a unified scale by means of specially developed script
file. The outcome is shown in Fig. 3.

0

0

Variant 2

π

50%

Variant 3

2ȧ

100%

All simulation results in the form of transient processes
have retained the methodology from Configuration I. One of
the two parallel branches of the system and the dynamic
processes arising inside it has been adopted as a reference base
(Fig.3, red curves 1). The result with the parameters from
Variant 1 is identical with the one from Fig.3; the rest being
shown in Fig.5 and Fig. 6.

Figure 5. Simulation result – Variant 2 of Table 2.

Figure 3. Graphic result Variants 1÷5 simulation [3].
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accordance with the first stage of research concerning the size
of throttle’s cross-section.

Figure 6. Simulation result – Variant 3 of Table 2.

Fig.7 shows the simulation obtained for the operational
range of pressure (Δp) in both pipelines in dynamic mode with
high frequency switch over of both 3/2 directional valves with
digital control.

The implemented two-stage simulation investigations
served as a reference for upgrading and enhancement of
stability of the researched system. These were instrumental to
obtaining the result (Fig.7) of actual operational range of
change in pressure (Δp) in either of the experimental pipelines.
In this particular case the result was obtained with identical
constant values for both throttle diameters (7.1 mm) and a
100% phase shift of the digital (discrete) signal (Fig.4) that
controls one of the quick acting proportional valve actuators.
It is through these manipulated parameters and by preserving
all other similar parameters in accordance with the verification
model [1, 6, 8] that we get signal saturation along pressure
which directly affects the stability of actuator performance in
case the latter is connected to the outlet of both pipelines. A
reasonable ground for that is found in the quantitative
assessment of the non-uniformity level (δp) of the transient
process of pressure shown in Fig.7. The assessment is made
on the basis of the following dependence:
ߜ ൌ

ೌೣ ି
ೌೡ

Ǥ ͳͲͲǡ Ψ

(1)

where:
pmin – is the minimal pressure value;
pmax – maximum pressure value;
pavg – mean pressure value;

Figure 7. Operational range of pressure [4].

V.

ANALYSIS AND EVALUATION OF RESULTS

Simulation results analysis (Fig.3), obtained by means of
the parameters from Configuration I, indicates that gradual
decrease, within permissible limits from 7.1 to 3.5 mm (50%),
of the clear opening diameter of one of the fixed throttles
causes a decrease in the operational range of pressure from 27
to 8 bar (30%). Along with that there is retained the pressure
pulse frequency as function of time and in accordance with the
frequency of the input control signal pulse. Conversely, the
form of the transient process is changed only along the so
called “head” front.
From the graphic results in Configuration II (Fig.5 and
Fig.6) it is clearly evident that with phase delay introduction
of one control signal in relation to the other, there is observed
a proportional phase shift of the transient process that
illustrates the change of the reference value – the pressure in
the respective branch of the system. Despite this phase shift
the transient processes retain their type and form in

ߜ ൌ ͳʹǤͷǡ Ψ
Resultant relatively low level of non-uniformity of
pressure in either branches of the system allows for more
accurate adjustment of the effort of the actuator that is coupled
to the outlet of both pipelines. Due to the fact that hydraulic
drive systems with digital control have so far operated at
relatively low pressures, they find application mainly as
control units in indirect handling of modern hydraulic
capacities.Scientific and applied research in this relatively new
trend aims at the gradual incorporation of these systems in the
direct control of large scale actuator equipment. This is a
feasible target provided several design limitations are
overcome. Accordingly this entails the development of
mathematical simulation models whose instrumentality could
be used to provide adequate analysis and synthesis of certain
design and adjustment parameters and their consequent
influence upon the dynamic performance of the system.
VI. LAY-OUT OF THE EXPERIMENTAL SYSTEM WITH
INCORPORATED ACTUATOR DEVICE
It is shown in Fig.8. The actuator device is of the type of
double-acting hydraulic cylinder with double end piston rods
(Fig.8, 16). Cylinder operating surface is equal to 3,184.10-4
m2. Both pipelines supply the device unilaterally and there is a
counter-balance valve installed at its opposite side.
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Figure 8.

Lay-out of experimental system with incorporated acuator device [2].

VII. MATHEMATICAL SIMULATION MODEL OF A SYSTEM
WITH ACTUATOR DEVICE
The mathematical simulation model of the dynamic
performance of the system under investigation is developed on
the grounds of the following basic dependences [2] that have
been formulated according to the selected characteristic points
and the entered principal hydraulic values which are
designated in Fig.9.
A. Equation of Continuity at Point 1 (p1, q1) – Fig.8.
T W
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D. Pressure Drop in Throttle 1.
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where:
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C. Equation of Flow Running through Throttle 1 -Fig.8.
T W

·
§ S
¸ ¨ 
¸
¨S
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Q

G. Pressure Drop in Pipeline 1.
'S
5 T , Pa

B. Equation of Flow Directed to the Reservoir.
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, m3
(9)
F. Charge and Dicharge Flow of Hydraulic Accumulator 1.

x – current offset of the adjusting element in the respective
valve, m;


 S  S W
U W

(8)
- specific coefficient of local hydraulic

where:
K1=1,35÷1,40.109 – bulk modulus, Pa;

ρ – hydraulic fluid density, kg/m3;

3

, Pa.s2/m6 - coefficient of local hydraulic

'9
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q – flow discharge at respective point, l/min;
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[  
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E. Hydraulic Accumulator Volume 1.

- factor to allow for flow rate, -;

S W  SD W

W

resistance [2];

p – pressure at respective point, MPa;
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[  y 
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h0 – overlapping between the adjusting element and the
respective operating channels, m;

W

, m3/s

resistance [2];

E d SG , m;
d – diameter of the adjusting element of the proportional
valve, m;

T7

N  ˂S W

5͓

where:

P 
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(4)
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- coefficient of a hydraulic resistance, Pa.s/m3;

Q - kinematic viscosity of hydraulic fluid, m2/s
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H. Equation of Acting Forces.
P

$


G [
GW 

S  W

,N

¦)L
$


S  W  )

where:
Аcbv – operating surface of the counter-balance valve, m2

(13)

c – rigidity of the counter-balance valve spring;
,N

(14)

K. Equation of the Current Offset of the Counter-Balance
Valve Adjusting Element.

where:
m – mass included in the system, kg;

[ FEY W

2

A – operating surface of the actuator device, m ;
F – force of resistance, N;

PFEY 6

[ FEY

W


 S  W  S W
U

, m3/s

(15)

Equation of cross-section depending on the current opening
of the counter-balance valve.
2
(16)
6FEY [
S'FEY [ FEY W VLQ T , m ,
FEY

where:
Dcbv - diameter of
element, m;

counter-balance valve adjusting

xcbv(t) – current opening of the valve, m;

T -angle of the counter-balance valve cone, grad;
J. Equation of the Balance of Forces in the CounterBalance Valve.
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)IU

P

G [ , N
GW 

S  W  S W $FEY  F [ FEY  [ FEY W  PFEY 6

(17)
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Figure 9.

(18)

'
F  FEY  S  W


,m

(19)

The principal dependences formulated according to the
designations concerning the other parallel branch of the
experimental system (Fig.8) are identical beginning from point
6 to the actuator device (13).

I. Equation of the Flow Running through the CounterBalance Valve.
T FEY W

6FEY  S  W  F [ FEY r )IU

For the purpose of overcoming the complex character of
nonlinearities contained in the equations describing the
dynamic performance (behavior) of the system and obtained
on the basis of above dependences, there has been made a
sysnthesis of the simulation model of the system under
research in the medium of Matlab/Simulink. It was
synthesized on the basis of a verified simulation model of
experimental system which comprised a pipeline, a three-way
two-position (3/2) directional valve with digital control.On the
grounds of the verified model there has been carried out a
series of investigations aiming at assessing the influence of
input control signal parameters as well as the influence of the
included additional hydraulic devices prior to and following
the installation of actuator device in the system [2]. The
simulation model consists of a basic model and three
subsystems which are shown in Fig.10. Basic model block
diagram is presented in Fig. 9.

Basic model block diagram (Simulink).
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Figure 10. Block diagram of basic model subsystem.

The model was activated to operate through the use of
standard iteration numeric method: Simulink’s ‘ode23s’,
(stiff/Mod.Rosenbrock).
Real values of basic physical
quantities used in the mathematical simulation model are
given in Table III.

Table IV contains the parameters of both control signals
with their respective indices (1 and/or 2).

PHYSICAL PARAMETERS

Hydraulic fluid density,

ρ

860.4 kg/m3

Kinematic viscosity, 35 °C,

ν

40 cSt

f

Var, Hz

Frequency of switching,

TABLE IV.
№

Stroke of the control valve spool,

Ssp

3 mm

Pipeline length,
Pipeline diameter ,
Piston area surface,

l
d
Аp

4.8+3.1 m
7.1 mm
4,1.10-4 m2

Ar

9,2.10-5 m2

S

var ,m

1

m

5 kg

2

500 N

3

0,5 MPa

4

Piston rod area surface,
Actuator device stroke,
Weight of movable parts,
Resistance force,
Counter-balance pressure,
Friction force,

Fext
∆pcbv
Ffr

Stroke
S

PARAMETERS OF CONTROL SIGNALS

Frequency

Ampl
itude
1&2

Period
1&2

Pulse
wight
1&2

Phase
delay
1

Phase
delay
2

F

А

Т

W

φ1

φ2

s

% (of
the
period)

s

s

mm

25 N

5, 10, 15, 20

TABLE III.

methodology of conducted simulation experiments which
contain five variants of the variable parameter – (the stroke).
Control signal is generated by digital discrete pulse generator
(Fig.8, positions 5 and 6) and in fact is high frequency jump
rectangular pulse signal [1].

5

VIII. SIMULATION EXPERIMENT IN A SYSTEM WITH
ACTUATOR DEVICE.
With regard to the research target to investigate and
analyze the influence of a transient process during actuator
device response with various values for its stroke and in
accordance with the accepted range of change in the input
control signal frequency, there has been adopted the following

IX.

Hz

-

10

0.1

0.05

20

0.05

0.025

40

1

0.025

50

0

0.0125

80

0.0125

0.00625

160

0.00625

0.00312
5

RESULTS OF CONDUCTED SIMULATION EXPERIMENTS.

All results for each of the five variants of the accepted
methodology are obtained separately and after that have been
graphically incorporated by the scale that has been adopted for
all investigations – Fig.11.
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Figure 11. Graph of the simulation results obtained through parameters from Variant 1÷5 in Table 4.

X.

ANALYSIS OF OBTAINED RESULTS.

Quality assessment of hydraulic drive systems control is an
indispensable condition prior to their commissioning. This
entails the establishment of indices which determine that
quality. Indices of quality of control could be determined
immediately through the transient process curve which is the
product of the presented mathematical simulation model. The
transient process within the system is the response to the
external impact which in this case is a high frequency jump
rectangular pulse signal.
Two qualities of adjustment indices have been determined
for the system under observation: damping logarithmic
decrement LD and adjustment time tp, which are determined
according to the methodology presented in [2]:

LD

ln

hi
hi 1

(20)

where:
hi and hi+1 are two subsequent amplitudes for one period T,
after maximum readjustment. They are shown in Fig.12.
Table V contains the values of both indices read by the
simulation graphic results obtained according to the accepted
methodology which concerns the actuator device stroke size
and the frequency of the input digital control signal (See Table
IV).

Figure 12. Quality of adjustment parameters.
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TABLE V.
№

QUALITY OF CONTROL- RESULTS

Stroke

Frequency

hmax

hi

hi+1

T0

Thmax

tp

mm

Hz

-

-

-

s

s

s

-

10

5,3

0,75

0,3

0,019

0,021

0,0325

0,92

20

5,3

0,75

0,25

0,019

0,021

0,0325

1,1

40

5,5

0,5

0,15

0,019

0,0205

0,031

1,2

4

80

5,55

0,5

0,05

0,0176

0,02

0,0305

2,3

5

160

5,6

0,5

0,05

0,0175

0,019

0,028

2,3

6

10

10,77

0,99

0,54

0,02625

0,028

0,041

0,61

20

10,77

0,72

0,27

0,02625

0,028

0,0374

0,98

40

11,2

0,94

0,35

0,0255

0,0275

0,0364

1

9

80

11,3

0,94

0,34

0,02375

0,02625

0,036

1,02

10

160

11,3

0,94

0,34

0,02125

0,025

0,0354

1,02

11

10

16

1,25

0,65

0,0315

0,0335

0,045

0,65

12

20

16

1

0,45

0,0315

0,0335

0,043

0,8

40

16,5

1,05

0,35

0,03

0,0325

0,0428

1,1

14

80

16,6

1,25

0,45

0,0276

0,03

0,0415

1,02

15

160

16,65

1,25

0,45

0,0265

0,029

0,04

1,02

16

10

21,05

1,35

0,65

0,037

0,0375

0,055

0,73

17

20

21,25

1,05

0,7

0,0365

0,0375

0,044

0,41

40

21,75

1,4

0,5

0,0325

0,036

0,046

1,03

19

80

21,9

1,5

0,5

0,0315

0,0335

0,045

1,1

20

160

22

1,55

0,55

0,0295

0,0325

0,043

1,04

1
2
3

5

7
8

13

18

XI.

10

15

20

x

x

Analysis of the first stage of research indicates that a
decrease of 50% in the cross-section of one of the
throttles results in a decrease of operating pressure
range by 30% provided the type and form of the
transient process are retained.
On the grounds of the quantitative assessment made
for the results of the second stage, and with 100%
phase shift of one of the control signals, the resultant
pressure irregularity is 12,5%. Taking in consideration
the conclusions concerning flow control [1], this result
is indicative of the fact that it is possible to effect
digital control not only on speed but on the power of
the actuator device as well.
In compliance with the conclusions regarding the
range of frequency change in the input digital signal
within the interval 80÷160 Hz [2], and in decreasing
the actuator device stroke within the interval
5÷20mm, there is observed a relative time reduction

LD

for accomplishing maximum overshoot in the
transient characteristic by 42%. As a result a reduction
by 34% of the time for control is observed, which is
indicative of the enhanced response time of the
system.

CONCLUSION

On the grounds of the results obtained through simulation
experiments and their subsequent analysis, it is possible to
draw the following conclusions:
x A simulation model of the investigated experimental
installation has been synthesized by means of which
the influence of the cross-section size of both fixed
throttles has been assessed as well as the influence of
both input control discrete signals in either of the
stages.
x

Eds. Leo J De Vin and Jorge Solis

x

By decreasing actuator device stroke from 20÷5 mm
and with input frequency variation being in the
interval 80÷160 Hz, there is observed an increase in
the values of the logarithmic damping decrement by
1,04 ÷2,3 - in other words the relative change is up to
55% which is a clear indication of the improved
system stability.

x

The assessment made on the quality of control will
serve as a reference base for further research in the
field of hydraulic systems with digital control. Such
kind of research may focus on determining the input
control signal duration in which a certain amount of
linear shift will be accomplished in dynamic mode.
This will allow to asses positioning accuracy in
accordance with the presented open-loop control
system.
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$K\GUDXOLF6ZLWFKLQJ&RQWURO&RQFHSW([SORLWLQJD
+\GUDXOLF/RZ3DVV)LOWHU


5XGROI6FKHLGO (YJHQ\/XNDFKHY5DLQHU+DDV






,QVWLWXWHRI0DFKLQH'HVLJQDQG+\GUDXOLF'ULYHV
-RKDQQHV.HSOHU8QLYHUVLW\/LQ]
/LQ]$XVWULD
UXGROIVFKHLGO#MNXDW

+\GUDXOLF'ULYHVDQG$FWXDWRUV%XVLQHVV8QLW
/LQ]&HQWHURI0HFKDWURQLFV*PE+
/LQ]$XVWULD
HYJHQ\OXNDFKHY#OFPDW




$EVWUDFW²+\GUDXOLF VZLWFKLQJ FRQWURO RSHUDWHV YLD IDVW
VZLWFKLQJ YDOYHV ZKLFK DUH WXUQHG RQ DQG RII WR FRQWURO WKH
LQWHQGHGV\VWHPVWDWH)RUSRVLWLRQFRQWUROWKHVLPSOHVWZD\LVWR
SODFHWZRVZLWFKLQJYDOYHVIRUWKHSUHVVXUHDQGIRUWKHWDQNOLQH
GLUHFWO\WRWKHK\GUDXOLFF\OLQGHU,IWKHDFWXDOFKDPEHUYROXPH
LV TXLWH ODUJH DQG WKH YDOYH RQ SXOVHV DUH UHODWLYHO\ VKRUW
SUHVVXUH SXOVDWLRQ LQ WKH FKDPEHU LV VPDOO ,Q YDULRXV
DSSOLFDWLRQVYDOYHVDUHORFDWHG VRPHGLVWDQFHDZD\WKHF\OLQGHU
DQG DUH FRQQHFWHG E\ SLSHV RU KRVHV 6XFK WUDQVPLVVLRQ OLQHV
H[KLELW D TXLWH FRPSOLFDWHG RVFLOODWRU\ EHKDYLRU ZKLFK LV
VWURQJO\H[FLWHGE\WKHDEUXSWSUHVVXUHDQGIORZFKDQJHVGXHWR
VZLWFKLQJ ,Q WKLV SDSHU WKH DXWKRUV SUHVHQW DQG VWXG\ D
K\GUDXOLF ORZ SDVV ILOWHU IRU VXFK FDVHV ,W FRPSULVHV WKUHH
DGGLWLRQDO K\GUDXOLF HOHPHQWV WZR K\GUDXOLF FDSDFLWDQFHV DQG
DQRULILFHWKHSLSHLVIXQFWLRQDOO\DOVRSDUWRIWKHILOWHU


)LJXUH 7ZREDVLFW\SHVRIGLJLWDOYDOYHFRQWUROD SDUDOOHOYDOYH
WHFKQRORJ\E VZLWFKLQJFRQWURO

'LJLWDO IOXLG SRZHU LV DQ XSFRPLQJ ILHOG ZLWK D ODUJH
YDULHW\ RI FRQFHSWV$Q RYHUYLHZ RIWKLVW\SH RIIOXLGSRZHU
V\VWHPV LV JLYHQ HJ LQ >@ >@ LV D UHYLHZ DUWLFOH RQ
K\GUDXOLFVZLWFKLQJFRQWURO
7KH FDVH VWXGLHG LQ WKLV SDSHU LV SRVLWLRQ FRQWURO RI D
K\GUDXOLF F\OLQGHU LQ SOXQJHU PRGH HPSOR\LQJ VZLWFKLQJ
FRQWURO7KHVFKHPDWLFLVVKRZQLQ)LJ9DOYHV9397FDQ
FRQQHFW WKH F\OLQGHU WR SUHVVXUH RU WDQN OLQH WR JHQHUDWH DQ
RXWZDUGRULQZDUGPRWLRQRIWKHSLVWRQ7RFRQWUROVSHHGݏሶ  RU
SRVLWLRQVRQHVHYHUDORUUHSHDWHGSXOVHVZLWKGLIIHUHQWSXOVH
GXUDWLRQVDUHVZLWFKHG

7KHVWXG\FRQVLVWVRIDQDQDO\WLFDOSDUWZKLFKHPSOR\VDVLPSOH
OXPSHG SDUDPHWHU PRGHO FODULILHV WKH EDVLFIXQFWLRQ SULQFLSOH
DQG VHUYHV DV DQ DSSUR[LPDWH GLPHQVLRQLQJ UXOH DQG RI D
QXPHULFDO VLPXODWLRQ VWXG\ ZKLFK PRGHOV ZDYH SURSDJDWLRQ LQ
WKH WUDQVPLVVLRQ OLQH E\ WKH PHWKRGV RI FKDUDFWHULVWLFV DQG
DFFRXQWV DOVR IRU QRQOLQHDU UHVLVWDQFHV DQG FDSDFLWDQFHV 7KLV
QXPHULFDOPRGHOSURYHVWKHSURSHUIXQFWLRQLQJRIWKHK\GUDXOLF
ORZSDVVILOWHUDQGFRQILUPVWKHYDOLGLW\RIWKHDQDO\WLFDOPRGHO
IRUEDVLFGLPHQVLRQLQJSXUSRVHV

,

,1752'8&7,21

+\GUDXOLF VZLWFKLQJ FRQWURO LV D EUDQFK RI GLJLWDO
K\GUDXOLFV ZKLFK XVHV RQO\ RQRII YDOYHV WR FRQWURO WKH
K\GUDXOLFV\VWHP%DVLFDOO\WKHUHDUHWZRGLIIHUHQWSULQFLSOHV
WRGRTXDVLFRQWLQXRXVFRQWUROE\RQRIIYDOYHVHLWKHUVHYHUDO
SDUDOOHOYDOYHVRIGLIIHUHQWVL]HSHUPHWHULQJHGJH VHH)LJ
D  ± VRPHWLPHV HQWLWOHG SXOVH FRGH FRQWURO ± RU D VLQJOH IDVW
YDOYH ZKLFK FDQ RSHUDWH ZLWK KLJK UHSHDWLQJ IUHTXHQF\ DQG
FRQWUROVWKHIORZE\FKDQJLQJWKHSXOVHZLGWK VHH)LJE 


)LJXUH %DVLFV\VWHPXQGHUVWXG\OLQHDUK\GUDXOLFGULYHLQSOXQJHUPRGH
WZRVZLWFKLQJ RQRII YDOYHV 9397 IRUPRWLRQFRQWURODUHFRQQHFWHGYLDD
WUDQVPLVVLRQOLQH OHQJWKO 



151

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis


2IFRXUVHWKHVHVKDUSSXOVHVOHDGWRDFRUUHVSRQGLQJIORZ
SXOVDWLRQ RI 4 VHH )LJ   DQG WR RVFLOODWLRQV RI SUHVVXUH
SLVWRQSRVLWLRQDQGVSHHG

,,

&21&(37$1'$1$/<6,62)7+(/2:3$66),/7(5

$ +\GUDXOLF/RZ3DVV)LOWHU&RQFHSW


)RU WKH VLPSOH FDVH ZLWKRXW D WUDQVPLVVLRQ OLQH > @
SUHVHQWDPDWKHPDWLFDODQDO\VLVRIWKHSHUIRUPDQFHVLQWHUPV
RISXOVDWLRQDQGHIILFLHQF\7KHVHGHSHQGRQWKHUHODWLRQVRI
WKHWKUHHFKDUDFWHULVWLFG\QDPLFDOUHVSRQVHWLPHVQDPHO\WKH
RVFLOODWLRQ SHULRG 7H RI WKH ORDG PDVV P ZLWK WKH K\GUDXOLF
VSULQJ IRUPHG E\ WKH FRPSUHVVLEOH RLO LQ WKH F\OLQGHU WKH
W\SLFDORQWLPHRIWKHYDOYH73DQGWKHVZLWFKLQJWLPHRIWKH
YDOYH76
2WKHUVWXGLHVRISXOVDWLRQHIIHFWVLQWKHFRQWH[WRIGLJLWDO
K\GUDXOLFVFDQEHIRXQG HJLQ>@7KHUHLVQRWPXFK
ZRUN\HWGRQHRQSDVVLYHHOHPHQWVIRUSXOVDWLRQDWWHQXDWLRQLQ
GLJLWDO IOXLG SRZHU EHFDXVH RI WKH \RXWK RI WKLV ILHOG
+RZHYHU DGGLQJ SDVVLYH HOHPHQWV WR DWWHQXDWH SXOVDWLRQ RI
SUHVVXUHRUIORZKDVDORQJWUDGLWLRQDQGLVVWLOODWRSLFRIIOXLG
SRZHU UHVHDUFK +HOPKROW] UHVRQDWRUV DUH IUHTXHQWO\ VWXGLHG
EHFDXVHRIWKHLU FRPSDFWQHVV DQGWKHLU HDV\ WXQLQJ VHH HJ
>  @  7KHVH DWWHQXDWLRQ GHYLFHV OLNH DOVR OVLGH
EUDQFKUHVRQDWRUVSURYLGHH[FHOOHQWSXOVDWLRQVXSSUHVVLRQLQD
QDUURZ IUHTXHQF\ EDQG 6XFK UHVRQDWRUV ZRUN ZHOO LI WKH
SXOVDWLRQKDVNQRZQDQGFRQVWDQWSHULRGLFLW\,IWKLVLVQRWWKH
FDVH FRPSOLDQFH EDVHG DWWHQXDWRUV PRVWO\ LQ IRUP RI
K\GUDXOLF DFFXPXODWRUV RU WKH K\GUDXOLF FDSDFLWDQFH RI WKH
FRPSUHVVLEOHIOXLGLQDFDYLW\DUHHPSOR\HG VHHHJ>@ 


)LJXUH 6FKHPDWLFVRIWKHK\GUDXOLFVZLWFKLQJFRQFHSWHPSOR\LQJD
K\GUDXOLFORZSDVVILOWHUFRQVLVWLQJRIWZRK\GUDXOLFFDSDFLWDQFHV 99 
WKHRULILFH 41 DQGWKHLQGXFWDQFHSLSH O 

7KHFRQFHSWLVVNHWFKHGLQ)LJ7ZRH[WUDYROXPHVRIVL]HV
99 DQG D WKURWWOH ZLWK D QRPLQDO IORZ UDWH 41 WKLV
K\GUDXOLF UHVLVWDQFH LV SDUWO\ PRGHOOHG DV D OLQHDU K\GUDXOLF
UHVLVWDQFH5 DUHDGGHGWRIRUPK\GUDXOLFFDSDFLWDQFHVDQGD
UHVLVWDQFHUHVSHFWLYHO\
% 6LPSOLILHG6\VWHP0RGHO
6WDUWLQJ SRLQW RI WKH V\VWHP VWXG\ LV D PDWKHPDWLFDO PRGHO
ZKLFK UHIOHFWV WKH PRVW LPSRUWDQW SK\VLFDO HIIHFWV )RU WKH
VDNHRIFRPSDFWV\PEROLFDOUHVXOWVDVLPSOHOLQHDUPRGHOLV
HVWDEOLVKHG,WFRPSULVHVWKHHTXDWLRQRIPRWLRQRIWKHORDGP
DQGWKHSUHVVXUHEXLOGXSHTXDWLRQ ሶଶ ൌ  ڮLQWKHK\GUDXOLF
F\OLQGHU)RUWKHODWWHUDFRQVWDQWFDSDFLWDQFHRIWKHF\OLQGHU
LV DVVXPHG 7KLV LV MXVWLILHG LI WKH VKRUW IORZ SXOVHV FKDQJH
WKHSRVLWLRQVRQO\VOLJKWO\ZLWKLQDIHZVZLWFKLQJSHULRGV

ͳ
ሶଶ ൌ ൣܳଶ െ ܣ௬ ݒ ڄ൧
ܥଶ


ݏሶ ൌ ݒ
ͳ
ݒሶ ൌ ൫ଶ ܣ ڄ௬ െ ݀  ݒ ڄെ ܨௗ െ ௌ ܣ௬ିௗ ൯
݉


$ WUDQVPLVVLRQ OLQH PRVW OLNHO\ ZRUVHQV WKH SXOVDWLRQ
SUREOHPVIRUDV\VWHPDVLQ)LJ+\GUDXOLFVHUYRGULYHVGRD
PXFK VPRRWKHU FRQWURO DQG GR QRW H[FLWH VXFK KLJK
IUHTXHQFLHVDVIDVWRQRIIYDOYHV1RQHWKHOHVVDQHVWDEOLVKHG
UXOHWHOOVWRSODFHHYHQVHUYRYDOYHVDVFORVHDVSRVVLEOHWRWKH
K\GUDXOLF F\OLQGHU VLQFH ORQJ WUDQVPLVVLRQ OLQHV UHGXFH WKH
UHVSRQVH G\QDPLFV RU WKH VWDELOLW\ PDUJLQV %XW IRU D EHWWHU
YDOYHSURWHFWLRQRUIRUIDFLOLWDWLQJHDV\ PDLQWHQDQFHLQKDUVK
HQYLURQPHQW FRQGLWLRQVVRPHWLPHV DUHPRWH YDOYHSODFHPHQW
LV KLJKO\ UHFRPPHQGDEOH 7\SLFDO H[DPSOHV DUH KRW ZRUNLQJ
DUHDVRUPLQLQJ
7KLVSDSHUSUHVHQWVDVLPSOHK\GUDXOLF5&ORZSDVVILOWHU
ZKLFK LI DGGHG WR WKH V\VWHP RI )LJ  ZLWK D WUDQVPLVVLRQ
OLQH KHOSV WR UHGXFH WKH SXOVDWLRQ DQG RVFLOODWLRQ SUREOHP
FRQVLGHUDEO\ 7KH FRQFHSW DQG D VLPSOH DQDO\WLFDO DQDO\VLV
EDVHGRQDOLQHDUORZRUGHUPRGHODUHSUHVHQWHGLQ&KDSWHU
,Q&KDSWHUWKHSUHGLFWLRQVRIWKLVOLQHDUPRGHODUHFRQILUPHG
E\DPRUHFRPSOH[QXPHULFDOPRGHOZKLFKDFFRXQWVIRUZDYH
SURSDJDWLRQ LQ WKH WUDQVPLVVLRQ OLQH HYHQ LI QRQOLQHDU 5&
HOHPHQWVDUHXVHG7KHSDSHUILQLVKHVZLWKFRQFOXVLRQVDQGDQ
RXWORRNWRQH[WUHVHDUFKVWHSVRQWKLV5&ILOWHU

7KHK\GUDXOLFILOWHULVPRGHOOHGE\DOLQHDUSUHVVXUHEXLOG
XS HTXDWLRQ IRU WKH YROXPHV ܸଵǡଷ  DQG D OLQHDU UHVLVWDQFH
HTXDWLRQIRU57KHSLSHLVVLPSO\PRGHOOHGE\DFDSDFLWDQFH
LQGXFWDQFH DQG D UHVLVWDQFH 5/&  ,Q WKLV PRGHO WKH
FDSDFLWDQFH RI WKH SLSH LV LQFOXGHG LQ 9 7KLV WUDQVPLVVLRQ
OLQH PRGHO KDV D QDWXUDO IUHTXHQF\ ZKLFK LV VOLJKWO\ ORZHU
గ
݂ ൌ ݂ ڄோ WKDQWKHORZHVWRIDSLSHZLWKSUHVVXUHIORZ
ଶ
UDWH ERXQGDU\ FRQGLWLRQV $Q LQGH[  GHQRWHV 5/&
SDUDPHWHUVDQGVWDWHVRIWKHSLSHDQGDQLQGH[WKRVHRIWKH
K\GUDXOLFILOWHU
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7KH PHDQLQJ RI WKH VWDWH DQG SDUDP
PHWHU V\PEROV FDQ EH
SDUWO\FRQFOXGHGIURP)LJ & 9(DUHWKHK\GUDXOLF
G 9 ZKHUH ( LV WKH
FDSDFLWDQFHV RI WKH WZR YROXPHV 9 DQG
EXON PRGXOXV RI WKH IOXLG  / UO$ LV WKH K\GUDXOLF
LQGXFWLYLW\RIWKHSLSHLQFOXGLQJWKHIOXLGGGHQVLW\UWKHOHQJWK
ODQGWKHIORZFURVVVHFWLRQ$



& 6\VWHP$QDO\VLV8VLQJ5RRW/RFXV3OORWV
7KHILUVWILOWHUDQDO\VLVLVEDVHGRQWKHWUDQVIHUIXQFWLRQRI
I
4Y DV LQSXW LQ
WKH F\OLQGHU SRVLWLRQ V RYHU WKH YDOYH IORZ
SDUWLFXODU RQ D URRWORFXV PDS 7R WKLV HQG WKH SROHV RI WKH
V\VWHP DUH SORWWHG IRU D FRQVWDQW ILOWHHU YROXPH ܸଷ  DQG D
YDU\LQJUHVLVWDQFHܴଷ )LJVKRZVWKLVP
PDSIRUGLIIHUHQWILOWHU
YROXPHV

QJOH߶RIWKHGDPSHUDQGSLSHV\VWHP¶V
)LJXUH 3ORWRIWKHPD[LPXPDQ
SROHV7KHFHQWUDO EOXH DUHDZKKHUHWKHDQJOHLV]HURDUHSDUDPHWHU
FRPELQDWLRQVZLWKDQDS
DSHULRGLFV\VWHPEHKDYLRXU

,WWXUQVRXWWKDWWKHWKUHHURRWVRIWKHFF\OLQGHUPDVVV\VWHP
FRQVLVW RI D FRQMXJDWH FRPSOH[ SROH FRUUHVSRQGLQJ
F
WR WKH
PDVV DQG WKH IOXLG FRPSUHVVLELOLW\ DQG D SROH SODFHG DW WKH
D[LV RULJLQ FRUUHVSRQGLQJ WR WKH SUHVVXXUH EXLOG XS LQ WKH
F\OLQGHU FKDPEHU7KHVHURRWV DUHIRUWKKHKHUHXVHGF\OLQGHU
DQG ORDG SDUDPHWHUV KDUGO\ LQIOXHQFHHG E\ WKH GDPSLQJ
YROXPH9DQGWKHUHVLVWDQFH57KHUHIRRUHRQO\WKHYDULDWLRQ
RIWKHWKUHH³K\GUDXOLFSROHV´ (9 LVVVWXGLHGVHH)LJ

)LJXUH 7KLVILJXUHVKRZVWKHEEDVLFLGHDEHKLQGWKHSORWLQ)LJLW
LOOXVWUDWHVWKHUDQJHRI
RIWKHDQJOH߶RIWKHSROHV

)RUYHU\ODUJHYDOXHVRIWKKHILOWHUUHVLVWDQFHܴଷ WKHV\VWHPV
VKRZV WZR FRQMXJDWH SROHV RI
R WKH DQJXODU IUHTXHQF\ RI WKH
ଵ
SLSH¶V5/&߱ோయ՜ஶ ൌ
DDQGDWKLUGO\LQJRQWKHUHDOD[LV
ඥభ ڄభ

DSSURDFKLQJ WKH D[HVRULJLQ 7KH RWKHU H[WUHPHFDVH RFFXUV
IRUDYHU\VPDOOܴଷ ,QWKDWFDVVHDJDLQWZRFRQMXJDWHFRPSOH[
SROHV DULVH ZKLFK IRU ܴଷ ൌ Ͳ KDYH WKH DQJXODU
ଵ
IUHTXHQF\߱ோయ՜ ൌ

ሻ
ඥభ ڄሺయ ାభ

)RU ILOWHULQJ SXUSRVHV 9 DQG 5 VKRXOG EH VHOHFWHG VXFK
WKDWWKHV\VWHPGRHVQRWRYHUUVKRRWODUJHO\ZKHQLWLVH[FLWHG
E\DEURDGEDQGIORZUDWHSXXOVH)RUWKDWUHDVRQWKHUHDOSDUW
RIWKHSROHVKRXOGEHDVQHJDWLYHDVSRVVLEOH1HYHUWKHOHVVWKH
K
%RWK UHTXLUHPHQWV FDQ EH
V\VWHP G\QDPLFV VKRXOG EH KLJK
IXOILOOHGLIDVPDOOLPDJLQDU\SSDUWRIWKHURRWVLVDFFHSWHG)LJ
VKRZVDSORWRIWKHPD[LPXXPDQJOH IRIWKHWKUHHSROHVRI
WKH V\VWHP )LJ  GHFODUHV KRZ
K
I LV GHILQHG 7KH LQQHUPRVW
VWULS LQ )LJ  LV D VHW RI SDUUDPHWHU FRPELQDWLRQV ZKHUH I LV
]HUR+RZHYHUWKHUHVSRQVHG
G\QDPLFVRIV\VWHPVLQWKLV]RQH
PLJKW EH LQVXIILFLHQW ,Q VXXFK FDVHV VRPH RVFLOODWLRQV RU
V\VWHP RYHUVKRRW PXVW EH
E DFFHSWHG 6XFK VLWXDWLRQV
FRUUHVSRQGWRWKHQHLJKERXULQ
QJVWULSVRIWKHULJKWOLPLWOLQHRI
WKHFHQWUDO EOXH ]RQH


)LJXUH 5RRWPDSRIWKHK\GUDXOLFSDUWRIWKHV\\VWHP7KHDUURZVGHQRWH
WKHGLUHFWLRQIURPVPDOOWRODUJHYDOXHVRIWKHGGDPSLQJUHVLVWDQFHܴଷ 
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' $VLPSOHGHVLJQUXOH
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ඥܮଵ ܥଷ
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ܴଷ ܥଷ
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ʹ ܮଵ
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7KHGLPHQVLRQOHVVIULFWLRQQSDUDPHWHU'LVDGLUHFWPHDVXUH
IRUWKHRVFLOODWRU\EHKDYLRXURRIWKHV\VWHP ܦ ͳJXDUDQWHHV
WKDWQRRVFLOODWLRQVRI4RFFXXU
%XW WKHUH LV D OLPLW IRU WKH YDOLGLW\ RI WKLV UHVXOW IURP
DERYH$FFRUGLQJWR  ܦLVSSURSRUWLRQDOWR5KHQFH ܦ՜ λ
LIܴଷ ՜ λ 7KLV ZRXOG PHDQ
P
D VWULFWO\ QRQRVFLOODWRU\
EHKDYLRXULI&LVIXOO\GHFRXXSOHGIURPWKHV\VWHPZKLFKLVD
SUDFWLFDOO\ PHDQLQJOHVV UHVVXOW VLQFH LW GLVUHJDUGV WKH
FDSDFLWDQFH RI WKH SLSH DQGG RI 9 '  LV D UHDVRQDEOH
FKRLFH EHFDXVH LW JXDUDQWHHHV QRQRVFLOODWRU\ EHKDYLRXU DW
PD[LPXPUHVSRQVHG\QDPLFV
RQRIWKHUHVXOWRIWKHURRWORFXV
)LJGHSLFWVDFRPSDULVR
PDS RI WKH IXOO V\VWHP   DQG WKH GLPHQVLRQOHVV IULFWLRQ
SDUDPHWHUܦIURPWKHUHGXFHGGV\VWHPPRGHO7KHOLQH' 
LVLQWKHUDQJHRIVPDOODQJOHV ߶ ൏ ͷι RIWKHURRWORFXVPDS


)LJXUH 7RS6FKHPHRIWKHK\GUDXOLFGULYHV\\VWHP)ORRU6LPSOLILHG
OXPSHGSDUDPHWHUPRGHO

,QWKH IROORZLQJSDUWDGHVLJQ UXOHIR
RUWKHILOWHU HQVXULQJ
JRRG RVFLOODWLRQ GDPSLQJ DQG KLJK V\VWHP
V
G\QDPLFV LV
GHULYHG7KHIROORZLQJDVVXPSWLRQVDUHP
PDGH
x

7KH YDOYHV DUH UHSODFHG E\ WKH IORZ UDWHܳ௩ 
QHJOHFWLQJ WKH YDOYH UHVLVWDQFH RU WKH SUHVVXUH GURS
RYHUWKHPHWHULQJHGJHVUHVSHFWLYYHO\

x

7KH K\GUDXOLF FDSDFLW\ ܥଷ  DQGG UHVLVWDQFH ܴଷ  DUH
DVVXPHGWREHOLQHDU

x

7KH WUDQVPLVVLRQ OLQH EHWZHHQQ WKH YDOYH DQG WKH
DFWXDWRULVVLPSOLILHGE\DOLQHDUKK\GUDXOLFLQGXFWLYLW\
QHJOHFWLQJFRPSUHVVLELOLW\DQGUHVVLVWDQFHHIIHFWV

x

7KHSUHVVXUHLQWKHF\OLQGHUFKDP
PEHUଶ LVFRQVWDQW

)LJ  GHSLFWV WKH RULJLQDO DV ZHOOO DV WKH VLPSOLILHG
K\GUDXOLFVFKHPH



7KH G\QDPLF HTXDWLRQV IRU WKH VLPSOOLILHG V\VWHP UHDG DV
IROORZV

)LJXUH 3ORWRIWKHPD[LPXPDDQJOH߶RIWKHWKUHHK\GUDXOLFSROHV
0DJHQWDFRQWRXUOLQHVVKRZWKHGLP
PHQVLRQOHVVIULFWLRQIDFWRUܦDFFLRUGLQJ
WR
R  

ሶଷ ൌ
ܳሶଵ ൌ


ͳ
 ܳڄ
ܥଷ ଷ

ͳ
 ڄሺଵ െ ଶ ሻ
ܮଵ

)URP )LJ  LW FDQ DOVR EH VHHQ WKDW WKHUH LV D VHFRQG
OLPLWLQJ OLQH IRU WKH WKLUG RUUGHU V\VWHP   ULJKW EHVLGH WKH
LQQHUPRVW EOXH ]RQH6\VWHP
PFRQILJXUDWLRQVDWWKLVOLQHKDYH
WKHVDPHUDWLREXWKLJKHUDEVRROXWHYDOXHVRIUHDODQGLPDJLQDU\
URRW SDUWV KHQFH D KLJKHU V\VWHP G\QDPLFV EXW VLPLODU
RYHUVKRRW SURSHUWLHV 7KLV OLQQH FDQ EH DSSUR[LPDWHG E\ WKH
IROORZLQJIRUPXOD



7KHVH HTXDWLRQV FDQ EH WUDQVIRUPHG LQWR D VLQJOH VHFRQG
RUGHU HTXDWLRQ IRU ܳଵ  ZLWK WKH KHOS RI WKH QRGDO FRQWLQXLW\
HTXDWLRQ ܳଷ ൌ ܳ௩ െ ܳଵ DQG WKH GDPSLQQJ UHVLVWDQFH UHODWLRQ
ଵ ൌ ܳଷ ܴ ڄଷ  ଷ 
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,Q)LJVWRWKHDSSUR[LP
PDWHOLPLWLQJ FXUYHDFFRUGLQJWR
  UHG VROLG  DQG WKH FXUYHH '    \HOORZ GDVKHG  DUH
SORWWHGLQWKH5±9 SDUDPHHWHUSODQHWRJHWKHUZLWKFRQWRXU
SORWV RI WKH DQJOH I IRU GLIIIHUHQW VL]HV RI WKH SLSH )RU WKH

$IWHUHDFKSXOVHWKHYDOYHLVFORVHG ܳ௩ LV]HURDQG  LV
DQ DXWRQRPRXV V\VWHP $SSO\LQJ WKH VWWDQGDUG QRWDWLRQ RI D
OLQHDU V\VWHP RI VHFRQG RUGHU WKH QDWXUUDO DQJXODU IUHTXHQF\
߱ DQGWKHGLPHQVLRQOHVVIULFWLRQSDUDPHHWHUܦDUH
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FRPSXWDWLRQVRIWKHURRWVRIWKHFKDUDFWHULVWLFSRO\QRPLDORI
WKH V\VWHP   WKH SLSH UHVLVWDQFH 5 ZDV VHW WR ]HUR WKH
YROXPH9UHSUHVHQWVWKHSLSHYROXPH



)LJXUH9DULDWLRQRIILOWHUSDUDPHWHUVIRUDSLSHRIWKHGLPHQVLRQ
݈ ൌ ʹͷ݉ǡ ݀ ൌ Ͷ݉݉ 

7KH UHVXOWV VKRZ WKH H[FHOOHQW DSSUR[LPDWLRQ RI WKH I
OHYHOVE\WKHVHWZRDSSUR[LPDWHIRUPXODV


)LJXUH 9DULDWLRQRIILOWHUSDUDPHWHUVIRUDSLSHRIWKHGLPHQVLRQ
݈ ൌ ʹǤͷ݉ǡ ݀ ൌ ͳ݉݉

,,, 180(5,&$/6,08/$7,2,1678'<
7KH QXPHULFDO VLPXODWLRQ VWXG\ VKDOO VKRZ LI WKH UHVXOWV
IRU WKH K\GUDXOLF ORZ SDVV ILOWHU REWDLQHG IURP TXLWH VLPSOH
PRGHOV DUH DOVR YDOLG IRU D PRUH UHDOLVWLF PRGHO RI WKH
VZLWFKLQJ V\VWHP 7KLV PRGHO DFFRXQWV IRU WKH IROORZLQJ
SKHQRPHQDZKLFKZHUHGLVUHJDUGHGLQWKHDQDO\WLFDOVWXG\
x :DYH SURSDJDWLRQ LQ WKH WUDQVPLVVLRQ OLQH WKLV LV
DFFRPSOLVKHG ZLWK D PHWKRGV RI FKDUDFWHULVWLFV PRGHO
ZKLFK DOVR FRQVLGHUV IUHTXHQF\ GHSHQGHQW IOXLG IULFWLRQ
WKHPRGHOOLQJIROORZVWHFKQLTXHVGHVFULEHGLQ>@
x $ QRQOLQHDU UHVLVWDQFH LQVWHDG RI WKH OLQHDU RQH 5 DQG D
QRQOLQHDUFDSDFLWDQFH9LQK\GUDXOLFVRULILFHVDUHXVHGDV
UHVLVWDQFHV DQG JDV VSULQJ W\SH DFFXPXODWRUV DV
FDSDFLWDQFHVWKHILUVWH[KLELWDTXDGUDWLFSUHVVXUHWRIORZ
UDWHDQGWKHVHFRQGDQRQOLQHDU SRO\WURSLFFKDQJHRIVWDWH 
SUHVVXUH WR GLVSODFHPHQW FKDUDFWHULVWLF LQ WKH VLPXODWLRQ
VWXG\ D PRGHO ZLWK OLQHDU DQG D PRGHO ZLWK QRQOLQHDU
UHVLVWDQFHHOHPHQWVDUHFRPSDUHG


)LJXUH9DULDWLRQRIILOWHUSDUDPHWHUVIRUDSLSHRIWKHGLPHQVLRQ
݈ ൌ ʹǤͷ݉ǡ ݀ ൌ Ͷ݉݉

x 7KHV\VWHPLQSXWLVWKHFRPPDQGVLJQDOWRWKHVZLWFKLQJ
YDOYHLQVWHDGRIDQLQSXWIORZUDWH



)LJXUH6LPXOLQNPRGHO±EORFNGLDJUDP



7KHGDWDRIWKHVLPXODWHGV\VWHPDUHOLVWHGLQ7DE

)LJXUH9DULDWLRQRIILOWHUSDUDPHWHUVIRUDSLSHRIWKHGLPHQVLRQ
݈ ൌ ʹͷ݉ǡ ݀ ൌ ͳ݉݉
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,W LV FOHDUO\ VHHQ WKDW LPSOHPHQWDWLRQ RI WKH 5& ILOWHU
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)LJVKRZVWKH))7VLJQDORIWKHF\OLQGHUSRVLWLRQ7KH
SHDN H[LVWLQJ LQ WKH V\VWHP ZLWKRXW ILOWHU DQG FRUUHVSRQGLQJ
DSSUR[LPDWHO\ WR Ȝ IUHTXHQF\ LV FRPSOHWHO\ VXSSUHVVHG E\
5& ILOWHULQJ 7KH WKUHH IUHTXHQF\ OLQHV VKRZQ LQ WKDW )LJ
FRUUHVSRQGWR
x

I ± WKH QDWXUDO IUHTXHQF\ RI WKH RVFLOODWRU IRUPHG E\
WKHFDSDFLWDQFHRI9DQGWKHSLSHLQGXFWDQFH

x

IO±WKHORZHVWQDWXUDOIUHTXHQF\RIWKHWUDQVPLVVLRQ
OLQHLILWIRUPVDTXDUWHUZDYHOHQJWKRVFLOODWRU

x

I+& ± WKH QDWXUDO IUHTXHQF\ RI WKH K\GUDXOLF F\OLQGHU
ORDG PDVV RVFLOODWLRQ LQ YLUWXH RI WKH IOXLG
FRPSUHVVLELOLW\


7KH VXSSO\ OLQHV DUH LGHDO SUHVVXUH VRXUFHV S6 S7  7KH
VZLWFKLQJYDOYHVDUHPRGHOOHGDVYDULDEOHRULILFHV7KHYDOYH
G\QDPLFV LV VLPSOLILHG E\ D UDWH OLPLWHU PRGHO ZLWK D
VZLWFKLQJWLPHRIPV7KHYROXPH 9 LVDGHDGYROXPHRI
WKHYDOYHEORFNWKHYROXPH 9 UHSUHVHQWVDOLQHDUK\GUDXOLF
FDSDFLWDQFH ZKLFK WRJHWKHU ZLWK D OLQHDU RU QRQOLQHDU
K\GUDXOLF UHVLVWDQFH 5  IRUPV WKH K\GUDXOLF ILOWHU 9 LV
FRQQHFWHG WR WKH F\OLQGHU YLD WKH K\GUDXOLF WUDQVPLVVLRQ OLQH
+7/  $ PRGHO RI WKH K\GUDXOLF F\OLQGHU FRQWDLQV SUHVVXUH
EXLOG XS HTXDWLRQV LQ LWV FKDPEHUV OLQHDU IULFWLRQ DQG
PRPHQWXP EDODQFH HTXDWLRQV 7KH URG FKDPEHU RI WKH
F\OLQGHU LV FRQQHFWHG WR VXSSO\ SUHVVXUH 7KLV PRGHO ZDV
LPSOHPHQWHG LQ WKH 0DWODE 6LPXOLQN HQYLURQPHQW ZLWK WKH
XVH RI +\GUROLE OLEUDU\ >@ 7KH EORFN GLDJUDP LV VKRZQ LQ
)LJ


)LJXUH)RXULHU7UDQVIRUPRIWKHF\OLQGHUSRVLWLRQVLJQDOVKRZQLQ)LJ



% 1RQOLQHDU5HVLVWDQFH0RGHO

$ /LQHDU5HVLVWDQFH0RGHO
,Q RUGHU WR VHH WKH LQIOXHQFHV RI WKH GLIIHUHQW DGGLWLRQDO
SK\VLFDO HIIHFWV RQ WKH SHUIRUPDQFH RI WKH K\GUDXOLF ILOWHU D
OLQHDU UHVLVWDQFH PRGHO IRU 5 LV VWXGLHG ILUVW )LJ  VKRZV
WKH UHVSRQVH RI WKH V\VWHP WR D VLQJOH SXOVH JHQHUDWHG E\ D
PV RSHQLQJ RI WKH YDOYH 93 7KH VSHFLILF YDOXH
5 EDU OPLQ FRUUHVSRQGVWRWKHGHVLJQUXOH  

)LJXUH6\VWHPZLWKQRQOLQHDU5&HOHPHQWV

)LJXUH9DULDWLRQRIILOWHUSDUDPHWHUVIRUDSLSHRIWKHGLPHQVLRQ
݈ ൌ ʹǤͷ݉ǡ ݀ ൌ ͳ݉݉WKHSUHVVXUHLVS

3DUDPHWHUVRIDVWDQGDUGODFFXPXODWRUZHUHWDNHQIRU
WKHVLPXODWLRQ3UHFKDUJHSUHVVXUHଷ̴௧ ZDVEDU7KURWWOH
SDUDPHWHUV ZHUH FKRVHQ WR PDWFK WKH OLQHDU UHVLVWDQFH DW
PD[LPDOIORZYDOXHVDIWHUWKHSXOVH OPLQ )LJVKRZV
D FRPSDULVRQ RI OLQHDU DQG QRQOLQHDU FDVHV IRU DQ RSHQ ORRS
LPSXOVH 7KUHH SORWV GHSLFW WKH F\OLQGHU SRVLWLRQ SUHVVXUH
 DIWHUWKHYDOYHDQGIORZWKURXJKWKHWKURWWOH$WWKHEHJLQQLQJ
ERWKUHVSRQVHVDUHDOPRVWWKHVDPHEXWZKHQWKHPDJQLWXGHRI
IORZRVFLOODWLRQVJRHVGRZQWKHQRQOLQHDUUHVLVWDQFHSURGXFHV
OHVVGDPSHQLQJ
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,9 &21&/86,216$1'287/22.
7KHSURSRVHGVLPSOHORZSDVVILOWHUFDQHIIHFWLYHO\UHGXFH
RVFLOODWLRQVLQDK\GUDXOLFOLQHDUGULYHZLWKDORQJWUDQVPLVVLRQ
OLQHEHWZHHQWKHVZLWFKLQJYDOYHVDQGWKHK\GUDXOLFF\OLQGHU
7KHILOWHUGLPHQVLRQLQJUXOHVZKLFKZHUHGHULYHGIURPTXLWH
VLPSOH OLQHDU PRGHOV DQG IRU WKH RSHQ ORRS FDVH ZRUN DOVR
SURSHUO\IRUWKHQRQOLQHDUV\VWHPDQGLQWKHFORVHGORRSFDVH
,Q D QH[W VWHS WKLV ILOWHU ZLOO EH LQYHVWLJDWHG
H[SHULPHQWDOO\ $Q H[LVWLQJ OLQHDU GULYH WHVW VWDQG ZLOO EH
UHWURILWWHGZLWKDGLJLWDOYDOYHEORFNPRXQWHGRIIVLGHWKHGULYH
VWDQG DQG K\GUDXOLFDOO\ FRQQHFWHG ZLWK D ORQJ WUDQVPLVVLRQ
 OLQH ,QD VHULHVRI H[SHULPHQWV WKH YDOLGLW\ RIWKH WKHRUHWLFDO
SUHGLFWLRQVZLOOEHFKHFNHGLQRSHQDQGFORVHGORRSFRQWURO

)LJXUH,PSXOVHUHVSRQVHVLPXODWLRQZLWKQRQOLQHDUHOHPHQWV

$&.12:/('*0(17

& 6WHS5HVSRQVHRID&ORVHG/RRS6ZLWFKLQJ&RQWURO
6\VWHP

7KLV ZRUN KDV EHHQ VXSSRUWHG E\ WKH $XVWULDQ &20(7
.SURJUDPRIWKH/LQ]&HQWHURI0HFKDWURQLFV /&0 DQG
ZDV IXQGHG E\ WKH $XVWULDQ IHGHUDO JRYHUQPHQW DQG WKH
IHGHUDOVWDWHRI8SSHU$XVWULD
5()(5(1&(6
>@ /LQMDPD0'LJLWDO)OXLG3RZHU±6WDWHRIWKH$UW3URFRIWKH7ZHOIWK
6FDQGLQDYLDQ ,QWHUQDWLRQDO &RQIHUHQFH RQ )OXLG 3RZHU 9ROXPH   
6,&)3 0D\7DPSHUH)LQODQG
>@ 6FKHLGO 5 .RJOHU + +\GUDXOLVFKH 6FKDOWYHUIDKUHQ 6WDQG GHU
7HFKQLN XQG +HUDXVIRUGHUXQJHQ LQ 23 -RXUQDO 1XPEHU  3DJH V 

>@ *DUVWHQDXHU 0 0DQKDUWVJUXEHU % 6FKHLGO 5 6ZLWFKLQJ 7\SH
&RQWURO RI +\GUDXOLF 'ULYHV  $ 3URPLVLQJ 3HUVSHFWLYH IRU $GYDQFHG
$FWXDWLRQ LQ $JULFXOWXUDO 0DFKLQHU\ 1HZ )OXLG 3RZHU $SSOLFDWLRQV
DQG&RPSRQHQWV6RFLHW\RI$XWRPRWLYH(QJLQHHUV:DUUHQGDOHSS Q 

>@ 6X]XNL . 7DNHWRPL 7 DQG 6DWR 6 ,PSURYLQJ =LHONH¶V PHWKRG RI
VLPXODWLQJ IUHTXHQF\ GHSHQGHQW IULFWLRQ LQ ODPLQDU OLTXLG SLSH IORZ
7UDQV$60(-)OXLGV(QJ±
>@ K\GUR/LE
9

EHWD
1RYHPEHU
UG

KWWSZZZMNXDWLPKFRQWHQWH
>@ 0DQKDUWVJUXEHU % 7KH LQIOXHQFH RI 7UDQVPLVVLRQ /LQH G\QDPLFV RQ
WKH SHUIRUPDQFH RI 'LJLWDO )ORZ &RQWURO 8QLWV 7KH 7KLUG :RUNVKRS
RQ 'LJLWDO )OXLG 3RZHU ')3¶ 2FWREHU   7DPSHUH
)LQQODQGSS
>@ 3O|FNLQJHU $ 6FKHLGO 5 0 +XRYD 6LPXODWLRQ DQG ([SHULPHQWDO
5HVXOWVRI3:0IRU'LJLWDOK\GUDXOLFV7KH)LIWK:RUNVKRSRQ'LJLWDO
)OXLG 3RZHU ')3¶ 2FWREHU   7DPSHUH )LQQODQG SS

>@ /LQMDPD 0 +XRYD 0  9LOHQLXV 0  2Q 6WDELOLW\ DQG
'\QDPLF &KDUDFWHULVWLFVRI+\GUDXOLF 'ULYHVZLWK'LVWULEXWHG 9DOYHV
,Q -RKQVWRQ '1  3OXPPHU $5 HGV  3RZHU 7UDQVPLVVLRQ DQG
0RWLRQ &RQWURO 370&   8QLYHUVLW\ RI %DWK 8. 6HSW ±
SS±
>@ .RMLPD(DQG,FKL\DQDJL7'HYHORSPHQW5HVHDUFKRI1HZ7\SHVRI
0XOWLSOH 9ROXPH 5HVRQDWRUV 3URF RI VW %DWK ZRUNVKRS RQ 370&
SS
>@ .ULED\DVKL 7 ,FKL\DQDJL 71LVKLXPL7 DQG .LNXWD .5HVHDUFK
RQWKH$WWHQXDWLRQ&KDUDFWHULVWLFVRID0XOWLGHJUHHRI)UHHGRP7\SH
+HOPKROW] 5HVRQDWRU IRU +\GUDXOLF 6\VWHPV 3URF RI 0HFKDQLFDO
(QJLQHHULQJ&RQJUHVV-DSDQ9ROSS
>@ 0LNRWD-$QRYHOFRPSDFWFRPSHQVDWRUWRUHGXFHSUHVVXUHSXOVDWLRQV
LQ K\GUDXOLF V\VWHPV LQ 3URFHHGLQJV RI ,&$129  ,QWHUQDWLRQDO
&RQIHUHQFHRQ1RLVH$FRXVWLFVDQG9LEUDWLRQ2WWDZD&DQDGD
>@ 2UWLJ + ([SHULPHQWDO DQG $QDO\WLFDO 9LEUDWLRQ $QDO\VLV LQ )OXLG
3RZHU6\VWHPV,QWHUQDWLRQDO-RXUQDORI6ROLGVDQG6WUXFWXUHV9RO
 3DJHV±


)LJXUH&ORVHGORRSFRQWUROVFKHPH

)LJ  GHSLFWV UHVXOWV RI VWHS UHVSRQVH VLPXODWLRQ ZLWK
OLQHDUDQG QRQOLQHDUILOWHUFRPSRQHQWV H[SORLWLQJFORVHGORRS
FRQWURO 7KH VFKHPH RI WKH FRQWUROOHU LV GHSLFWHG LQ )LJ 
7KH JRDO RI WKLV SDUWLFXODU VWXG\ LV WR VHH LI WKH ILOWHU
SDUDPHWHUV GHULYHG IRU WKH RSHQ ORRS V\VWHP SURYLGH VLPLODU
SHUIRUPDQFH LQ D FORVHG ORRS FDVH 7KH UHIHUHQFH LQSXW LV D
PVWHS



)LJXUH6WHSUHVSRQVHVLPXODWLRQZLWKOLQHDUDQGQRQOLQHDU5&HOHPHQWV

7KH FRQWUROOHU GHOLYHUV D 3:0 VLJQDO DV RXWSXW WKH GXW\
F\FOHRIZKLFKLVSURSRUWLRQDOWRWKHFRQWUROHUURU7KH3:0
IUHTXHQF\ LV  +] 3:0 FRQWUROOHU SDUDPHWHUV ZHUH QRW
RSWLPL]HGWRHOLPLQDWHSXOVDWLRQDQGZHUHHTXDOLQERWKFDVHV
WKHOLQHDUDQGWKHQRQOLQHDU
7KH ILOWHU GHVLJQ ZRUNV SURSHUO\ DOVR IRU WKH FORVHG ORRS
FRQWURO FDVH DQG LV QRW YHU\ VHQVLWLYH WR WKH LQYHVWLJDWHG
PRGHOOLQJ GLIIHUHQFHV 7KH GLIIHUHQFH LV HYHQ OHVV LQ WKH
FORVHGORRSFDVH
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Abstract—This paper presents the development of a service
module for the IWARD (Intelligent Robot Swarm for
Attendance, Recognition, Cleaning and Delivery) hospital robot
system. The tasks of the module include recognising and cleaning
spillages on the hospital floor and regular cleaning in wards.
Spillages on the floor are marked by an infrared marker that can
be localised by an infrared video camera mounted on the robot
module. Direct detection of liquid spillages is done by a variety of
sensor. Distance measurement between the robot and the spillage
area is performed using the video camera itself.

I.

INTRODUCTION

IWARD (Intelligent Robot Swarm for Attendance,
Recognition, Cleaning and Delivery) was a multinational
research project supported by the EU FP6 scheme. The
consortium consisted of 10 partner organisations (universities,
research centres and a hospital) from seven EU countries. The
main aim of the project was to improve the quality of
healthcare in hospitals.

Figure 1. IWARD robots

II.

MODULE HARDWARE

Each robot module is contained in an interchangeable
module box and is attached to the mobile robot platform using
quick-change mechanical connections and standard electrical
connections (Fig. 2). Each module box is interchangeable and
can be inserted into any of the drawer of the robot in any
combination with other modules.

Within their survey [1], Prassler et al. describe 30 different
cleaning robots (mainly for indoor floor cleaning) starting from
the very first cleaning robots in the mid 1980s up to now. As
opposed to the large, specialised robots, currently used in some
hospitals, IWARD implements a modular design. Inexpensive
service modules are installed on small, general-purpose robots.
The service modules cater for the many different scenarios in
the hospital environment. This enables easy configuration of
the robots for a particular scenario and optimisation of the
planning and execution of missions. It also provides a more
cost-effective solution since a lower number of robots can
perform a larger number of tasks. Also, modular design makes
it easier to expand the system both with already existing and
possible new modules.

Power
connector
Ethernet
connector

Mechanical
connectors

Figure 2. Module box and connections

The cleaning module described in this paper is one of the
service modules for the IWARD robots (Fig. 1). It is used in
two scenarios: spot (spillage) cleaning and regular (scheduled)
cleaning.

Each module is equipped with an embedded (Gumstix)
computer (Fig. 3) that controls the operation of the module and
communicates with the main computer of the robot. Its
operating system is Linux-based. Hardware connections
include several serial ports to control the cleaning equipment
and a USB port for a video camera.

*Corresponding author
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III.

SPOT CLEANING

One of the tasks of the cleaning module is spot (spillage)
cleaning. This is an unscheduled cleaning operation in the case
of accidental spillages. Since during spot cleaning it is not
necessary to clean the entire room, the robot needs to recognise
the position of the spillage. The spillage area is
marked/recognised in several different ways.

Figure 3. Gumstics computer

Cleaning is performed by an automatic nozzle and vacuum
cleaner (Fig. 4).

A. Infrared Camera
In cases where the robot does not recognise the spillage
automatically but a staff member does, it is possible to mark
the spillage area in order to enable the robot to find the spot.
Using a video camera is one of the options to do this. In order
to eliminate the necessity of background removal in the visible
spectrum of light, the cleaning module is equipped with an
infrared vision system. It includes a Philips ToUcam Pro II
webcam (Fig. 6) that is able to sense light in the infrared
spectrum (Fig. 7).

Figure 4. Cleaning module in action (left) and with removed covers (right)

The automatic nozzle is operated by powerful solenoids
(Fig. 5). In order to prevent the nozzle from hindering the
movement of the robot during transportation it is normally
locked up a couple of millimetres above ground level using the
solenoids. During cleaning the nozzle is lowered to the ground
automatically.
Figure 6. Philips ToUcam Pro II webcam

Figure 5. Cleaning nozzle

Figure 7. Sensitivity of the Philips ToUcam Pro II webcam [2]

In order to prevent the robot from bumping into objects
and/or persons, apart from its sonar and laser sensors it also has
an emergency bumper. It is a tube type bumper that reacts to
pressure changes in the tube. Since the nozzle is mounted in
front of the bumper, it is also used to activate the bumper if the
robot bumps into something. For this reason, the nozzle is not
attached rigidly to the robot base but is rather suspended on
rails and is spring-loaded that enable horizontal, onedirectional movements of the nozzle relative to the robot base
(Fig. 5). This way the nozzle is able to absorb impacts when
the robot bumps into an obstacle.

Using an infrared camera has the added advantage that it
can also be used night time without interfering with patients.
The spillage area is marked with a marker (Fig. 8) that
consists of a stand with adjustable height and an array of
Kingbright LKIR55010 infrared light emitting diodes (LED).
They emit light at 940nm wavelength. Since the light from the
infrared array is invisible to the human eye, the marker also
includes a visible (red) LED which is lit together with the
infrared LEDs.
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be filtered out and will not interfere with the LED’s light
emission coming from the marker. The filtered image is then
converted to a black-and-white one and is thresholded so the
image of the LED array shows up in the image as a white blob
on black background. The position of this blob in the image
frame is then used to define the position and orientation of the
robot relative to the infrared marker. Fig. 11 shows a frame of
the camera image with the infrared marker (left). When all
three filters are applied (right), only the white blob of the
infrared LEDs is visible.
Narrow pass spectrum = IR LED 940nm
T
r
a
n
s
m
i
s
s
i
o
n

Figure 8. Infrared marker

The infrared LED array is arranged in a circle with a size
sufficient to cover at least four pixels on the camera sensor at a
distance of 5m. This is sufficient to cover a ward of reasonable
size. The marker is equipped with side panels that prevent the
marker from emitting light sideways whose reflections could
be picked up by the camera. The whole marker is painted in
matt black non-reflective paint to prevent the marker from
reflecting unwanted lights.

IR Pass

Shortpass

500

1000

1500

Longpass

2000

2500

3000

Wavelength, nm

In order to allow the camera to see the infrared LEDs only,
a filter system is designed to eliminate the unwanted
wavelengths. It consists of three infrared filters from Edmund
Optics [3] (Fig. 9). The characteristics of the filters are given in
Table 1.

Figure 10. Spectra of the infrared filters

Figure 11. Unfiltered (left) and filtered (right) image of infrared marker

Figure 9. Infrared filters
TABLE I.

INFRARED FILTER CHARACTERISTICS

Name

Transmission Rejection Band
Band (nm)
(nm)

Infrared Filter (R-72)

720-2750

350-710

Shortpass (1000nm)

465-940

1085-1305

Longpass (850nm)

880-2000

635-805

The three filters together ensure that only a narrow
bandwidth between 880-940nm is passed, the range of the
infrared LEDs (Fig. 10). This way the images from the
background and from other light sources (sun, light bulbs) can

Figure 12. Camera with infrared filters mounted on tripod
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The camera assembled with the filters (Fig. 12) was tested
with different light sources. Figures 13 through 15 show the
experimental result using fluorescent and incandescent lights,
and direct sunlight, respectively. From the figures it can be
seen that the filters perform well even when the light source is
applied directly.

Eds. Leo J De Vin and Jorge Solis

For easy angle adjustments the camera is mounted on a
modified camera tripod (Fig. 12).
The vertical orientation of the camera defines the range that
it can cover (Fig. 16).
In Fig. 15, the following notion is used:
Į – vertical viewing angle of the camera;
ȕ – angle between the lowest ray of the camera and the vertical
axis;
į – inclination angle of the camera from the horizontal axis;
D – vertical distance between the camera and LEDs;
Lmin and Lmax – the range that the camera is able to cover.

Figure 13. Fluorescent light source: original (left) and filtered (right)

Camera

Į
D

į
Figure 14. Incandescent light source: original (left) and filtered (right)

Į/2
ȕ

LED

Lmin
Lmax

Figure 16. Vertical adjustment of the camera
Figure 15. Direct sunlight: original (left) and filtered (right)

The coverage of the camera can be calculated as follows:

The task of the vision system is to determine the distance
and orientation of the robot relative to the marker when the
robot first recognises the LED in its frame. Instead of using a
dedicated distance measurement system, the camera itself is
used for this purpose. It is based on assessing the position of
the bright spot which is the result of the image of the infrared
LEDs in the image frame of the camera sensor.




Lmin

D  tan E

Lmax

D·
§
D  tan ¨ 90 0  G  ¸ 
2¹
©
D  tan E  D 




Given that the vertical viewing angle Į of the camera is
26.30, when it is inclined at į = 16.850 it can cover a range of
346-3000mm. This is adequate since the marker is usually
placed at the far end of the spillage compared to the place
where the robot will first recognise the marker. It has to be
noted that at larger distances the image of the LED array on the
camera sensor becomes too small (down to just one pixel).
This should be avoided because single pixel images can also be
the result of artefacts. The minimum number of pixels that
contribute to the white blob of the LEDs’ image should be
restricted.

Each IWARD robot can accommodate two or four service
module boxes (depending on the robot’s model) at two height
levels. In order to minimise pressure loss of the vacuum
cleaner, the cleaning module is always installed into the lower
drawer. This way the vertical position of the box of the
cleaning module is kept constant for all robots, so it is possible
to set a fixed height of the infrared LED array using the
adjustable stand (Fig. 8). For distance measurements the height
of the camera and that of the infrared LEDs should be
significantly different. In order to reduce the amount of direct
light entering the camera, the infrared LEDs are positioned
lower than the camera, so the camera is pointed downwards.

Once the camera inclination angle is set it is necessary to
calculate the sensitivity of the camera along its whole coverage
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(Fig. 17). When the distance between the LEDs and the camera
changes (dL) the image of the LEDs in the camera’s frame also
changes its position so the blob of the LEDs is viewed at a
changed angle (dȖ). Camera sensitivity S measured in
degrees/mm is defined as:


S ( L)

dJ

dL
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The actual horizontal distance L between the camera and
LEDs is calculated based on Fig. 18. For approximate
calculations it can be assumed that




yL
Y

L  Lmin
Lmax  Lmin





where yL is the vertical pixel position of the image of the
LEDs on the camera sensor at distance L, and Y is the vertical
dimension of the camera sensor (pixels).
From (4):

where the range of L changes from Lmin to Lmax (the coverage of
the camera). With the angular orientation defined above, the
sensitivity of the camera at 346mm distance from the LEDs is
0.072 deg/mm, whereas at 3000mm it drops to 0.0013
deg/mm. This means that at larger distances the accuracy of
distance measurement decreases and a two-stage approach is
required: a more precise measurement is performed when the
robot gets closer to the spillage area.



L

yL
Lmax  Lmin  Lmin 
Y



The horizontal angular orientation of the robot relative to
the marker LEDs is based on the horizontal position of the
image of the LEDs in the image frame of the camera (Fig. 19).
If the light spot is not in the middle of the frame the robot
needs to rotate in the specified direction.

Camera

į
D

IR LED
Į

dȖ

LED

ȕ

Rotate

Lmin

dL

Figure 19. Image of the LEDs on the camera sensor

Lmax

The angular orientation ĳ of the robot relative to the marker
LEDs can be calculated from Fig. 20:

Figure 17. Camera sensitivity calculations

Camera

Light spot
on sensor
Camera
sensor



D

yL

ȕ

Lmin

LED

§ xM
arctan¨¨
 tan Z
© X

· ,
¸¸
¹



where xĳ is the horizontal pixel position (measured relative
to the middle of the sensor) of the image of the LEDs on the
camera sensor at angle ĳ, X is half the horizontal dimension of
the camera sensor (pixels), and Ȧ is half the horizontal
viewing angle of the camera.
Once the robot is oriented towards the marker and its
distance is calculated it is navigated to the spillage and cleans
it up using localised movements.

Y

Į

M

L
Lmax
Figure 18. Distance measurement calculations
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As an alternative solution, a roller probe was designed
(Fig. 22). It contains five pairs of wheels; each pair contains a
positive and a negative detection probe wheel, and each wheel
in the pair is electrically insulated from the other and from the
body of the device. The wheels of identical polarity are
connected into a single probe. The two probes are connected
into the circuit of a relay. The device is mounted on the
underside of the robot on a spring-loaded suspension. The
staggered arrangement of the wheels ensures stability of the
device and a large covered area.

LED

X
xĳ
Ȧ
Camera
sensor

ĳ
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Light spot
on sensor

Camera
Figure 20. Horizontal orientation of the robot

B. Liquid Detection Sensors
Automatic detection of liquid spillages is possible using
their electrical, optical, physical and other properties.

Figure 22. Contact probe rolls

2) Optical sensors

1) Electrical contact sensors

Another way of detecting a spillage is by using one of its
optical properties: reflectivity. In this case a light source is
directed towards the spillage and depending on how intense
the light reflected by the object is, the sensor can determine if
the light is reflected from the floor or from a spillage. For the
purposes of this research, the best solution was to use diffuse
sensors because they only require one unit with the emitter
and receiver built into it. Also, with these sensors light is
scattered diffusely so the reflected light gets reflected at a
number of different angles at once. Liquid spillages tend to
have very good reflectivity, so the difference between the
reflectivity of the floor and the spillage could be detected
easily. If the reflective sensors are mounted underneath the
robot, during spillage detection the robot itself prevents
unwanted reflected lights from outside sources to interfere
with the measurements.
Since visible and infrared light may be absorbed and
reflected from the same material differently, a combination of
sensors could be an advantage. For this research, two diffuse
sensors were used. The first sensor is an Allen Bradley 42JSD2MPA1-F4 diffuse photo sensor [5] that uses a red light
source (Fig. 23).

Liquids that are reasonably good electrical conductors can
be recognised by electrical sensors by monitoring any changes
in conductivity of the floor. In hospitals, the floors are
generally made from an insulating material (vinyl, tiles) with
an extremely low electrical conductivity. Therefore, it would
be possible to detect the larger conductivity of a spilled liquid
on the floor and disregard the much smaller conductivity of
the floor itself.
Devices like the ABUS flood detector [4] are in effect
electronic switches with a normally open contact which is
short circuited through a spillage (Fig. 21). The main
disadvantage of such a device is that the sensor’s electrodes
need to be immersed in the liquid. This is not convenient
because the sensor itself would hinder the movement of the
robot.

Figure 21. ABUS flood detector
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original shape of the soap spillage was highly convex and
light from the surface was reflected in directions other than
that of the sensor.
From the experiments it is clear that since hospital floors
are generally with lower reflectivity, spillage sensors have a
good potential to automatically detect spillages on the floor.
IV.

REGULAR CLEANING

As opposed to spot cleaning, regular cleaning is performed
according to a schedule and the floor of the target area (room,
ward) is cleaned entirely. For guaranteed cleaning a cleaning
pattern should be developed (Fig. 25). However, this is time
consuming as a hospital map is required and the process is not
flexible. Also, objects placed dynamically may interfere with
the pattern.

Figure 23. Allen Bradley diffuse photo sensor

The second sensor is an Omron E3F2-DS30B4-2M [6]
infrared diffuse scan sensor (Fig. 24).

Figure 24. Omron infrared diffuse scan sensor

3) Experiments with the liquid detection sensors
The liquid detection sensors were tested with a wide range
of liquids on matte and shiny floors. In order to increase the
robustness of the system, both sensors were used at the same
time and the detection signal could come from any of the two.
The results of the test are shown in Table 2. In the table, a
successful detection is shown by an X, and an unsuccessful
detection is shown by an O.
TABLE II.

Spill liquid
Distilled water
Tap water
Salt water
Vegetable oil
Floor cleaner
Hand soap
Disinfectant
Carbonated
drink

Figure 25. Regular cleaning pattern

EXPERIMENTAL RESULTS WITH SPILLAGE SENSORS

Matte surface
Red
IR
X
X
X
X
X
X
X
X
X
X
O**
O**
X
X
X
X

Shiny surface*
Red
IR
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Contact
probe
X
X
X
X
X
X
X
X

*It has to be noted that due to the higher reflectivity of the
shiny surface, the diffuse sensor’s threshold had to be
increased. Also, spillages on the shiny surface were only be
detected by their edges; throughout the rest of the surface the
spillage could not be detected.
**Although hand soap simply spilled on the matte surface
was not detected by either of the diffuse sensors, when the
soap was flattened on the surface, detection was possible. The
reason for this is most likely that due to its high viscosity the

Figure 26. Random cleaning path

In order to avoid preparing cleaning patterns for each room
in a hospital, random cleaning can be used. One of the random
path examples implemented for the IWARD robots is shown in
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Fig. 26. The robot moves in an arbitrary direction until its
motion is hindered by an object. It then turns at an arbitrary
angle and again moves in that direction until its movement is
limited by an obstacle. Cleaning stops after a pre-defined time
period.

Eds. Leo J De Vin and Jorge Solis

Another option for using random paths is when the robot
makes arbitrary linear and circular movements with a
predefined length (Fig. 28). Since random movements would
not guarantee that all areas of a room are cleaned, it is possible
to map the cleaned areas the same way as described above and
guide the robot into the uncleaned areas later for additional
cleaning.

Since the position and orientation of the robot is known at
all times, the path of the robot can be calculated. Based on this
path and the dimensions of the cleaning nozzle during both
linear motions and turning, it is possible to plot the cleaned
areas (Fig. 27).

V.

TESTING

The robot system (including the cleaning module) was
tested and evaluated by healthcare professionals (nurses and
auxiliaries) in two hospitals: in Newcastle, UK, and in San
Sebastian, Spain. The results of the evaluation prove the
concept of implementing a large number of small,
reconfigurable robots in hospitals.
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Figure 27. Cleaning path (left) and area cleaned (right)
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Abstract— The cerebrovascular accidents (CVA or strokes) are
the leading cause of adult disability and the second leading cause
of dementia, both in high-income and in developing countries.
130 000 French are affected every year by a stroke. 15 million
people from worldwide are affected by stroke. Two-thirds of
stroke victims remain with hemiplegia. And meanwhile, they
got very serious locomotion problems that limit their autonomy
during the daily life. In regard to getting complete pathology
information for every patient, as well as improving the treatment
(physiotherapy, toxin injection, etc.), it becomes more and more
important to acquire the gait parameter knowledge which has
been generated from hospital settings via quantiﬁed gait analysis
experiments, and daily data storage displacement as well. It is
also necessary for physicians to have a feedback on the effects
of treatment applied to the patients to modify and/or improve
it. The proposed system adopts 7 inertial measurement units
arranged on the lower limbs for calculating the characteristic
angles of the various segments. The results from this system
have been compared to the reference variables which generated
from our Vicon referencial equipment. And the low level of error
founded between the reference and our embedded system data
has been contributed to its validation. The target of this system
is to be worn by the person to store and analyze gait parameters
in everyday life displacements.

I. I NTRODUCTION
The World Health Organization estimates that, in 2002,
15.3 million people were victims of a cerebrovascular
accident (CVA) in the world, a third died and a third guard
permanent sequelae and live at the expense of their family or
community [1]. In France, the incidence is of 130,000 cases
per year. Stroke causes multiple sensory, cognitive and motor
disabilities. Two thirds of stroke victims keep gait troubles
which are characterized by a deterioration of the ﬂuidity and
the walking speed. Epidemiological data indicates that at the
3rd month, a third of patients are unable to walk, and at the
sixth month, more than 30% of the patients cannot still walk
independently yet.
Among its main disorders, hemiplegia is a major
consequence of cerebrovascular accident (CVA). Hemiplegia
causes as main disorders for a gait imbalance. Many studies
highlight an asymmetry during walk between the deﬁcit and
the non-deﬁcit sides. They objectify an increasing of the
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time of double support, a diminution of the duration of the
oscillating phase for the deﬁcient side and an increase of the
duration of the gait cycle.
Walking of hemiplegic patients is characterized in particular
by a decrease in walking speed and cadence of the step, the
step length and endurance, a deﬁcit of peak ﬂexion for hip
and knee, and a deﬁcit of ankle dorsiﬂexion in swing phase
[2]. All kinds of treatments whether medical or paramedical
aims at reducing these deﬁcits and this asymmetry to improve
locomotion and therefore individual autonomy.
Gait analysis is the systematic study of human locomotion
[3]. This type of analysis involves the measurement,
description, and assessment of quantities that characterize
human locomotion. Through gait analysis, the gait phase can
be identiﬁed, the kinematic and kinetic parameters of human
gait events can be determined, and musculoskeletal functions
can be quantitatively evaluated. As a result, gait analysis has
been employed in sports, rehabilitation, and health diagnostics.
To analyze the human gait, the movement must be ﬁrstly
captured. So far, different systems allow this capture of the
movement of the body with different types of devices. These
systems can be divided into [4]:
• visual system with markers
• visual system without markers
• non-visual system
A visual system with markers has several infrared cameras
which linked to a computer and placed around a walkway.
The patient has been equipped markers located several joints
and segments of the body. The patient walks in the area where
the visual system can capture the image and a computer
could calculate the trajectory of each marker whthin a 3D
space. With a human model, the computer gives a completed
information of the movement for each joint. These systems
have a good precision for short-distance ambulation, the
effectiveness was tested in laboratory. However, this method
is expensive and uses cumbersome equipment attached to
the patient in their activities. In addition, all these studies
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were done in the hospital setting, in a speciﬁc environment,
and often very different from those encountered in the daily
lives of patients. It is difﬁcult for clinicians in conjunction
with the patients to perceive the impact of their treatment
everyday, also the capacity of recovery out of a rehabilitation
care setting.
A visual system without markers uses several video cameras
(e.g. Kinect) [4]. By using this system, the movements of
human could be recoded in a video, then analyzed using
techniques of image processing. This method is less expensive
than visual system with markers, and there are no equipment
attached to the patient. However, the results of these systems
are still not precise enough to characterize and quantify the
movement of human.
In both cases, experiments are conducted in speciﬁc
environments.
There is a need for an alternative analysis method that could
be capable of providing quantitative and repeatable results
over extended time periods. A system that can quantitatively
analyze gait for patients and can offer to clinicians and
patients new opportunities for diagnosis and treatment of
walking problems. Gait analysis using embedded system is a
low cost, convenient, and efﬁcient method to providing useful
information to evaluate human gait during a long time period
and in many kinds of environment of walk. It can be used as
a clinical tool applied in the rehabilitation and diagnosis of
medical conditions and sport activities, gait analysis, etc.
A non-visual system adopts Inertial Measurement Units
(IMU) to capture data from human movement [5][6][7].
An IMU is composed of accelerometer, gyro-meter and
magnetometer. An IMU using the technology of microelectromechanical systems (MEMS) has many advantages
such as a small size, a low consumption, a lightweight and a
low cost. This kind of sensor can be attached to various parts
of the patient’s body easily. With a sensor networks of IMUs,
a completed information of the movement of each joint
can be reckoned, the gait phases can be identiﬁed and the
kinematic parameters of human gait events can be determined.
As told, the purpose of this work is the design of an
embedded set of low cost sensors that could be worn by a
hemiplegic person during his/her everyday life displacements.
Data stored during the displacements will be sent to
the clinician who will be able to better understand the
patient’s behavior and reﬁne both its diagnosis and treatment
(physiotherapy, toxin injections, massages, exercises, etc.). It
is only the ﬁrst part of a wider project that aims at creating
a medical decision system to inform the patient of he/she
fatigue level, deterioration of locomotion, transmit data for
an a posteriori analysis by therapeutists.
In this paper, section II presents the architecture of Hemi-
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GaitEm. Section III hihglights the method which used to
estimate the posture of human body. Finally, the results are
detailed in section IV.

II. S YSTEM A RCHITECTURE

A. System organization
The block diagram gives the structure of the system. It
consists of the following parts:
•
•
•

power supply module: provides the card processor a
voltage of 5V and a current minimum of 600mA.
acquisition module: consists of seven Inertial Measurement Units (IMU) and four force sensors.
processing and recording module: uses a Beaglebone
development board to process information provided by
the acquisition module and saves them into an SD card.

Fig. 1.

Block Diagram

B. Placement of sensors
To characterize the gait, we mainly need to measure the
angles of basin, thighs, legs and feet relative to the horizontal
and the vertical directions, and the angles between these
segments as well. For doing this, we place 7 IMUs on each
of the segments as shown in Fig 2. The IMU provide us
with accelerations (by means of 3D accelerometers), angular
velocity (3D gyroscopes) and orientation (3D magnetometers).
These data will be used to estimate the angles of segments and
inter-segment angles. Two force sensors are placed under each
foot of a patient. These sensors detect the instants at which
the heel or the forefoot come in contact with the ground.
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3) development platform: Beaglebone (ﬁgure 5) is a low
cost, credit-card-sized Linux computer that connects to the
Internet and runs software such as Android 4.0 and Ubuntu.
With plenty of I/O and processing power for real-time analysis
provided by an AM335x 720MHz ARM processor, Beaglebone can be complemented with cape plug-in boards to
augment functionality.

Fig. 2.

Placement of Sensors

C. Description of components and subsystems
1) IMU: The 9DOF IMU incorporates three sensors:
• ITG-3200 - triple-axis digital-output gyroscope
• ADXL345 - 13-bits resolution, 16g, triple-axis accelerometer
• HMC5883L - triple-axis, digital magnetometer
The outputs of all sensors are processed by an on-board
ATmega328 and output over a serial interface.

Fig. 5.

•
•
•
•
•
•
•
•
•

Fig. 3.

Sparkfun Low Cost Inertial Measurement Unit

2) Force sensor: The FSR400 (ﬁgure 4) is a small force
sensitive resistor. It has a 4 mm diameter active sensing area.
This FSR from Interlink Electronics will vary its resistance
depending on how much pressure is being applied to the
sensing area. The higher the force, the lower is the resistance.
When no pressure being applied to the FSR, its resistance will
be greater than 1MΩ, with full pressure applied the resistance
will be 2.5kΩ.

Beaglebone Platform

Processor: AM335x 720MHz ARM Cortex-A8
256MB DDR2 RAM
3D graphics accelerator
ARM Cortex-M3 for power management
2x PRU 32-bit RISC CPUs
USB client: power, debug and device
USB host
Ethernet
2x 46 pin headers

In this project, the Beaglebone card is being used to control
the IMUs and force sensors, to process the data received from
the sensors, to calculate the angles of segments and intersegment angles and to save them to a SD card.
The presented hardware has to be considered as a prototype
that has been used in the hospital indoors and outdoors
environment. The ﬁnal system, now under construction, will
use wireless transmission and a low power processor card
instead of the Beaglebone.

III. O RIENTATION ESTIMATION
A. Coordinate system

Fig. 4.

It’s necessary to deﬁne a suitable coordinate system while
describing the motion of a segment of human body. Two
coordinate systems are used in this application. One coordinate
system is ﬁxed to the earth and may be considered for the
purpose of segment of human motion analysis to be an inertial
coordinate system. The other coordinate system is ﬁxed to the
IMU and is referred to as a body coordinate system. Figure 6
shows the two right-handed coordinate systems.

FSR400 Force Sensor
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respectively. The reverse rotation of QA
B , the rotation form the
coordinate system B to coordinate system A is represented by
the quaternion conjugate denoted by QB
A (Equation 3).
θ
−sin ∗rz ]
2
(3)
The quaternion multiplication, denoted by ⊗, can be used to
represent the rotation in space. For example, two successive
B
rotations QA
B and QC , the combination of the two rotations,
A
denoted QC is calculated using Equation 4.
∗

A
QB
A = QB = [cos

Fig. 6.

Coordinate System of IMU and Coordinate System of the Earth

The orientation of the segment for human body can be
described by three consecutive rotations, whose order is important, in this application we used Z, Y, X as order of rotation.
The angular rotations are called the Euler angles[8]. Imagine
the IMU to be positioned so that the axis of coordinate system
of IMU is parallel to coordinate system of the earth and then
apply the following rotations:
• 1. Rotate the body about its zb axis through the yaw angle
ψ
• 2. Rotate the body about its yb axis through the pitch
angle θ
• 3. Rotate the body about its xb axis through the roll angle
φ
B. Representation of spatial rotation
1) Quaternion: Unit quaternions provide a convenient
mathematical notation for representing orientations and rotations of objects in three dimensions [9]. Compared to Euler
angles they are simpler to compose and avoid the problem
of gimbal lock. Compared to rotation matrices they are more
numerically stable and may be more efﬁcient. Unit quaternion
can be written as Equation 1:

θ
2

θ
−sin ∗rx
2

θ
−sin ∗ry
2

A
B
QA
C = QB ⊗ QC

(4)

The product of two quaternions A and B is calculated using
Equation 5. The multiplication of quaternions is not commutative.
Q=A⊗B
Q = [Q1 Q2 Q3 Q4 ] = [A1 A2 A3 A4 ] ⊗ [B1
B2 B3 B4 ]
Q1 = A1 ∗ B1 − A2 ∗ B2 − A3 ∗ B3 − A4 ∗ B4
Q2 = A1 ∗ B2 + A2 ∗ B1 + A3 ∗ B4 − A4 ∗ B3
Q3 = A1 ∗ B3 − A2 ∗ B4 + A3 ∗ B1 + A4 ∗ B2
Q4 = A1 ∗ B4 + A2 ∗ B3 − A3 ∗ B2 + A4 ∗ B1
(5)

2) Euler angles: The Euler angles are three angles introduced by Leonhard Euler for describing the orientation of a
rigid body. To describe such an orientation in 3-dimensional
#
Euclidean space three parameters are required. The Figure
Q = s+xi+yj+zk with Q = s2 + x2 + y 2 + z 2 = 1
8 shows a rotation from coordinate system of the earth to
(1)
coordinate system of IMU. In our application we deﬁned
Rotation in space can be represented by a rotation of angle θ
the rotation applied in the order of Z → Y → X. Euler
around the vector r (Figure 7). It can be written in the form
of unit quaternion (Equation 2).

Fig. 7. Rotation from the Coordinate System A to the Coordinate System
B with a Rotation Angle of θ around Vector 
r

!
r = [rx ry rz ] avec r = rx2 + ry2 + rz2 = 1
θ
θ
θ
θ



QA
B = cos 2 + sin 2 ∗ rx ∗ i + sin 2 ∗ ry ∗ j + sin 2 ∗ rz ∗ k
θ
θ
θ
θ
A
QB = [cos 2 sin 2 ∗ rx sin 2 ∗ ry sin 2 ∗ rz ]
(2)
In Equation 2, rx , ry and rz deﬁne the components of the
unit vector r in the x, y and z axes of coordinate system A
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Fig. 8. Rotation from Coordinate System of the Earth to Coordinate System
of the IMU and its Euler Angles

angles also represent three composed rotations that mind a
reference coordinate system to a given coordinate system. This
is equivalent to saying that any orientation can be achieved by
composing three elemental rotations (rotations around a single
axis), and also equivalent to saying that any rotation matrix
can be decomposed as a product of three elemental rotation
matrices (Equation 6) [8]. Equation 7 is the result of Equation
6.
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RIE = Rz (ψ)Ry (θ)Rx (φ) =
⎤⎡
cosψ −sinψ 0
cosθ
⎣ sinψ cosψ
0 ⎦⎣ 0
0
0
1
−sinθ
⎡

4) Orientation from angular velocity: A tri-axis gyroscope
measures the angular velocity about the x, y and z axes in the
coordinate system of IMU, noted ωx , ωy and ωz in rad/s
⎤⎡
respectively. We can write them in form of a vector with 4
0 sinθ
1 0
elements (Equation 12). The quaternion derivative describing
⎦ ⎣ 0 cosφ
1 0
the angular change of orientation of the coordinate system
0 cosθ
0 sinφ
of IMU relative to the coordinate system of the earth can be
(6)
calculated [10] with Equation 13.

⎤
0
−sinφ ⎦
cosφ
⎡

cosθcosψ
RIE = ⎣ cosθsinψ
−sinθ

ω = [0

−cosφsinψ + sinφsinθcosψ
cosφcosψ + sinφsinθsinψ
sinφcosθ

(7)

⎤
sinφsinψ + cosφsinθcosψ
−sinφcosψ + cosφsinθsinψ ⎦
cosφcosθ
The rotation matrix can be written
⎡
rxx ryx
RIE = ⎣ rxy ryy
rxz ryz

in simpliﬁed form:
⎤
rzx
rzy ⎦
(8)
rzz

Euler angles ψ, θ and φ describe an orientation of coordinate
system of IMU achieved by the sequential rotations from the
coordinate system of the earth to the coordinate system of
IMU. They can be calculated as Equation 9.
⎧
⎨ ψ = atan2(rxy , rxx )
θ = −sin−1 (rxz )
(9)
⎩
φ = atan2(ryz , rzz )

3) Conversion between quaternion and Euler angles: The
quaternion like Q = [Q1 Q2 Q3 Q4 ] can be represented
as the rotation matrix (Equation 10). This matrix is equivalent
to the matrix described by Equation 7, so we can apply Equation 9 in this matrix. The equation of conversion quaternion
to Euler angle is described by Equation 11.
⎡

RIE

1 − 2(Q23 + Q24 )
= ⎣ 2(Q2 Q3 + Q1 Q4 )
2(Q2 Q4 − Q1 Q3 )
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2(Q2 Q3 − Q1 Q4 )
1 − 2(Q22 + Q24 )
2(Q1 Q2 + Q3 Q4 )

⎤
2(Q1 Q3 + Q2 Q4 )
2(Q3 Q4 − Q1 Q2 ) ⎦
1 − 2(Q22 + Q23 )
(10)

⎧
⎨ φ = atan2(2(Q1 Q2 + Q3 Q4 ), 1 − 2(Q22 + Q23 ))
θ = arcsin(2(Q1 Q3 − Q4 Q2 ))
⎩
ψ = atan2(2(Q1 Q4 + Q2 Q3 ), 1 − 2(Q23 + Q24 ))

(11)
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ωX

ωY

ωZ ]

(12)

1 E
(13)
Q˙E
I t = QI t−1 ⊗ ω
2
The orientation of the coordinate system of IMU relative to the
coordinate system of earth at time t, QE
I t , can be calculated
by numerically integrating the quaternion derivative dotQE
I t
with Equations 14. In this Equations, ω is the angular velocity
measured at time t, Δt is the time between 2 measure and
QE
I t−1 is the orientation at the time of last measure.
1 E
E
QE
(14)
I t = QI t−1 + QI t−1 ⊗ ωΔt
2
If we calculate numerical integral of angular velocity in a
long time, a drift will appear, this is due to zero offset of the
gyroscope, and also numerical integral makes tiny error every
time, these errors cumulate in all time of measure. Figure 9
gives the shape of the angular variation of the thigh during
normal walk. This curve is calculated by numerical integral
of the gyroscope data. For a period of ten seconds, the curve
drifts about 14 degrees upwards.

Fig. 9. Angular Variation of the Thigh which is Calculated by Numerical
Integral.

5) Data fusion: The purpose of data fusion is to compensate for drift during the measurement period. In our application, the integration step is about 20ms, as the step is small,
the drift is small in each measurement period. We just need
to attenuate or amplify the angles calculated by numerical
integral.
In the coordinate system of earth, the direction and magnitude of gravity and earth’s magnetic ﬁeld are invariant. An
accelerometer and a magnetometer measure the components
of the gravity and the magnetic ﬁeld in the coordinate system
of IMU. The vectors of gravity and magnetic ﬁeld in the
coordinate system of the earth are described in Equations 15
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and 16. The acceleration and the magnetic ﬁeld measured in
the body are described by Equations 17 and 18.
G = [0
M = [0

0

MX

0

1]

(15)

0 MZ ]

(16)

Gm = [0 GmX

GmY

GmZ ]

(17)

Mm = [0 MmX

MmY

MmZ ]

(18)

After computation of the orientation of the coordinate system
of IMU QE
I t , we calculate the components of gravity and
magnetic ﬁeld projected into the coordinate system of IMU
with Equations 19 and 20.
∗

E
Gc = Q E
I t ⊗ G ⊗ QI t

(19)

∗

E
Mc = Q E
I t ⊗ M ⊗ QI t

(20)

In the ideal case, the numerical integral of information issued
by the gyrometer does not drift. Both vectors calculated Gc
and Mc must be equal to two vectors measured Gm and Mm .
Therefore QE
I t may be found as the solution of equation of
error (Equation 21 et 22).
∗

E
min(QE
I ⊗ G ⊗ QI − Gm)

(21)

∗

E
min(QE
I ⊗ M ⊗ QI − M m)

2ry Q4 − 2rz Q3
⎣ −2rx Q4 + 2rz Q2
J(QE
I , r) =
2rx Q3 − 2ry Q2

−4rx Q3 + 2ry Q2 − 2rz Q1
2rx Q2 + 2rz Q4
2rx Q1 + 2ry Q4 − 4rz Q3

2ry Q3 + 2rz Q4
2rx Q3 − 4ry Q2 + 2rz Q1
2rx Q4 − 2ry Q1 − 4rz Q2

⎤
−4rx Q4 + 2ry Q1 + 2rz Q2
−2rx Q1 − 4ry Q4 + 2rz Q3 ⎦
2rx Q2 + 2ry Q3

(26)

(27)

Figure 10 shows the process of data fusion. During each
period of the measurement, we calculate orientation using
numerical integral of angular velocity ﬁrstly, then we apply
compensation in the axis Y and X in using data of accelerometer, at last we compensate the drift of axis Z with data
of magnetometer. The Figure 11 and 12 show the result of
compensation of drift in using the gradient descent algorithm.
We can see that after apply the compensation there are no drift
both in static and dynamic conditions.

(22)

If the minimum of equations 21 and 22 are equal to 0, the
vectors calculated and measured are identical, it means the
numerical integral of gyro-meter isn’t drift. The problem of
compensating for drift become diminish the error of measure.
The gradient descent algorithm is a simple method to both
implement and compute [11]. Equations 23 describes the gradient descent algorithm, QE
I test is the estimated orientation,
the orientation QE
is
calculated
by numerical integral, μ is the
I t
step-size, r is a reference direction of the ﬁeld in the coordinate
system of the earth (G or M ), m is the measured value of
the ﬁeld in the coordinate system of the earth. Equation 24
computes the gradient of equation of error f , function f and
its Jacobian is deﬁne by Equation 25 and 26.

E
QE
I test = QI t − μ

⎡

Fig. 10.

Block Diagram Representation of Data Fusion.

f (QE
I t , r, m)
  f (QE
I t , r, m)

with

∗

E
f = QE
I t ⊗ r ⊗ QI t − m

T
E
E
f (QE
I t , r, m) = J (QI t , r)f (QI t , r, m)

f (QE
I , r, m) =
⎡
2rx ( 12 − Q23 − Q24 ) + 2ry (Q1 Q4 + Q2 Q3 )
⎢ +2rz (Q2 Q4 − Q1 Q3 ) − mx
⎢
⎢ 2rx (Q2 Q3 − Q1 Q4 ) + 2ry ( 1 − Q2 − Q2 )
2
4
⎢
2
⎢ +2rz (Q1 Q2 + Q3 Q4 ) − my
⎢
⎣ 2rx (Q1 Q3 + Q2 Q4 ) + 2ry (Q3 Q4 − Q1 Q2 )
+2rz ( 12 − Q22 − Q23 ) − mz

(23)
(24)

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(25)
Fig. 11. The Calculated Angle with Compensation of Error of Integral in
10 Seconds of Normal Walk.
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Fig. 12. The Calculated Angle with Compensation of Error of Integral in
10 Minutes.

Tests in static and dynamic conditions show that the adopted
method is effective to compensate for the drift of the gyroscope during walk. The quality of estimation is related to
the conditions of use of the IMU (vibration, percussion and
external accelerations experienced during a long time ... ). Our
estimation uses data from the accelerometer and magnetometer
as a reference to compensate for drift of gyro-meter. If the
IMU working on a extreme condition very long, we still have
the risk of incorrect estimated value. In the case of walking,
these conditions occur periodically, but not during long time,
the precision of estimated values remains acceptable .

Eds. Leo J De Vin and Jorge Solis

HemiGaitEm. These two curves coincide with each other most
of the time. And they also have a good synchronicity, the
local extremum of these two curves appear at the same time.
Among the data of hip, knee and ankle, the hip data have
the best precision and the lowest RMS error, the knee data
comes second and the ankle data seems to provide the less
precise. The accuracy and similarity depend on the placement
of inertial measurement module. The lower limb of human
can be modeled with triple pendulum. The IMUs placed on
pelvis and thigh are the closest to the center of rotation (hip)
and, during the walk, they take less external shocks. That’s
the reason why the hip data have the best accuracy and
similarity. The IMUs placed on calf and foot are the farlest
from the central of rotation, and bear the external shocks at the
moment when the feet touch the ground and leave the ground.
The accuracy of accelerometer is seriously disturbed at these
moments. When the interference disappears, the data converge
on the correct value.

IV. R ESULTS
In order to examine the precision of HemiGaitEm, several
experiments have been performed for different walking scenarios. The ﬂexion and extension of hip, knee and ankle which
are calculated by HemiGaitEm are compared with the data
captured by 3D optical motion analysis system (Vicon). The
experiments are performed in the gait analysis laboratory. The
person under experiment is equipped with both HemiGaitEm
and markers for the 3D optical motion analysis system. He/She
walks on the treadmill during 3 minutes. The data of movement are recorded by HemiGaitEm and 3D optical motion
analysis system at the same time. The parameters kinematic
of HemiGaitEm are calculated in real-time. The kinematic
parameters of 3D optical motion analysis system are processed
after experiments.

Fig. 13. Comparison in Time Domain Between HemiGaitEm and 3D Optical
Motion Analysis System during 47 Seconds.

B. Comparison in gait cycle

A. Comparison in time domain
The Figure 13 shows the ﬂexion and extension of hip,
knee and ankle calculated by HemiGaitEm and 3D optical
motion analysis system during 47 seconds. The root-meansquare (RMS) difference between ﬂexion and extension of hip
calculated by HemiGaitEm and 3D optical motion analysis
system is 2.96◦ . The RMS difference of ﬂexion and extension
of knee is 3.01◦ and 3.26◦ for ankle. The correlation between
HemiGaitEm 3D optical motion analysis system is 0.98 for
ﬂexion and extension of hip, 0.99 for knee and 0.9112 for
ankle.
In Figure 13, we can see that there is a great similarity
between the data of 3D optical motion analysis system and
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Generally, in gait analysis, we decompose the movement
data into gait cycle by using the force sensors which placed
under heel and forefoot. Each cycle has been separated by
the instant when the heel touches the ground. Figure 15, 16
and 14 show data of hip, knee and ankle decomposed by the
3D optical motion analysis system (left), and HemiGaitEm
(right). After divided into gait cycles, data of two systems
remain as accuracy and synchronization as in the time domain.
We nevertheless observe a delay whose value is about 5% of
gait cycle. The experiments prove that the delay is repeatable,
remains stable and can be easily taken into account.
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V. C ONCLUSION
This paper presents a low coast embedded system for gait
analysis of persons with hemiplegia. This system aims at being
worn by a person and used during his/her everyday life, i.e,
in realistic situations. It computes in real time the parameters
of kinematic and records them. The various biases coming
from the IMUs have been compensated. A comparison of the
measurement with those given by a reference Vicon system
show a good accuracy which is less than 3.26◦ . At term,
the system will be used not only to compute and store gait
parameters but also to detect the slope of the environment,
estimate the degradation of the walking parameters to inform
the patient of the risk of tumble. A wireless and low energy
consuming release of the system is under development.
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Abstract — Information support for the operation systems over
ground vehicles with the enhanced independence level is
proposed to implement by interconnecting these accelerometers
systems and multifunctional vision system. There are
descriptions of some experiments with elements of similar
information system.
Key words: ground vehicle navigation, on-board inertial system
without angular velocity sensors, accelerometers systems, vision
system, and optical flow.

I.

INTRODUCTION. REF. POSSIBILITY TO DETERMINE
OBJECT COORDINATES AND ORIENTATION BASED ON
ACCELEROMETERS SYSTEM

When solving the navigation task with ground vehicles
with the enhanced independence level (theoretically, without
human input) there appear some difficulties. In the urban
environment it refers to the necessity to determine the vehicle
orientation with the big quantity of stops and available places
where there is no signal reception from navigation satellites.
High maneuvering of movements in cities makes complicated
the use of traditional means of on-board inertial navigation
systems, in particular, angular velocity sensors. Additional
constraints are caused by the drive to solve navigation tasks
with the use of economically effective means.
Meantime, some circumstances permit to review new
possibilities in supply for the on-board navigation.
First. As a theoretical basis it’s possible to rely on the
results of researches for the independent inertial navigation
systems [1, 2]. These researches, in particular, say about the
possibility to solve the task of determining the object
coordinates and orientation using the accelerometer systems
without applying any gyroscopic measurers. Furthermore, for
the case of spherical field of Earth gravitation, using the data
ref. the mark of projection of the object angular velocity on

any axis, it’s possible to determine the object coordinates and
orientation with the help of solving the system for algebraic
equation [2].
Second. The current level of the sensor system
development permits to widely use, within the information
systems, vision systems and effectively interconnect various
sensor subsystems [4-8]. Meantime, the total cost for the
information system remains within the limits of economic
efficiency.
The report describes a possibility to determine the mobile
object coordinates and orientation based on measurements of
the systems for non-expensive accelerometers and vision
system (VS). The volume of the on-board system for
information support excludes rather expensive angular
velocity sensors which in conditions of highly-maneuvering
ground movements, with big quantity of stops, require
permanent adjustments in terms of external data, while vision
systems, on the contrary, show their versatility due to the
flexibility of mathematic supply. The following tasks are
allotted on the vision system within the systems of
information support for mobile facilities: to determine
landmarks in the environment around the vehicle [7]; to
evaluate the parameters of the vehicle movement (in
particular, speed and angular velocity) under the optical flow
[8-10].
II.

EXPERIMENTS WITH THE SYSTEM ELEMENTS

The report provides results of the tests with the use of
accelerometer system and VS on the specifically created stand
simulating movements similar to those of the ground vehicles.
The stand has been made of general components
permitting to work both within the stand and on board of a
vehicle, within the information system solving the navigation
task (fig. 1). The rotating part of the stand consists of:
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x

Platform with 1.53m dimension with the degree of
freedom, i.e. rotation around the vertical axis, marked
with two LED beacons;

x

On-board TCEU (portable system block of the fullfunction computer) with the software providing the
data collection and processing;

x

Four 3-coordinate assembly units of accelerometers
ȼɋ 201 (http://www.zetlab.ru/), connected to the onboard
computer
with
NI
USB-6008
(http://www.ni.com);

x

Two analogous video-cameras ɄɊɋ (KT&C)
connected to the on-board computer with frame
grabbers;

x

GPS receiver antenna;

x

Power supply unit (battery).

Eds. Leo J De Vin and Jorge Solis

Figure 1. General view of the stand for experiments with the
navigation system of the ground vehicles.

The stand also includes “external” vision system with
high-resolution video-camera, in which field of vision there is
a stand platform, and the algorithmic provision permits to
determine the position of the stand platform with high
precision.
III.

RESEARCH FOR THE ASSEMBLY UNITS OF
ACCELEROMETERS

The mathematic model of the stand is constructed. The
physical modification of the positions of the stand platform in
the experiments is reconstructed a posteriori by video image
received with the external vision system. In the field of vision
of this VS there observed some rotations of all the parts of the
stand marked with specific beacons. The reconstruction of the
rotations is done in digital format which permits to calculate
real accelerations suffered by accelerometers. The calculated
accelerations are compared with the data of the measurements
of the accelerometers. By the comparison results there
performed a testing and calibration of the sensing elements of
the accelerometers, electric units, and the system as a whole.
In addition to the researches for the possibilities of nonexpensive accelerometers DC-201, there has been done a
comparison of their data with the data received from wellknown integrated navigation system IG-500N (SBG systems),
also installed on the platform of the testing stand (fig. 2). SBG
device is fixed above the assembly unit of the accelerometers
3.
The rotating platform of the stand is a solid body. The
platform is rigidly connected with the system of coordinates
Oxyz. Axis Oz is non-rotatable and it’s a swinging center for
the platform. Its direction from top to bottom is done as
accurately as possible to provide with the use of bubble level.
Rotation of the platform is reconstructed based on videoinformation received from the digital high-resolution videocamera (1900ɯ1200). The camera is non-rotatable and fixed
about 2m high above the surface Oxy near axis Ox3. Surface of
CCD matrix is almost parallel to the surface Oxy. In this
surface we’ll introduce the coordinates system CXY. Point in
the surface Oxy with coordinates (x, y) is shown on the surface
CXY as a point with coordinates

Figure 2. SBG device installed together with the author’s assembly
units of accelerometers DC-201 (1- GPS antenna, 2-integral assembly
of inertial sensors IG-500N, 3 three-coordinate assembly units of
accelerometers).

X

X O  x cos M  y sin M 

Y

YO  x sin M  y cosM 

On the platform in the surface Ox1x2 there are two color
beacons, i.e. red and blue. Length of the segment of the
straight-line connecting beacons is about 1.5m, and the
midpoint of this segment is located a few centimeters from
point O. Coordinates of the geometric gravity centers of
pictures of these beacons in the surface CXY will be defined
accordingly (Xr, Yr) and (Xb, Yb). These coordinates are given
in pixel.
When testing the accelerometers, the platform is moving at
random, i.e. on some time segments it is being manually
rotated, between these segments it is moving by inertia.
During the movement the coordinates of the images of the
beacons are determined at discrete instants of time t with
variable pitch which values are close to 0.08 s. As a result we
come to the number sequence


tn, Xr,n, Yr,n, Xb,n, Yb,n (n = 1, 2, ..., N)



where Xr,n|Xr(tn), Yr,n|Yr(tn) etc. Statistic processing of this
sequence permits to reconstruct the movement of the platform
and acquire estimated analogues of the measurements located
on the platform of accelerometers. Comparison of the
estimated analogues with the corresponding data of the
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3

measurements permits to judge about the precision of
accelerometers.



Processing of the data of the measurements (1) is done
under several stages. First, the precision of the data is
evaluated. The evaluation is based on the fact that points (Xr,n,
Yr,n) must be within the circle radius Rr with the center at
point(XO, YO); points (Xb,n, Yb,n) must be on the circle with the
same center and slightly different radius Rb. In order to verify
how accurately this condition is provided, equations

We believe that ) r , n | ) r (t n ) , ) b, n | ) b (t n ) , ) r –
angle between axis CX and ray drawn from point O to the red
beacon, ) b – angle between axis CX and ray drawn from
point O to the blue beacon.

( X r ,n  X O ) 2  (Yr ,n  YO ) 2

t n , ) r , n , ) b, n , (n = 1, 2, ..., N)

The number sequences (1) and (3) will be smoothed with
the trigonometric expression as follows

Rr 

M

Rb , (n = 1, 2, ..., N)

( X b, n  X O ) 2  (Yb, n  YO ) 2

a M 1  a M  2 (t  t1 ) 

2

¦a

m sin

m 1

S m(t  t1 ) 
t N  t1

Each expression is a sum of functions and interval of sine
Fourier series. This sort of expressions is convenient to use for
approximation of arbitrary differentiable functions specified
on the interval t1dtdtN [3]. Coefficients of these expressions
are found by data (1) and (3) with LS method. Smoothing
1
1
expressions will be specified Xr,sm(t), Yr,sm(t) etc.
XO
med{ X r , n  X b, n }  YO
med{Yr , n  Yb, n }  3 
2
2
The constructed smoothing expressions permit to calculate
velocities and accelerations for the platform points. In these
1
calculations the recomputation of values expressed in pixel,
Rr Rb
med ( X r , n  X b, n ) 2  (Yr , n  Yb, n ) 2
2
into ordinary units of length is done under the condition Rr +
Rb = 155.3 sm.
where med{an} means set median {an}.
Each fixed point of the platform, displaced from point O,
Example of the platform movement is given on fig. 3. is rotating along the circle of permanent radius. In order to
Diagrams shown here are kinked curves which chains connect find tangents and centripetal components of velocity and
the neighboring-at-times points (tn, Xb,n), (tn, Yb,n) etc. in the acceleration it is sufficient to know the circle radius R and
surfaces (t, Xb), (tn, Yb)… In this case N=2135. As the initial angular velocity and acceleration of the platform M and M .
instant we take t1. Evaluation of the required parameters:
Tangent components of the velocity and acceleration have the
view vM RM , wM RM , their centripetal components
X O 686.38 (0.033)  YO 631.16 (0.032) 
v R 0 , wR RM 2 . As the evaluation M it is possible to
 r, sm , )
 b, sm or ()
 r , sm  )
 b, sm ) / 2 ,
accept the values )
R 553.74 (0.032)  R 552.11 (0.032) 
are solved by LS method with regard to XO, YO, Rr, Rb. GaussNewton method is applied. The first approximation is as
follows

^

b

`

r

Within the brackets there are standard deviations. The
standard deviation of the conditions execution error (2)
V=1.50. Here values XO, YO, Rr, Rb and standard deviations are
given in pixel.
After the parameters XO, YO, Rr, Rb are found, based on the
data (1) in compliance with the formulas
cos ) r , n

X r , n  X O 
sin ) r , n
Rr

Yr , n  YO 
Rr

cos ) b, n

X b, n  X O 
sin ) b, n
Rb

Yb, n  YO 
Rb

 r , sm  )
 b, sm ) / 2 .
 r, sm , )
 b, sm , ()
evaluation M may be )
As an example, we’ll give results of calculation for
velocity and acceleration of the beacons. The extent of
proximity of their results characterizes both the precision of
initial data (1), and the precision of constructing smoothing
expressions. Calculating formulas will be put down only for
the red beacon; formulas for the blue beacon come out of from
the written ones with the replacement of index r for index b.
The first option for the calculation of beacon velocity and
acceleration components in the coordinates system CXY:

there calculated the angles )r,n ɢ )b,n (n=1, 2, …, N). The
calculation is done so that the values | ) r , n 1  ) r , n | ɢ

| ) b, n 1  ) b, n | do not exceed a few degrees. As a result we
come to the number sequence
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vr, X

X r , sm  v r ,Y

Yr , sm 

wr , X

X r , sm  wr ,Y

Yr , sm 

Second option:
vr, X

 v r ,) sin ) r , sm  v r ,Y

v r ,) cos ) r , sm  v r ,)

 r , sm 
Rr )
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wr , X

 wr ,) sin ) r , sm  wr , R cos ) r , sm 

ax

M y P  M 2 x P  g (c1 cos M  c2 sin M ) 

wr ,) cos ) r , sm  wr , R sin ) r , sm 

ay

M x P  M 2 y P  g (c1 sin M  c2 cosM ) 

wr ,Y
wr , R

 r , sm  wr , )
Rr )

 2 r , sm 
Rr )

az

Tangents and centripetal components of the beacons
velocity and acceleration can also be calculated with two
options. The first option is to use the just mentioned formulas
for v r, R , wr , ) . Second option:
v r ,)

wr , R

wr , )

X r2, sm  Yr2,sm



Sensitive axes of the accelerometer will be specified as

x c , y c and z c , and the measurements along these axes will
be accordingly a x c , a y c and a z c . Accelerometers on the
platform are installed the way so that axes x c , y c and z c

X r , sm X r,sm  Yr , smYr,sm 
X r2, sm  Yr2,sm

X r , smYr,sm  Yr , sm X r,sm 
X r2, sm  Yr2,sm

values xP, yP are not known with desired precision, while c1
and c2 are not known at all. In this situation it makes sense to
verify the measurement for the solution of the regression task
with the use of mathematic model
a x c (t )

PROCESSING OF THE DATA GIVEN BY THE
ACCELEROMETERS MEASUREMENTS

In this chapter the components of vectors and coordinates
of the points are shown in the system Oxyz. We’ll consider
point P with coordinates (xP, yP, zP). When rotating the
platform
this
point
has
acceleration
2
2
.
If
in
point
P to install
w (M y P  M x P , Mx P  M y P , 0)
the accelerometer, it will measure the apparent acceleration a
= w – g, where g – acceleration of gravity on the Earth
surface. Acceleration g will be presented as follows: g gȖ ,
where g | g | , Ȗ (J x , J y , J z ) – unitary vector of the local
vertical. Poisson equation for components J with account of
the platform arrangement are written as follows

J x  MJ y

0  J y  M J x

0  J z

0

a y c (t )

c1 cosM  c2 sin M  J y

Jz

1  c12

4

B0  B1 cos M (t )  B2 sin M (t )  B3M(t )  B4M 2 (t ) 

A1 |  B2  A2

B1  A3 | B4 |  y P  A4 |  B3 |  x P 

6

| A1 |  | A2 |  g  | B1 |  | B2 |  g 

c1 sin M  c2 cosM 
 c22

A0  A1 cos M (t )  A2 sin M (t )  A3M(t )  A4M 2 (t ) 

Here M(t) –angle of platform rotation, reconstructed under
video-information, Ak and Bk – unknown parameters, A0 and
B0 are introduced for the compensation of permanent rotations
in measurements. Ratios (4) are considered for those moments
of time for which there are acceleration measurements; there
are much more such moments than 5. The collection of
relations is considered as two overdetermined systems of
equations, one system - in reference to Ak, the other – in
reference to Bk. The two are solved with the LS method. If the
mean-root-square error of making relations (4) on the found
solution is quite small, parameters Ak and Bk satisfy the
relations

Their solution

Jx

 g 1  c12  c22 

should be possibly parallel to the axes Ox, Oy, Oz and lead
uniformly with them (actually, the names of the axes and their
leads in some cases were different , but here they were
modified for the convenience of description). On stand there
are verified measurements along the axes x c and y c . We,
first, assume that these axes are precisely parallel to the axes
Ox, Oy. Then the estimated analogues of the measurements
a xc and a y c will be expressions ax and ay. However, the

X r , smYr,sm  Yr , sm X r,sm 

The obtained proximity of the results, reached with
different options, may be considered acceptable.
IV.
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so the measurements may be considered acceptable. Only
stability is required from parameters A0 and B0.



where c1 and c2 –constant of integration. In compliance with
the definition, the systems Oxyz have ratios | c1 |  | c2 |  1 .
Now the components of the apparent acceleration
a (a x , a y , a z ) may be written as follows:

We assume here-above that sensitive axes of the
accelerometers are parallel to the axes of system Oxyz.
Actually, this condition is roughly performed. Nevertheless,
even taking into account the errors of the axes orientation of
the accelerometer, the mathematic model (4) remains fair;
precision of making links (6) between coefficients Ak and Bk
getting worse.
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On the stand we have verified 4 three-axis accelerometers,
more precisely, 4 blocks made of three one-axis
accelerometers. Example of these measurements of the
accelerometer 3 is given on fig. In the left side of the picture
there are data received during the whole experiment. This is
the experiment which provides video-information on fig. 3.

ı xc
A2

4.72 ɫɦ/ɫ 2 , A0

52.01(0.34) ɫɦ/ɫ 2 , A1

30.88(0.30)ɫɦ/ɫ 2 , A3

V y c 11.2 ɫɦ/ɫ , B0
2

B2

Eds. Leo J De Vin and Jorge Solis

7.78(0.42)ɫɦ, A4
2

33.92(0.81)ɫɦ/ɫ , B1

8.79(0.72)ɫɦ/ɫ 2 , B3

3.82(0.26)ɫɦ/ɫ 2 ,
66.37(0.28)ɫɦ ;

25.27(0.62)ɫɦ/ɫ 2 ,

67.33(1.0)ɫɦ, B4

2.64(0.67)ɫɦ .

Left and right diagrams on this picture are obtained with
(t ) ,
the use of various ways of calculating the functions M

M 2 (t ) , cos M (t ) and sin M (t ) . Left diagrams are obtained
with M (t ) ) b , sm (t ) . The thing is that accelerometers were

located near the beacons, at about 10sm distance. In this
situation the rotation of the platform is desirable to reconstruct
based on the nearest beacon.
cosM

X b, sm (t )  X O 
sin M
Rb

X b2, sm (t )  Yb2, sm (t ) 

M 2

Rb2

M

Yb, sm (t )  YO 
Rb

X b, sm (t )Yb, sm (t )  Y (t ) Xb, sm (t ) 
Rb2
Figure 3. ɉɪɢɦɟɪ ɝɪɚɮɢɱɟɫɤɨɝɨ ɨɬɨɛɪɚɠɟɧɢɹ ɪɟɡɭɥɶɬɚɬɨɜ
ɫɪɚɜɧɟɧɢɹ ɞɚɧɧɵɯ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ, ɭɫɬɚɧɨɜɥɟɧɧɵɯ ɧɚ ɫɬɟɧɞɟ.
ɋɢɧɢɦ ɢ ɮɢɨɥɟɬɨɜɵɦ ɰɜɟɬɨɦ ɩɨɤɚɡɚɧɵ ɞɚɧɧɵɟ ɩɨ ɪɚɞɢɚɥɶɧɨɣ
ɫɨɫɬɚɜɥɹɸɳɟɣ ɞɜɭɯ ɪɚɡɥɢɱɧɵɯ ɚɜɬɨɪɫɤɢɯ ɫɛɨɪɨɤ, ɠɺɥɬɵɦ ɰɜɟɬɨɦ
– ɞɚɧɧɵɟ ɪɚɞɢɚɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɦɢɤɪɨɫɛɨɪɤɢ ɩɪɢɛɨɪɚ SBG.

There have analyzed differences of these measurements
and their estimated analogues.

Figure 1. The diagrams of the comparison (difference) results of the
data along the radial component of the accelerations of the
accelerometers installed in the author’s assembly-unit and in SBG unit.
Figure 2. Example of changing the coordinates of the end beacons
during the rotation of the stand platform.

As we see the obtained results are relatively equal.
Relations (6) are performed with acceptable precision.

Results of solving the regression task:
ı xc
A2

5.39 ɫɦ/ɫ 2 , A0

30.35(0.34)ɫɦ/ɫ 2 , A3

V y c 11.8 ɫɦ/ɫ 2 , B0
B2

There has been done a numerical estimate for the
difference of the signals in order to compare the quality of the
author’s assembly units of the accelerometers and microassembly SBG. The diagram is provided on fig. 5. The blue
color shows the difference of instantaneous readings, and the
red one refers to the difference smoothed along the five points.

51.55(0.39) ɫɦ/ɫ 2 , A1 3.70(0.30)ɫɦ/ɫ 2 ,
7.85(0.46)ɫɦ, A4

33.72(0.86)ɫɦ/ɫ 2 , B1

8.71(0.75)ɫɦ/ɫ 2 , B3

65.74(0.32)ɫɦ ;

25.25(0.65)ɫɦ/ɫ 2 ,

63.92(1.01)ɫɦ, B4

2.39(0.71)ɫɦ .

Results of solving the regression task used when
constructing the right diagrams

Results of the experiments show that more expensive
micro-units SBG register definitely more high-frequency
accelerations which do not refer to macro-rotations of the

179

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

stand platform. Typical modifications of the acceleration with
sufficient precision are also registered with non-expensive
author assembly-units.
V.

VISION SYSTEM IN SOLVING THE NAVIGATION TASK

As said in the introduction, the vision system within the
systems for information support of vehicles has tasks of
identifying some orienting points in the environment round the
vehicle [7]; evaluating parameters of the vehicle movement (in
particular, velocity and angular velocity) under the optical
flow [8-10]. Each of the tasks requires specific review. We’ll
pay attention to the issues of effectiveness of solving the
second task and possibility of combining the respective
algorithmic combination within one VS.
The effectiveness of defining the relative movement based
on visual data is considered in two aspects, i.e.: time taken
and precision achieved. The desired result comes at the
account of efficient combination of “understanding” of the
observed relative movement – construction of mathematic
movement models as well as reliable and rapid methods of
visual data processing.
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upper and lower levels actively interacting with each other.
The lower level of the algorithmic provision is performed with
the Lucas-Canada optic flow method on the image pyramids
with the use of functions from the library Intel OpenCV.
Division of algorithms of the optical flow processing into
two levels provides complexation and development of
methods and algorithms of collecting and processing visual
data with the algorithms of scene understanding. The lower
level is adapted for specific recording equipment and
conditions of observation, and the upper one – for available
models of interest objects and relative movement. The
interaction of the levels in the process of visual data
processing permits, already under the stage of identifying
characteristic points, to take into account models of movement
for the identification of the total number of vectors of visible
movement and/or definition of their group characteristics. This
permits to essentially reduce the time for the visual data
processing while keeping precision and reliability of the
results [8-10].

Figure 4. Example of identifying characteristic points on the images
of the interest objects.

Figure 5. Examples of identifying the displacement vectors in the
fields of video-cameras vision on the stand.

The discovery of features of the interest objects is an
important stage in almost all tasks of computer vision. There
are known a lot of features, one of them are characteristic
points. Characteristic points are geometrically stable in
various transformations of an image and are characterized
with high information contents (difference). These two
features make the characteristic points quite useful in the
context of “understanding” the image. When using the
characteristic points in fast processes it’s necessary to solve
the problem of adjusting the reliability of their identification
with the requirements of real time scale. As the result of the
performed studies it was proposed to solve this problem by
identifying, for algorithms of working with optical flow, of the

Experiments on the developed stand and experience of
other studies ref. the vision systems have permitted to make
evaluations in terms of precision of defining the relative
movement based on visual data processing. For traditional
TV-standard video-cameras with resolution 720ɯ576 points
of digital image and typical computing resources (mediumpowered personal computer), these evaluations are 0.1-0.2 %
(from the distance covered) and 0.15 -0.5 % from
instantaneous angular velocity. Meantime, permitted relative
velocity of the camera and objects of observation, without any
specific requirements for the objects of observation, is about 2
rad/sec (about 6km/h). Determination of just the direction of
vector displacement without provision of metrological
reliability of estimations for its module is efficiently
performed on the same hardware at velocities up to 6070km/h. fig. 6 gives an example of identifying the
displacement vectors during the process of laboratory stand
movement.
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We should note that flexibility of the VS software permits
to organize simultaneously the visual data processing with the
purpose of information support for different subsystems when
solving the navigation task. In experiments with the stereosystem composed on the computer basis, similar to the one
installed on the stand, there has been observed a successful
solution of the task concerning the identification of orientation
points and keeping track of them (fig. 7) (for the subsystem of
target designating and motion planning). The processing of the
same visual data in the background process, with the purpose
to identify the optical flow under displacements of the
environmental scene, permits to provide required external
information ref. vehicle angular velocities to the on-board
inertial system (fig. 8).

Eds. Leo J De Vin and Jorge Solis

bases of geographic information systems, etc. Fig. 9 gives an
example of the control panel for the vehicle information
support system providing connection of the coordinates and
measurement of the objects from the board of the moving
vehicle.
VII. CONCLUSION
Researches and experiments done on the stand in
laboratory conditions show a possibility for successful
solution in defining a position and orientation of ground
vehicles by using a combination of accelerometer system and
vision system.
Parts and components available on the market and
software developed by the authors enable to bind
economically efficient information systems for the ground
vehicles.
Further steps concerning the above-said will become
binding of such a system aboard the vehicle and experiments
in real movement conditions
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∗ Flanders’

Mechatronics Technology Centre (FMTC)
Heverlee, 3001, Belgium
Email: agusmian.ompusunggu@fmtc.be

† NSF

I/UCRC Center for Intelligent Maintenance Systems (IMS)
University of Cincinnati, Cincinnati, OH 45221, USA
Email: liuzc@mail.uc.edu

Abstract— Three-phase induction motors are critical devices
in many engineering areas including high-speed train, aerospace,
electric vehicles, industrial robots, machine tools, etc. Nowadays,
there is an increasing need of a condition monitoring and prognostic system for induction motors to maintain the availability
of systems equipped with induction motors. This paper focuses
on the development of a winding fault diagnosis method using
3-phase current and voltage signals. To conduct this study, an
induction motor test-bed was developed and constructed. One
of the most difﬁcult insulation faults to detect, namely interturn fault, was induced in the motor under three different
severity levels. A number of experiments were carried out under
different operating regimes, comprising both healthy and faulty
states. Two on-line winding fault detection techniques including
(i) negative impedance and (ii) voltage mismatch detector have
been implemented to develop an early fault detection scheme
for stator winding insulation of an induction motor powered by
a frequency-inverter drive (i.e. controller). In order to remove
the effect of pulse-width modulation (PWM) caused by such a
drive mainly on the voltage signals, an integration based signal
processing method is proposed to demodulate 3-phase output
voltage signals measured on the drive. While, a simple lowpass ﬁltering is applied to the measured 3-phase output current
signals. The integration of the proposed signal processing method
along with the on-line monitoring techniques provided a robust
approach capable of detecting motor’s winding insulation (interturn) faults in early stages.

I. I NTRODUCTION
Three-phase induction motors have applications in many
engineering areas including high speed trains, aerospace, electric vehicles, robotics, machine tools, etc. Despite reliable and
matured devices, failures owing to the thermal, electrical and
mechanical stresses are inevitable. As induction motors play
a vital function in such applications, an unexpected failure
occurring in these devices can thus lead to an unscheduled
total breakdown. This undesirable situation can: (i) put human
safety at risk and (ii) possibly cause long-term downtimes, that
eventually result in high maintenance costs and lost production
(i.e. loss of ﬁnancial income).
Condition Based Maintenance (CBM) strategy, which is also
known as Predictive Maintenance (PdM), has been proven
∗ Corresponding author

in modern industries as a maintenance strategy that can
reduce unscheduled breakdown of machines/systems due to
unexpected failures. To realize this strategy in practice, three
key technologies are therefore required, namely (a) condition
monitoring (CM), (b) diagnosis and (c) prognosis. Nowadays,
there is an increasing need for these CBM technologies due
to increasing range of induction motor applications and a
constant awareness of the high impact of their failure.
Fig. 1 shows statistical distribution of common failure
modes typically observed in induction motors. As shown in
the ﬁgure, rolling-element bearing and winding failures due to
insulation degradation are the primary causes of unexpected
breakdown in induction motors. Because of wide applications
of rolling-element bearings in almost all of rotating machinery,
many CM, diagnosis and prognosis technologies for such
bearings have been developed since the last four decades
and widely published in literature. However, the amount of
research in CM, diagnosis and prognosis of the winding faults
remains limited.
12%

10%

40%

38%
Bearing faults
Stator winding faults

Rotor faults
Other faults

Fig. 1.

Statistics of failure modes in induction motors, adapted from [1]

Winding faults due to insulation degradation can be classiﬁed into four types [2], namely (i) inter-turn short of same
phase, (ii) short between coils of same phase, (iii) short
between two phases and (iv) short between phase to earth.
Among these fault modes, inter-turn fault has been considered
as the most challenging winding fault to detect in induction
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motors. Several off-line techniques with invasive and nondestructive testing approaches, such as (1) resistance test, (2)
DC High-Potential (Hi-Pot) test and (3) surge test, have been
developed and widely used in industry for monitoring and
detecting winding faults in induction motors [3]. To perform
such non-destructive testings, a dedicated equipment is needed.
Unfortunately, such an equipment commercially available on
the market is quite expensive (approximately ¤30,000 per
unit) that can hamper realization of CBM strategy on induction
motors. Another drawback of these off-line techniques is that
the actual winding condition of a motor cannot be assessed
while the motor is in service.
On-line techniques based on low-cost hardwares and lesscomplex signal processing for realizing CBM strategy on
induction motors have long been desired by industry. Two
promising on-line techniques using 3-phase current and voltage signals have been proposed since the last decade ([4],
[5]). These techniques assume that an induction motor is
directly connected to a 3-phase electric line, implying that
the measured 3-phase voltage and current signals are sinusoidal time waveforms. However, an induction motor in many
applications is equipped with a frequency-inverter drive (i.e.
variable frequency drive) as the controller, which typically
uses pulse-width modulation (PWM) methods to control the
3-phase voltages in order to maintain the output current and
power within the boundary of reference. Consequently, these
two existing on-line monitoring techniques are not readily
applicable to such applications. To remedy this gap, this paper
proposes an improvement on the monitoring techniques, where
the 3-phase PWM voltage signals are preprocessed prior to
applying the techniques.
The remainder of this paper is organized as follows. Section II discusses the theoretical background of the two on-line
techniques and the signal processing applied to the 3-phase
current and voltage signals. Section III brieﬂy discusses the
experimental setup and the test procedure for data generation.
Section IV demonstrates the effectiveness of the improved online monitoring techniques through the experimental data analyses. Section V summarizes some important ﬁndings obtained
in this study.
II. T HEORETICAL BACKGROUND
A. Winding Faults Characteristics and Negative-Sequence
Impedance Detector
The concept of symmetrical components proposed by
Fortescue in 1918 [6] is a mathematical representation to
describe unbalanced power systems. It suggests that any set
of unbalanced voltages or currents can be transformed into
three sets of symmetrical balanced phases, namely zero-,
positive- and negative-sequence components. Let Vu , Vv and
Vw be 3-phase voltages. Their symmetrical components can
be calculated as:
⎡ ⎤
⎤⎡ ⎤
⎡
V0
Vu
1 1
1
1
⎣ Vp ⎦ = ⎣1 α α2 ⎦ ⎣ Vv ⎦ ,
(1)
3
1 α2 α
Vw
Vn

Eds. Leo J De Vin and Jorge Solis

with V0 , Vp and Vn being the zero-, positive- and negative√
sequence components respectively, α = ej2π/3 and j = −1
being the imaginary unit.
The symmetrical components of 3-phase currents, namely
I0 , Ip and In , can also be calculated in the same mathematical
approach. Under a healthy state, the positive- and negativesequence current should be balanced while the zero-sequence
current should be barely observable. When turn-to-earth short
circuit exists, the zero-sequence current will not be zero anymore [7]. The imbalance of positive- and negative-sequence
currents however, may not be due to actual motor faults. As
explained in ([8], [9]), the imbalance of 3-phase voltage supply
can also cause imbalance currents in a healthy motor. Hence,
when using sequence current as an indicator for motor winding
fault, it is necessary to distinguish the effect of imbalanced
voltage supply and injected current (fault current) [10].
The sequence impedance can be simply calculated as the
ratio between the sequence voltage and the corresponding
current. In ([10], [11]), some approaches were proposed to
separate the negative-sequence current caused by supply voltage imbalance and the current arising from the motor stator
winding fault based on the calculation of sequence impedance
under healthy condition. However, another difﬁculty is that
the sequence impedance is not always constant. Factors such
as speed, load, and temperature can cause great considerable
variations on sequence impedance [12].
The magnitude of negative-sequence impedance itself can
be seen as an indicator of stator winding fault. Under a healthy
state, the negative-sequence impedance Zhn is given by:
Zhn =

Vn
Vnr + jVni
=
= Rhn + jXhn .
In
Inr + jIni

(2)

If a short circuit exists in stator windings (i.e. faulty state),
the negative-sequence current rise (hereafter called the fault
current) Im is present and the equivalent negative-sequence
impedance Zf n is given by
Vn
Vnr + jVni
= Rf n +jXf n .
=
In + I m
(Inr + jIni ) + (Imr + jImi )
(3)
For quantifying the severity level of winding faults, the ratio
between the negative-sequence impedance of a healthy and
faulty state, being denoted as k, can be considered as the
severity factor

Zf n =

k=

Zhn
Imr + jImi
=1+
.
Zf n
Inr + jIni

(4)

When the severity level of winding fault increases, the fault
current Im will increase, thus making Zf n smaller as revealed
in Eq. (3) and k larger as shown in Eq. (4). Experimental
observations in [5] also suggest similar conclusions.
B. Voltage Mismatch Detector
In order to predict the incipient winding faults in both
balanced and unbalanced systems, a method called voltage
mismatch approach was proposed by Sottile et al ([13],
[4]). This method deﬁnes certain impedance parameters and
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performs a training stage to deﬁne a baseline for them. At
each speed regime, a baseline is deﬁned and the behavior of
the motor would then be compared to the baseline. Since the
baseline represent the healthy condition of a motor with any
possible asymmetry in its structure, the deteriorations in the
winding insulation of the motor will not be covered by the
asymmetries in the structure of the motor.
Suppose that V0 , Vp and Vn are respectively the zero-,
positive- and negative-sequence components of the motor 3phase voltages, while I0 , Ip and In are respectively the zero, positive- and negative-sequence components of the motor
3-phase currents. The following set of equations can be
constructed according to [4]:
⎡ ⎤ ⎡
⎤⎡ ⎤
V0
z00 z01 z02
I0
⎣ Vp ⎦ = ⎣z10 z11 z12 ⎦ ⎣ Ip ⎦ ,
(5)
Vn
z20 z21 z22
In
where zxy are the parameters representing the motor’s design
and construction.
If no turn-to-earth fault is present, the summation of the 3phase currents will be zero according to Kirchhoff’s law. Consequently, the zero-sequence current I0 and the corresponding
voltage V0 will be zero. Under this assumption, Eq. (5) can
be simpliﬁed as follows [14]:
Vp = z11 Ip + z12 In ,
Vn = z21 Ip + z22 In .

(6)

In [13], it was revealed that the load does not have much
inﬂuence on winding impedance. For different speeds, current
and voltage in 3-phases are used to calculate the z-coefﬁcients.
So a library of z-coefﬁcients will be made from measurements
in different speed regimes. If the condition of the motor
changes, the stored z-coefﬁcients will no longer be correct
for these equations. In such a case, the calculated Vp and Vn
will be different from their measured value. The difference
between the calculated and measured positive- and negativesequence voltages can thus be seen as an indicator of winding
faults in the motor. This indicator can be further quantiﬁed as
the Square Prediction Error (SP E) deﬁned in the following
equation:
N
1 '
2
SP E =
[Vi − Vl ] ,
(7)
N i=1
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Flowchart of the voltage mismatch detector

signals. In order to retrieve the original waveforms, the 3phase voltage signals need to be demodulated, while a lowpass ﬁltering can be simply applied to the 3-phase current
signals.
The demodulation of such PWM signals is commonly done
in three stages: Firstly convert the PWM signal to pulse amplitude modulation (PAM) signal with an integrator, secondly
apply a band-pass ﬁlter to the PAM signal and thirdly adjust
the amplitude of the resulting signal by multiplication with
the shaft rotational speed. Note that the frequency band of the
band-pass ﬁlter is made adaptive to the shaft rotational speed
as the center of the frequency band, with the bandwidth of
20 Hz. For low-pass ﬁltering on the 3-phase current signals,
the cut-off frequency is also adjusted with respect to the
shaft rotational speed. In this study, the low-pass cut-off
frequency was set to 10 Hz above the shaft rotational speed.
The ﬂowchart for signal processing is shown in Fig. 3. The
comparison of 3-phase voltage and current signals before and
after signal-processing are shown in Fig. 4.

where Vi denotes either the positive- or negative-sequence
voltage at an arbitrary state and Vl denotes the corresponding
voltage at a reference state.
The ﬂowchart shown in Fig. 2 schematically summarizes
how the voltage mismatch detector works ([13], [14], [4]).

PWM Voltage Signal

Demodulation
Integrator

C. Signal Processing
As the PWM technique used in a variable frequency drive
(VFD) affects the 3-phase output current and voltage signals,
these signals therefore need to be preprocessed prior to applying the two aforementioned techniques. In practice, PWM
time-waveforms are predominantly pronounced in the 3-phase
voltage signals, but less pronounced in the 3-phase current
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Fig. 4. Signals comparison before and after processing: (a) Original current
signal, (b) Original PWM voltage signal, (c) Low-pass ﬁltered current signal,
(d) Demodulated voltage signal.

D. Statistical Pattern Recognition for Health Assessment
Statistical pattern recognition belongs to one of the many
approaches for machine health assessment. The objective of
applying pattern recognition is to determine the health status
by measuring the similarity between the current (arbitrary)
state features and the healthy state features. As the name
suggests, the similarity metric is quantiﬁed by calculating the
overlap between statistical distributions of features from both
healthy and faulty states. When feature values are normally
distributed, this overlap can be simply represented by the L2
distance. Yet when the feature distributions are non-normal,
which is usually the case encountered in practice, a Gaussian
Mixture Model (GMM) would be appropriate [15].
The GMM approach assumes that the non-normal feature
data are generated from several different hidden sources, which
can be described by Gaussian probability density functions
with certain weights. Attributing to the virtue of normal distribution, the weighted component Gaussian functions having
different means and variances are additive, and the resulting
model is referred to as a ”mixture model”. Hence the feature
values extracted under healthy states will be utilized to build
a GMM model as a reference. If there are no faulty condition
data available, another GMM model will be obtained from
unsupervised learning on new feature values, and the distance
between the current state and the healthy state can thus be
measured using the L2 distance. The conﬁdence value (CV ),
which represents the normalized overlap between the two
distributions, can be calculated according to Eq. (8) based on
the L2 distance:
CV =

pi h(x, θi ),

(9)

where h(x, θ) is called ”mixture”, namely the component
probability density function (pdf) with parameter θi for signal
x, and pi is the ”mixture weight”, namely the probability that
observation comes from that component. G(x) can also be
calculated by following the same fashion.
After a threshold is set up based on expert knowledge and
experience, the health state can thus be determined. If the
faulty condition data are available, supervised learning can be
performed, and the current machine health will be determined
by choosing the ”closest” feature space [16].
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U−Phase
V−Phase
W−phase

−500
0.2

Voltage (V)

Current (A)

10

500

Voltage (V)

Current (A)

10

Eds. Leo J De Vin and Jorge Solis

H(x) ∗ G(x) L2
H(x)) L2 ∗ G(x))

,

(8)

L2

where H(x) is the density estimation for a mixture distribution
of the data collected under healthy state, and G(x) is that under

III. E XPERIMENTAL M ETHODOLOGY
For experimental validation purposes, a dedicated induction
motor setup has been developed and constructed. With this test
setup, one is able to simulate the motor either in a healthy or
faulty state, where two different types of winding fault namely
(i) inter-turn and (ii) turn-to-earth faults can be induced. Note
that turn-to-earth fault has not been considered in this study
since it is much easier to detect. Besides, one can also easily
control the rotational speed and the load applied to the motor
such that experiments at different operating conditions can
be realized. In the following sections, the test setup, the
procedures of inducing winding faults and the experiments
are described.
A. Test setup
Fig. 6 shows the photograph and the schematic view of the
test setup. The setup consists of a 11kW-19.7A-400V-3-phase
induction motor driven by a variable frequency drive (VFD).
The shaft rotational speed of the motor can be varied from
0 to 3000 rpm with either a stationary mode or a transient
mode (run-up/run-down). The motor shaft is connected to the
shaft of a magnetic brake through a timing-belt and pulley
mechanism, where the transmission ratio of 2 was chosen such
that the rotational speed of the brake shaft is two times lower
than that of the motor shaft. An external load (i.e. torque) to
be applied to the motor can be varied from 0 to 50 Nm by
controlling the input current to the brake. The control signals
to the VFD and to the brake controller are sent out by a PC
using dedicated Labview programs. A variable resistor with
the resistance range of 0 - 580 Ω was used for inter-turn fault
simulations as will be discussed in the following section.
The 3-phase voltages and currents generated by the VFD
are measured respectively by high frequency band-width 3phase current and voltage probes. The signals captured by
the probes are conditioned by the corresponding signal conditioning module. A tachometer based on a proximity probe is
used to measure the shaft rotational speed of the motor where
the probe head is directed to a 4-tooth ﬂywheel attached on
the motor shaft, thus generating 4 pulse signal per revolution.
To measure the actual torque applied to the motor, a torque
sensor is mounted on the brake shaft. All the signals are
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Experimental setup: (a) photograph and (b) schematic view

synchronously acquired by a National Instruments (NI) data
acquisition system and then stored to the PC with a Labview
program.
B. Fault Simulation and Test Procedure
The stator winding of the motor used in this study is random
wound, which means that there are no conductive bars with
exact deﬁned location within stator slots, as shown in Fig. 6(a).
For this study, the test motor has been modiﬁed as follows.
Three shielded wires (1, 2 and 3) are connected to the coil
of the phase w stator winding at different locations and the
other ends of the wires are brought outside as schematically
illustrated in Fig. 6(b). This way, different scenarios of interturn fault can be simulated by means of connecting two of the
shielded wires with a resistor.
1) Healthy State Simulation: To simulate a healthy state,
the ﬂoating ends of the three shielded wires shown in Fig. 6(b)
are kept unconnected.
2) Faulty State Simulation: In this study, fault simulations
were carried out under two different scenarios, referred to as
inter-turn fault I and II, as follows. To simulate inter-turn fault
I, wire 1 (in orange) was shorted to wire 2 (in green) through
a variable resistor as illustrated in Fig. 6(b). In similar way,
wire 1 was shorted to wire 3 (in black) to simulate inter-turn
fault II. Three different severity levels have been considered
in this study for each scenario. These levels were adjusted by
changing the resistance value of the variable resistor, namely
580, 300 and 50 Ω, as summarized in Table I.

3) Test Procedure: The motor was operated at a constant
speed of 3000 rpm and a constant brake torque of 12 Nm for
each condition. At an imposed degradation level (F1, F2, or
F3), the current il ﬂowing through the variable resistor was
also measured and the corresponding dissipated power Pd was
calculated as listed in Table II.
TABLE II
C URRENTS AND DISSIPATED POWER THROUGH THE VARIABLE RESISTOR
AT DIFFERENT STATES .

State
F1
F2
F3

Inter-turn I
il [mA] Pd [W]
265
297
1126

40.7
26.5
63.4

Inter-turn II
il [mA] Pd [W]
86
155
990

4.3
7.2
49.0

Prior to signal digitizing, each measured signal was lowpass ﬁltered with an anti-aliasing ﬁlter embedded in each
channel of the used NI data acquisition system. This way,
potential aliasing problems resulting from high frequency
noise can be avoided. With this data acquisition system, the
cut-off frequency of the anti-aliasing ﬁlter is automatically
selected depending on the used sampling frequency. Later on,
the ﬁltered signals were sampled at 102.4 kHz with a duration
of 4 seconds. Finally, the digital data were stored in the PC
and then processed off-line with dedicated Matlab programs
as will be discussed in the next section.
IV. R ESULTS AND D ISCUSSION

TABLE I
D IFFERENT DEGRADATION LEVELS INDUCED IN THE MOTOR .

State

Resistance [Ω]

Comment

F1
F2
F3

580
300
50

Lowest level
Moderate level
Most severe level

A. Negative-Sequence Impedance Detection
The magnitudes of the negative-sequence impedance have
been calculated based on the method discussed in Section II
for each inter-turn fault scenario in both healthy and faulty
states under a constant operating speed of 3000 rpm and
constant brake torque of 12 Nm. Fig. 7 shows the distributions
of the negative-sequence impedance for all conditions. The
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conﬁdence value representing the health condition of the motor
for different states is listed in Table III.
It can be observed from the ﬁgure above that the magnitude
of the negative-sequence impedance for healthy condition is
larger than that for inter-turn fault I and inter-turn fault II. It is
also obvious that the highest severity level F3 is more easily
detectable than the other two fault levels. This observation
is also reﬂected by the calculated conﬁdence value (CV )
which is much smaller than that of the other levels (F1 and
F2). As the fault severity level increases, the distribution is
more shifted to the left indicating that the calculated negativesequence impedance decreases.
B. Voltage Mismatch Detection
A linear regression model was built for each speed regime
using data collected from the healthy state. The regression
coefﬁcients were stored for each speed regime to build the
library of z-coefﬁcients. Then, those coefﬁcients were used
to calculate the positive- and negative-sequence voltages by
Eq. (6) using data with the three conditions: healthy, interturn fault I and inter-turn fault II. Meanwhile, the voltage
symmetrical components are calculated from the demodulated
phase voltages according to Eq. (1).

Count

Count

Fig. 6. (a) Photograph of the disassembled motor exposing random wound
stator winding, and (b) the schematic winding diagram with three taps on the
phase w winding for different inter-turn fault scenarios.
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Fig. 7. Negative-sequence impedance distributions for (a) lowest severity
level F1, (b) moderate severity level F2 and (c) highest severity level F3.
Note that (i) represents healthy state, (ii) represents inter-turn fault I, (iii)
represents inter-turn fault II.

Fig. 8 shows the histogram of the residuals of the negativesequence voltage calculated from the data collected in different
states (including healthy, F1, F2 and F3). As shown in the
ﬁgure, there is a clear difference between the distributions
of healthy and the faulty states. The residual voltage of the
healthy state exhibits a zero-mean Gaussian distribution, which
is due to the uncertainties of the modeling process. However,
the residual of the faulty states are more likely a combination
of two distributions with larger variances, which is expected
due to the change of the z-coefﬁcients. As the fault severity
level increases, the variances of the two (joined) distributions
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TABLE III

become larger.

C ONFIDENCE VALUE (CV)

Count
Count
Count

x 10

Indicator

2
0
2

−20 4 −15
x 10

−10

−5

0
(ii)

5

10

15

20

−20 4 −15
x 10

−10

−5

0
(iii)

5

10

15

20

−20

−10

−5

0

5

10

15

20

CV
SP E

0
2

Count
Count
Count

0.85
3.23

0.72
3.55

0.06
6.12

F1

Inter-turn II
F2
F3

0.16
4.32

0.15
5.06

4e-7
11.6

This paper presents a framework for early fault detection
and diagnosis of stator winding fault (i.e. inter-turn fault) for
3-phase induction motors using two established on-line methods, i.e. negative-sequence impedance and voltage mismatch,
which are all based on the symmetrical components. The
two methods have been modiﬁed in this study by introducing
an additional signal processing step for removing the effects
of pulse-width modulation (PWM) on 3-phase voltage and
current signals. This step is necessary for the 3-phase current
and voltage signals collected from induction motors equipped
with variable-frequency drive (VFD), prior to calculating the
symmetrical components. The experimental results show obvious distinctions between healthy and faulty states using both
modiﬁed negative-sequence impedance and voltage mismatch
approaches. The L2 distance between the distributions of the
negative-sequence impedance is proposed as an indicator that
can easily capture the mean shift and variance change, while
Square Prediction Error (SPE) is proposed as an indicator to
quantify the voltage mismatch.
Both the modiﬁed negative-sequence impedance and voltage
mismatch detectors show encouraging results for winding fault
detection even for incipient faults. It should be noted that
both modiﬁed detection methods need a library of references
under different environmental and working conditions, since
the experimental results suggest that the modeling of motor
windings do vary in different conditions.
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Fig. 8. Residual voltage distributions for (a) lowest severity level F1, (b)
moderate severity level F2 and (c) highest severity level F3. Note that (i)
represents healthy state, (ii) represents inter-turn fault I, (iii) represents interturn fault II.

V. C ONCLUSION
Stator winding faults damage the symmetry of the winding
resistance and hence cause unbalanced sequence currents. As
a result, the equivalent sequence impedance will drop if short
circuits exist (i.e. winding faults) in any phase of the windings.
Based on this reasoning, the symmetrical components of 3phase currents and voltages can be used as effective tools for
winding fault detection in early stages.
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Abstract — We developed a position sensing scheme for
electrostatically driven MOEMS mirrors based on a compact
quadrant diode with a central hole. This scheme is applicable to
arbitrary MOEMS mirror, including quasistatic ones and
enables closed loop operation of these devices, which is highly
important for stable and fast operation. In this paper we
describe the concept and show first results from the optical
detection module. Based on the mirror position detection we
implemented driver electronics with closed-loop control for
optimal mirror performance. Different control schemes were
implemented and are evaluated in this paper. Settling times
were reduced by a factor up to 30 compared to open loop
operation.

I.

INTRODUCTION

Micro-opto-electro-mechanical system (MOEMS) based
scanner mirrors gain more and more importance to satisfy the
industry demands for light-weight, miniaturizable, and cheap
solutions for many opto-mechatronic applications. They are
increasingly used in miniaturized applications like for
example compact projection devices, micro-scanners, or
spectrometers.
Micromechanical scanner mirrors, like the ones shown in
Figure 1, are fabricated at the Fraunhofer IPMS using CMOS
compatible technology [1]. They typically consist of a plate
suspended by torsional springs and comb like driving
electrodes. The vertical sides of the electrodes and the mirror
plate form a variable capacitance C and an applied voltage
generates an electrostatic torque which accelerates the plate2.
In resonantly driven micromirrors with in-plane electrodes,
there is an ambiguity concerning the direction of the mirror
motion due to this electrostatic driving principle. Thus for
electrostatically driven resonant scanner mirrors, position
feedback must be provided for any application, which
requires information about the actual mirror motion.

Institute of Photonic Microsystems
Fraunhofer Gesellschaft
Maria-Reiche-Straße 2
01109 Dresden, Germany

Using vertical out-of-plane comb-drives quasi-static actuation
becomes possible for electrostatically driven MOEMS
mirrors [3]. Quasi-static mirrors can follow arbitrary
trajectories and as such have advantages for certain
applications. A multitude of different devices have been
developed recently by many groups using different
approaches [4,5,3,6,7].
When directly driven, quasi-static MOEMS mirrors show
a poor driving performance. Highly oscillating behavior and a
significant temperature dependency are typically observed. In
addition, MOEMS elements can show a significant spread in
their mechanical properties and driving characteristics.
In order to optimize settling times and the accuracy of
these mirrors, closed loop control is desirable. Thus, in this
paper we discuss a compact micro-mechatronic module, which
we developed, to implement closed loop control for accurate
positioning of electrostatically driven quasi-static MOEMS
based scanner mirrors. Optimized closed-loop control
algorithms were developed, which fundamentally require
reliable position feedback information.
Since, in general, there is no inherent position feedback
about the movement of the mirror surface we implemented an
optical position feedback, which can be used with these
MOEMS devices. The scheme we present in this paper is
based on a novel quadrant diode with a central aperture, which
allows a very compact design and which was implemented in
our unit.
Different control algorithms for position control were
implemented and compared in simulation and experiment.
Depending on the actual application and requirements one of
these algorithms can be used. The digitally implemented
closed-loop control guaranties accurate positioning and
eliminates the oscillatory system behavior. Settling times of
the MOEMS mirrors were reduced by a factor up to thirty
compared to open-loop control. Experiments were performed
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with different quasi-static mirror devices with resonance
frequencies in the range of 100 Hz to 2 kHz and demonstrate
the capabilities of our control loop.
Furthermore, inherently, closed-loop operation can provide
synchronization of separate scanner mirrors, which can be
used to increase the effective aperture of MOEMS-based
reception optics in laser scanner devices.

II.

POSITION DETECTION

Position encoding of the mirror movement is an important
aspect for many applications. Several different principles
have been used for this purpose in the context of MOEMS
scanner mirrors.
The capacitance variance can be used to detect the zerotransition and estimate the speed and amplitude of resonant
MOEMS mirrors [8]. However this signal is very weak even
with specially designed electrode structures. Another
approach consists in the fabrication of piezoresistive areas on
the springs and measurement of their deflection dependent
resistance signal [9]. While both approaches feature the
advantage of direct integration into the MOEMS component
and as such provide a high potential for miniaturization, at the
current stage, they do not provide sufficient accuracy for all
applications.
Optical detection techniques promise higher accuracies and
can be integrated a posteriori to existing MEMS devices.
Recently, we have developed a compact device comprising
optical position sensing based on timing signals obtained
when a reflected laser beam passed accurately placed fast
trigger diodes. Driver electronics, with closed loop control,
capable of driving resonant MOEMS micro-mirrors were also
implemented [10,11]. However, the scheme we used, cannot
be directly extended to quasistatic mirrors as the one shown
in Figure 1(a).

Eds. Leo J De Vin and Jorge Solis

In this paper we present a position sensing approach using a
special quadrant diode, which is very generally applicable
and can be used for the case of resonantly oscillating mirrors
as well as for mirrors with static deflection or arbitrary
trajectories.
Basically position information is obtained by sending light
onto the backside of the MEMS scanner mirror and detecting
the light which is backreflected from the mirror with a
position sensitive photodetector. This can be a position
sensitive photodiode (PSD), a quadrant diode or simply four
separated detectors. The relative signals from these detectors
then provides information about the direction of the
backreflected light.
The requirements of a very compact detection unit, placed as
close as possible to the MEMS device, led us, to investigate
configurations, where the light source is placed at the center
of the position sensitive detector, as schematically sketched in
Figure 2(a).
In this configuration, the detector quadrants are situated at
45° with regard to axes of rotation of the mirror (see Figure
2(b).
In order to determine the deflection angle of the mirror, we
calculate the relative differential intensity RDI for each axis
from the intensity signals Ixx of the individual photoactive
quadrants.
Det

LD

(a)

(a)

(b)

(b)
Figure 1. Some MEMS mirrors as described in the text (a) picture of a
LinScan microscanner [3], featuring a quasi-static axis. (b) Layout of
different resonant 1D and a 2D scanner mirrors.

Figure 2. (a) scheme of the position detection, (b) Schematic of the quadrant
detector with a central hole (The quadrants and axes are labeled as
indicated.)
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Over a limited range of mirror deflection angles we expect a
linear characteristic with minimal crosstalk of the two axes.
This was further investigated in optical simulations.
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Note that a simple behavior as a function of tilt angle can
only be obtained if all four detector quadrants are illuminated
and the illuminated surface is significantly larger than the gap
between the detector areas.

The shape of the light distribution on the detector is
determined by the divergence of the light source and the
quadratic shape of the hole in the quadrant diode.

Figure 3: Simulation geometry of the system for deflection angles of -20°, 0°,
and +20°. Upper images display the configuration (The quadrant diode
(blue) is placed behind the MEMS-mirror (green) and illumination is
achieved through the hole in the quadrant diode.). The bottom row shows the
corresponding energy distribution on the detector (arbitrary units).
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Figure 5. The figure displays (a)RDIx and (b)RDIy as a function deflection
around both axes.

From the simulations we can retrieve the light intensity
hitting the different quadrants (Ixx) and calculate the RDI
functions for different angles of deflection.
As shown in Figure 4 the RDI signal is shown for the two
orthogonal directions of mirror movement, where the other
axis was kept at zero for a simulation-geometry as shown in
Figure 3. A linear behavior of the relative differential
intensity can be observed for deflection angles in the range of
±5° mechanical amplitude.
Figure 5 shows the position signals for simultaneous tilt
around both deflection axes. We see that there is very little
cross-talk between the signals, meaning that RDIx indeed
does reflect deflection around the x-axis and does not
significantly depend on the deflection around the orthogonal
y-axis. This approximation holds well for small deflection
angles, but becomes critical for very large angles above 20°.
In the implementation for closed loop control, shown below,
the cross talk could safely be ignored.
Note, that for different geometrical parameters, the results
can significantly vary. The most important parameter, which
can be freely varied, is the distance between quadrantdetector and MEMS-mirror.
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A. Simulations
Raytracing simulations taking into account the dimensions of
the micro-mirror and the detector allow to find optimal
geometric conditions in order to achieve high linearity and
high sensitivity over the whole range of deflection angles.
Figure 3 shows the geometry we assumed for the simulations
together with the resulting intensity distribution on the
detector.
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Figure 4. position signal ((a) RDIx, (b) RDIy) as a function of mirror
deflection angle.

Two regimes can be distinguished. For small divergence
angles of the light source and small tilt angles of the mirror
plates, the signal is dominated by the location of the center of
the beam which illuminates the diodes in an asymmetric way.
This is for example the basis for the use of quadrant diodes in
applications for laser beam pointing stabilization.
For very small distances and a large divergence of the light
source, we can assume that the light cone completely covers
all four detectors for any tile angle of the mirror. In this case
the main cause for differences in relative illumination of the
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detectors comes from the change in optical path distance
between light source and the detector areas. This leads to a
change in the cone angle and thus the relative illumination
intensity hitting the detectors.
These two situations have opposite tilt-angle dependence and
this interplay has to be carefully considered. Parameters
which enter into play and which partially influence each other
include: the distance between mirror and detector, the
distance between the detectors, the diameter of the mirror and
the divergence of the lightsource, the form of the mirror
surface, the intensity distribution of the light and the active
area of the detectors.
B. Experiments
We performed experiments with a prototype quadrant diode,
which has a hole at the center through which LED based
illumination was realized. The detection unit was
implemented in a compact form on a PCB board which can
be placed behind a scanner-mirror. A photo of this device
with the quadrant diode is shown in Figure 6. On the front
side, the quadrant diode is the only element, so that the board
can be placed in close proximity to the MOEMS device.
Behind the diode there is a hole in the PCB board and on the
backside of the PCB the light emitting diode and additional
electronic components are placed.
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In our tests this position detection board was placed at a
distance of 2 mm behind a MEMS mirror surface, which was
continuously tilted in the range from -4° up to 4° around its xaxis (see Figure 7). Under these conditions a nearly linear
relationship between RDIx and the mirror tilt angle was
obtained as predicted by the simulations.

Figure 8. RDIx and RDIy as a function of mirror tilt angle

Figure 8 show the final results we obtained. Also the RDIy
curve is included in this figure, which stays constant for all
values of deflection angle around the x-axis. There is a small
constant offset, which indicates a small misalignment of the
exact position of the diode or MEMS mirror, or some
inhomogeneity in the beam profile of the light illuminating
the MEMS mirror.
The statistical measurement error of the angle, which we
estimate from this data, was about 0.3° in this setup. This
corresponds to a relative error of about 0.03 for the whole
measurement range.

Figure 6. Position detection unit with a quadrant diode with a central hole
for illumination.

Mirror

LED

PCB board

III.

CLOSED LOOP CONTROL ELECTRONICS

Accurate position feedback is the basis for closed-loop
control of the MOEMS devices and we also realized a
microcontroller based driver, capable of driving
electrostatically driven MOEMS mirrors with optimal
performance.
The driver we developed contains two independent high
voltage channels in order to control two axes of an electrostatically driven quasi-static mirror device. For the position
feedback, the unit described above was used.
Software based implementation of the control loop provides
higher flexibility and more complex control algorithms. On
the other hand discretization of the time steps reduces the
control performance which can be achieved for fast mirrors.
The mirror used for these tests has a resonance frequency of
approximately 100 Hz and a high Q factor which results in a
strongly oscillating step response function, which is shown in
Figure 9.

Detector

Figure 7: Photo and scheme of the test set-up
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to minimize the settling time and the overshoot without
saturating the actuating signal. Settling times of 150ms
(improvement by factor 10) at 5% overshoot were achieved
using the Lead-Lag controller.

Open - Loop Responses
2

Simulation Result
Experimental Result
Input Voltage * 2

1.6

The third controller was a simple compensator, which cancels
out the poles of the mirrors transfer function and adds new
poles (double real poles). Even though quite fast settling
times (200ms) and zero overshoot were achieved, the
controller was practically not useful. This is because the
transfer functions of the MOEMS mirrors show a quite big
spread and therefore perfect pole cancellations can’t be
expected in practice. The cancellation of the dominant poles
also led to a quite sensitive behavior of the closed loop
against noise or perturbations.
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Figure 9. Step response of the MEMS device.

We used a Microchip microcontroller evaluation board with a
“Microchip dsPIC33FJ256GP710” digital signal processor to
test the different control algorithms. Because of the timeconsuming calculation of the mirror position, the DSP was
operated at a clock speed of 80MHz. All analog inputs were
sampled with 12bit resolution. The signals from the four
photodiodes are read in and evaluated to determine the
current mirror tilt-angle using a calibration curve. This value
is compared to a target value, which can be provided via the
RS232 interface. Subsequently the driving current is adjusted
according to the control-loop. The control loops work with a
cycle time of 560 μs. The sampling frequency was chosen to
be larger than 10 times the resonant frequency.

A last approach was done using a pole placement (or
“algebraic”) controller. In this case an overall transfer
function for the closed loop was chosen according to the
ITAE (integral of time multiplied by absolute error) design
criteria for step reference inputs. With the overall transfer
function and the mirror transfer function given, the controller
can be easily calculated. This controller provides the best
performance of all tested approaches. Settling times of 50ms
at 5% overshoot were achieved. A robust behavior against
steady state errors is also guaranteed.
The results obtained are shown in Figure 11.
p
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Figure 10. Block Diagram of the Control Loop
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The PI controller guarantees zero position error of the mirror,
for step reference inputs. Because of the integrating part the
controller is robust against plant perturbations or deviations.
The closed loop step response shows no overshoot or
oscillations. Nevertheless PI controllers are generally rather
slow. The settling time was reduced from 1.5 seconds in open
loop to 1 second using the PI controller.
The second approach was to use a Lead-Lag Controller
combined with an integrator to get a robust control system.
The two coefficients of the Lead-Lag controller were chosen

3

(a)

^ŝŐŶĂů;Ăƌ͘hŶŝƚƐͿ

Several different controller approaches were tested, including
a simple PI controller, an algebraic (or pole placement)
controller, an FKL (Lead-Lag) controller and a
compensator12. Intentionally simple controllers were chosen
which might be implemented easily even in small scale
microcontrollers with relatively poor computing power.
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Figure 11. (a)Simulation and (b)experimental step response results
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TABLE I.

Open loop
PI
Algebraic
FKL
Compensator
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PERFORMANCE OF DIFFERENT CONTROLLERS

Rise time
[ms]
2
530
10
555
110

Settling
time [ms]
1500
1000
50
150
200

Overshoot
[%]
100
0
5
5
0

In order to quantitatively compare the models, we calculated
rise time and settling time for each of the controllers. Here,
the rise time is defined by the time it takes to reach 90% of
the target value for the first time and the settling time is the
time it takes the system to stay within 2% of the target value.
The results are shown in Table I.
Based on these results, we can estimate that the algebraic
controller would provide the best performance for this type of
MEMS device. Depending on the requirement, all controllers
except the compensator, which is too sensitive against
perturbations, might be used in practical applications.
We also tested the expected performance of the MEMS
device when following arbitrary trajectories consisting of
repetitive linear segments. The results from simulations are
shown in Figure 11 and Figure 12.

Figure 13. Simulation of trajectory tracking using a pole-placement
controller.

In open loop operation (Figure 11) the mirror shows
significant ringing at the mirrors resonance frequency
(~100 Hz). Even when smoothing the edges of the target
trajectory using a low-pass filter at 150 Hz, this behavior
persists. Clearly this trajectory could not be achieved with
this mirror in open-loop operation.
On the other hand, using the algebraic (pole placement)
controller, the mirror very accurately follows the reference
signal. In the un-filtered case some small ringing can still be
observed at the edges, but except for a small delay, the
filtered reference signal can perfectly be followed in this
configuration.
These simulations are confirmed by experimental results
shown in Figure 14. In this case a triangular signal was
applied. In particular the correspondence between simulation
and experimental results makes us very confident, that
accurate and robust control can be obtained in practical
application scenarios using the novel position feedback
presented in this paper.

Figure 12. Simulation of trajectory tracking in open-loop mode.(blue:
reference signal, green: open loop response red: open loop response, when
the reference signal is low-pass filtered using a Bessel type filter with a cutoff frequency of 150 Hz)

Figure 14. Simulated and experimental closed-loop tracking of a triangular
signal with f=22Hz.
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IV.

SUMMARY AND CONCLUSIONS

In summary we have described in much detail our position
detection scheme based on a prototype quadrant diode with a
central hole. The scheme can be applied to arbitrary MOEMS
mirrors and can be realized in a very compact form. The
results we obtained are very promising and, already at the
current stage, enabled the implementation of a closed-loop
control, which significantly increases the performance of
these mirrors.
In this context we compared different controller approaches
and showed simulations and experimental results. In our
experiments it was possible to move the mirror with a 20 Hz
triangular trajectory using an algebraic closed-loop controller,
whereas in open-loop operation the same mirror would not be
useable above 1-2 Hz. These results clearly underline the
importance of closed-loop operation for the optimal
performance of quasistatic MOEMS mirrors.
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Closed-loop tracking of a common reference signal, also
intrinsically enables the synchronization of multiple mirrors,
which can be important for numerous applications, e.g. for
increasing the effective aperture of reception optics by using
an array of many small MEMS mirrors.
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feature detected requires assessment in terms of a pass / fail
criterion.
Abstract— Automatic small surface feature inspection of highprecision components requires superior measurement and
automated analysis systems. Early identification and
quantification (depth, area and volume) is a key aspect in
quality assurance in order to check the health of the
manufactured part. Human visual analysis of surface feature
inspection is qualitative, subjective and time consuming. Threedimensional (3D) robotic inspection should provide a more
robust and systematic quantitative approach for surface defect
measurement. 3D measuring instruments typically generate
point cloud data as an output, although via different principles.
Data processing of point cloud data is often subject to
repeatability issues causing significant concern with data
confidence. This research is concerned with the measurement of
novel traceable sub-millimetric surface defects and the
development of a novel, robust, repeatable and mathematical
solution for automatic defect detection and quantification. This
is then extended to a surface defect on a plain bearing measured
in real-time using a 3D measuring instrument mounted on a 6axis robot and quantified using the novel algorithm. The results
show that the new surface defect measurement and
quantification is more robust, efficient, and repeatable than
existing solutions.

I.

INTRODUCTION

In industry, surface topography is one of the significant
factors in performance of high precision components. Surface
topography is normally recognized as comprising of different
surface components, i.e. roughness, waviness, form, and
surface suspicious features. Whilst separation of roughness,
waviness and form components is usually conducted by the
application of filters [1], discrete detection of surface
suspicious features is also crucial because they may
significantly influence the functional performance of a
component. Inspection of such surface features is an important
task for manufacturing industries, in terms of product quality,
production efficiency, and performance efficiency. Any

Automatic detection of process-induced features (e.g.
indentations and scratches), is an important issue in machine
vision. Detection of defects in 2D and 3D has been reported
for various applications in different industries. Examples
include; the real-time detection of defects on rail surfaces [2],
highly reflected curve surfaces [3], the robust and automated
detection of tooling defects for polished stone [4], along with a
computer–aided visual inspection system for surface defect
detection in ceramic capacitor chips [5]. Once such special
features have been identified, it is important to accurately
extract the defect from the surface. Several algorithms have
been developed and published for defect detection in images
[6-8] as well as different filtration techniques set out in the
ISO 16610 series of standards [9] to aid the characterization of
surface features [1][10]. This can also be adopted to detect
surface defects. Once a defect is detected and ideally isolated,
it then becomes important to quantify the defect geometry
(such as depth, area and volume). Although, significant work
has been reported in detecting surface defects using various
optical methods, robust, traceable and importantly, automatic
methods for volume measurement in 3D, is less well explored.
ISO 8785 [11] gives the definition of types of surface
defects but currently standards are not available to isolate and
quantify defects. Currently ISO 25178-2 [12] is available to
quantify aspects of surface volume of materials, which can
and has been adopted to measure the volume of defects.
Commercial analysis software are also available that allow a
user to identify a defect manually and consequently quantify
defects. However visually driven manual delimiting of a
defect is always subjective and qualitative, leading to
repeatability/reproducibility
issues
and
errors
of
quantification. Moreover, there is an issue of reliability of
data representation due to the lack of traceable surface defect
comparators and defect soft-gauges.
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In this research, standard, repeatable and traceable defect
artefacts have been generated and a novel algorithm has been
developed to quantify defects automatically and rapidly in 3D.
II.

DEFECT ARTEFACT

A. Artefact Generation
There is no significant evidence of standard surface defect
comparators commercially available and hence there is a need
to generate standard and traceable surface defect artefacts. In
this work, artefacts have been generated using repeatable
Rockwell hardness test equipment, typically used to determine
the hardness of substrates. Indentations are made using a
known conical indenter on a metal surface. Irrespective of the
material hardness, these indentations have a very unique shape
and geometry that can be used as a standard defect to develop
a robust method to quantify defects. In this context, the term
traceable means that the geometric parameters (depth for
instance) of a standard defect, are directly traced to the SI
definition of the metre.
Four different sizes of indentation have been generated on
flat standard stainless steel plate following the specification
set out in ISO 6508-1 [13]. These are nominally 300.0 µm,
250.0 µm, 180.0 µm and 40.0 µm in depth. Typical sets of
indentations have been produced on four different flat plates
which have roughness values (Rq) in a range of 0.06 µm to
1.27 µm. Fig. 1 shows the four different sizes of Rockwell
indentations on a flat plate (Rq = 1.27 µm).
B. Measurement of artefact
Artefacts have been measured in 3D using a parallel
optical coherence tomography (pOCT) instrument. The 3D
optical sensor is capable of measuring different surface types,
including ground and polished surfaces, steps and films. The
instrument produces 3D datasets with a field of view of
approximately 2.4 mm x 2.4 mm with a lateral resolution of
approximately 8.0 µm. The measuring instrument is mounted
on a 6 axis Fanuc industrial robot-Mate 200ic. This robot is
chosen for typical inspection tasks due to its finer repeatability
(0.02 mm) compared to other commercial industrial robots.

Eds. Leo J De Vin and Jorge Solis

III.

NOVEL ALGORITHM

The novel algorithm to quantify the defect automatically
has been created using MATLAB R2012b and is briefly
illustrated in Fig. 2. The 3D measuring instrument provides
point cloud data as the output of the measured surface. Fig. 3
illustrates 3D data of the measured surface that contains
conical defect 2 (as shown in Fig. 1).
Measurement noise, for instance spurious spikes, is
always present in acquired data from any 3D optical
instruments and it is important to remove such noise for
better qualitative assessment otherwise it could lead to
incorrect quantification. A low pass 2D Gaussian filter is
implemented to remove such noise. Moreover, 3D datasets
also contain geometric form (typically in the millimetric)
scale that needs to be removed for better assessment of the
defect. If this is not achieved, large scale form would mask
smaller scale defect information. By generating the mean
surface using an advanced robust Gaussian regression filter,
form can be removed thus a residual surface can be obtained.
After the filtration process, it is important to isolate the
defect from the residual surface. The purpose of this process
is to locate the defect region and 3D data portions for later
defect quantification. For defect isolation, edge detection of
the defect is essential. An edge of the defect is defined as an
abrupt change in surface height on the 3D data. There are
various image processing techniques available for edge
detection, such as gradient operators and thresholding. Due to
embedded surface roughness, gradient operators for edge
detection were found too complex and hence a local
thresholding method considering surface texture was adopted
to isolate the defect.

Figure 1. Different sizes of Rockwell indentation

Figure 2. Flow chart of the novel algorithm
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defect artefacts of different sizes and embedded in different
roughness substrates, as explained in Section II A, and the
results are discussed as follows.
IV.

ARTEFACT ANALYSIS

Automatic defect quantification of the different sizes of
defect artefacts using the algorithm is shown in Table 1. In
this example, artefacts shown in Fig. 1 were measured five
times repetitively. It can be seen that the relative standard
deviation in calculating geometrical quantities (depth, area
and volume) is observed to be less than 0.4 % in defects
above 178.0 µm in depth.

Figure 3. Raw 3D data of a defect artefact

Once a defect is isolated, it is relatively straightforward to
derive the boundary of the defect in 3D as shown in Fig. 4, as
a blue circumferential line outlining the brim of the defect
region
A reference plane is generated using the least squares
method to fit into the defect boundary data points. In a given
field of view, the algorithm tries to find the minimum point.
Once the minimum point is obtained then the perpendicular
distance from the minimum point to the generated least square
plane can be calculated using a simple mathematical equation
which is effectively depth information of the defect. To
evaluate an area of the defect, the total number of pixels
encapsulated in the defect boundary region is considered. To
compute the volume of a defect, the algorithm calculates the
perpendicular distance from each defect point (pixel) to the
least square plane. Considering an area of a pixel, the sum of
all the perpendicular distances from each pixel to the reference
plane is ultimately the volume of the defect.

However, the algorithm computes the depth, area and
volume of the smallest defect (39.0 µm in depth) with
slightly higher relative standard deviation (1.0 % to 3.0 %)
than the rest of the other defects. The higher variation
observed in measuring the smallest defect may be due to
uncertainties associated with the measuring instrument, robot
and generation of defect artefacts. Fig. 5 is a graphical
representation of the geometric parameters of the four
different size defects on a logarithmic scale.
A key element of this research work is to identify how
effective the developed automated process is when dealing
with defects embedded in substrates of various roughness.
Table 2 shows a comparison of defect quantifications of a
defect (depth of 250.0 µm) embedded in flat plate with
roughness values (Rq) of 0.06 µm, 0.16 µm, 0.78 µm and
1.27 µm. It is observed that the algorithm copes well with all
four rough substrates in finding the geometrical quantities of
defects. The relative standard deviation is observed to be less
than 1.0 % in all cases. To show this more effectively, depth,
area and volume of defects are graphically shown in Fig. 6 on
a logarithmic scale.

The area of a pixel is defined by the lateral resolution of
the measuring instrument. This process is applied to various

TABLE 1. G EOMETRICAL QUANTITIES OF DIFFERENT SIZE OF DEFECT
ARTEFACTS

Defect
1
2
3
4

Depth
(µm)
305
252
178
39

Measured Quantities
Area
Volume
(µm)2
(µm)3
1426074
87888000
1281856
57007400
1135027
24837400
28603.2
431164

% Standard Deviation
Depth

Area

Volume

0.1
0.1
0.2
1.2

0.3
0.4
0.2
1.5

0.1
0.2
0.3
2.7

Figure 4. Residual surface with isolated defect
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Figure 7. Defect on the concave side of the plain bearing
Figure 5. Comparison of measured quantities of different siez defect
artefacts

TABLE 2. GEOMETRICAL QUANTITIES OF DIFFERENT DEFECT ARTEFACTS
EMBEDDED IN VARIOUS ROUGH SUBSTRATES

Rq
(µm)
0.06
0.16
0.78
1.27

Depth
(µm)
244
252
244
248

Measured Quantities
Area
Volume
(µm)2
(µm)3
1173926
47552100
1281856
57034200
1270131
49298560
1217754
56135890

% Standard Deviation
Depth

Area

Volume

0.2
0.1
0.1
0.1

0.7
0.4
0.7
0.2

0.6
0.2
0.7
0.2

The results presented in Table 1 illustrate that the novel
algorithm is very repeatable and effective for quantifying
defect artefacts of different sizes. Likewise the results
presented in Table 2 show the performance capability of the
novel algorithm to detect the defect artefacts embedded in
different roughness of substrates and to quantify defects
automatically, is again very repeatable. However, whilst the
novel algorithm is effective on artefacts which are of known
size and controlled geometry it is very important to identify
the effectiveness of the algorithm on real defects which are
embedded in free form surfaces.
V.

REAL DEFECT MEASUREMENT

The automotive industry may reject parts with defects in
the manufacturing process, because even a minor defect in a
manufactured part may result in a functional failure at a later
in-service stage. Thus it is very important to detect, classify
and quantify defects at an early stage because it is often a key
parameter in quality assurance in order to determine
pass/failure of the manufactured part.
Fig. 7 shows a suspicious region on a plain bearing. This
defect is measured repetitively five times using the 3D
measuring instrument. Fig.8 shows the point cloud data of the
measured suspicious region of the plain bearing. It can be
clearly seen that the small defect is masked by the large scale
of geometric form. It thus follows that the precise detection
of the defect, isolation from the surrounding substrate, and its
quantification, is very critical.
Figure 6. Comparison of measured quantities of defect artefacts in
different roughness substrates

Measured 3D data of the defect on a plain bearing is
processed using the novel algorithm explained in Section III.
Fig. 9 illustrates the form-free residual surface with the
highlighted defect region. The novel algorithm computed the
maximum depth (height in this case) as 9.0 µm, area of
143560 µm2 and volume being 589397 µm3 with a relative
standard deviation of 2.0 %, 1.4 % and 3.9 % respectively.
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Figure 8. Raw data of Defect

VI.

Figure 9. Positive Defect

CONCLUSIONS

The current research has identified the need for enhancing the
functional capabilities and efficiency of 3D surface defect
detection and quantification. To date, this research has
developed and successfully demonstrated;
•

Traceable and repeatable defect artefacts with
different sizes and in a range of substrates with
various roughness.

•

Measurement of the defect using 3D instrument
which uses the physical principle of parallel optical
coherence tomography mounted on a 6-axis robot.

•

•

Eds. Leo J De Vin and Jorge Solis

Robust, rapid, automated measurement of defects
using new MATLAB based algorithms, with high
level of repeatability on the defect volume
measurement.
The application of the implemented algorithm on
quantification of the defect on industrial components
(plain bearings in this example).

Further work is currently involved with refining algorithm
capability and speed, and exploring the applicability of this
process to a broader group of real defects on a range of
different operational surfaces, using different robotic systems.
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Abstract—Transmissions with wet clutches exhibit a complex
nonlinear dynamic behaviour. Furthermore, due to wear of the
friction plates and variable oil characteristics, this behaviour
evolves over time. Currently industrially applied control
strategies often consist of parametric feedforward signals which
require regular time consuming calibrations. The proposed
Iterative Learning Control based strategy overcomes this
inconvenience and improves significantly the shift quality, both
with respect to the transmitted power as with respect to the
comfort level. The developed algorithm is experimentally
validated on a test vehicle, demonstrating that it is able to learn
the optimal control signals during operation.

I. INTRODUCTION
Wet clutches are mechanical devices that can transmit
power from their input shaft to their output shaft by means of
friction when engaged, but which can be disengaged. They are
commonly applied to selectively engage gear elements in the
power transmissions of off-highway and agricultural vehicles,
where high torques are transmitted from input to output. A
gear shift with uninterrupted power transfer can be realized by
disengaging one clutch and simultaneously properly engaging
another clutch. These vehicles are typically operating under
strongly varying conditions and the clutches of their
transmissions wear out and degrade over their lifetime [1]. In
addition, this type of clutches exhibits a complex nonlinear
dynamic behaviour [2]. Both on the input and the output shaft
of the clutch, a set of friction plates is installed and a coupling
of the shafts is realized by pressing the friction plates together.
At the moment the friction plates touch to each other, the
dynamic behaviour changes drastically. Based on this
transition, the behaviour of the clutch can be divided in two
phases. The first phase in which the two sets of friction plates
approach each other, is called the filling phase, while the
second phase is referred to as the slip phase. During the latter,
the clutch starts to transmit torque and the difference in
rotational speed between the input and the output shafts,
denoted as slip, gradually decreases to zero. The driver

expects a fast and smooth response when a gear shift is
requested. These driver requirements and the complex
dynamic behaviour turn power shift control for transmissions
with wet clutches into a challenging industrial problem.
The currently industrially applied control strategies consist
of parametric feedforward signals that are experimentally
calibrated on the vehicle. To cope with wear and degradation
over time, the parameters of these feedforward signals are
regularly recalibrated during machine maintenance. In order to
avoid these time-consuming and cumbersome recalibrations,
some patents have been claimed to vary the signal parameters
during normal operation using some empiric rules based on
past engagements [3], [4], [5]. However, these methods do not
offer systematic tuning procedures.
There were some attempts to overcome this drawback
reported in literature by designing a gear shifting controller
starting from a full physical model for the clutches. In [2] and
[6], such models are used to design feedback controllers,
while [7] and [8] propose to apply them for the design of
feedforward controllers. The approach suffers from two major
drawbacks. The first consists of the substantial effort required
to identify based on experimental data an accurate physical
clutch model which involves solving a hard parameter
estimation problem. The controllers synthetized from these
physical models often have a complicated structure which
jeopardizes their online implementation on simple industrial
electronic control units. This forms the second drawback.
Both issues can be resolved by developing separate
controllers for the filling and the slip phase. Models can still
be required to design these controllers, but as these models
only have to describe the behaviour for one phase, they are
much simpler and are easier to identify. [9] and [10] adopted
this approached and designed a feedforward controller for the
filling phase while a feedback controller is used during the slip
phase. Obviously, some tuning is required to guarantee a
smooth transition between both controllers.
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The control strategies discussed previously are able to deal
with the nonlinear transition between filling and slip phase,
but cannot handle the large variation in clutch behaviour due
to changing operating conditions, wear or degradation.
Recently, some approaches based on learning control that are
able to tackle this issue have been proposed in literature [18].
Depraetere et al. propose is [11] a two-level iterative learning
control (ILC) scheme consisting of a high-level ILC-type
algorithm that iteratively updates parametric reference
trajectories and in the lower level two standard ILC controllers
respectively for the filling and the slip phase, to track these
references. The effectiveness of this approach has been
demonstrated on a driveline test set-up for the engagement of
a single clutch. In [12] a two-level optimization-based strategy
is proposed that uses recursive identification techniques in the
higher level to retrieve the necessary system models and
applies them in the lower level to calculate the optimal control
signals. Applying this approach on a driveline set-up
demonstrated the achievable superior gear shift quality.
However, this method has substantially higher computational
requirements than the ILC-based algorithm proposed in [11].
In [13], Dutta et al. propose a two-level model predictive
control approach and compares it to the two-level ILC
method, demonstrating that both method yield a similar
performance, the ILC algorithm being a little slower, but
much simpler.
In this paper, the ILC-based control strategy proposed in
[11] is adopted and extended towards power shifting. The
method is implemented on a test vehicle and its performance
is compared to this achieved using an industrial feedforward
control strategy.
The paper is organized in the following way. Section II
presents the fully instrumented test vehicle and gives some
further details about the transmission with wet clutches and its
dynamic behaviour . Next, section III introduces the industrial
feedfoward control strategy, while section IV discusses the
developed ILC-based power shift controller. Section V
presents the experimental results. Finally, section VI draws
some conclusions and gives some suggestions for future work.

Eds. Leo J De Vin and Jorge Solis

the vehicle, next it details the layout of a wet clutch, while the
last section discusses the identification of a model that
describes the clutch behaviour in slip phase.
A. A heavy duty drivetrain
The driveline of the considered off-highway heavy duty
vehicle consists of an internal combustion engine, a torque
converter and a gear box with three gear ratios and equipped
with wet clutches. The output shaft of the gear box is
connected to the differential which drives the wheels of the
vehicle. Figure 2 shows a block diagram of this driveline.

Figure 2: Block diagram of a heavy duty driveline

The torque converter is a hydrodynamic fluid coupling
which replaces a mechanical clutch and allows to separate the
load from the driving combustion engine. It consists of a
pump which is connected to the engine shaft, a turbine
attached to the input shaft of the gear box and a stator
mounted between the pump and the turbine on a unidirectional
clutch which prevents the stator from counter-rotating with
respect to the engine shaft. The torque converter can act as a
reduction, augmenting the output torque Tturb when engine
speed ZICE is substantially larger than the turbine speed Zturb.
The gear box of the heavy duty test vehicle contains five
wet clutches and gear pairs. Proper actuation of these five
clutches allows to drive the vehicle in forward or reverse
direction at three different gear ratios. Figure 2 contains a
schematic representation of the gear box layout. In the gear
box, the position of the ingoing and outgoing shaft are
measure using encoders, as well as the position of the shaft
between the direction gears (forward and reverse) and the
range clutches (1,2,3). This shaft is referred to as the drum.
The output torque of the gear box is measured on the test
vehicle as well.
B. Layout of a wet clutch

Figure 1: The test vehicle

II. TEST VEHICLE
Figure 1 shows the test vehicle which is equipped with a
dSpace MicroAutoBox for rapid control prototyping [14]. This
section discusses first the driveline and the instrumentation of

Figure 3 shows a cross section of a wet clutch and its
components. The input shaft of the clutch is connected to a
drum, which is a hollow cylinder with grooves on the inside.
Through these grooves, a first set of friction plates can slide.
This set is referred to as the clutch friction plates. The second
set of friction plates, called the clutch discs, can slide over a
grooved bus that is connected to the output shaft. To engage
the clutch, a proper current signal is sent to the servo-valve in
the hydraulic line to the clutch. When the servo-valve opens,
oil flows to the clutch chamber which fills up and the
pressure starts to raise. At a certain point, the pressure is
sufficiently high to compress the return spring and the piston
starts to move towards the friction plates. This is the so called
filling phase of the engagement. It ends when the piston has
advanced far enough to start pressing the friction plates
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together. At this moment, the slip phase begins and torque
starts to be transferred from input to output shaft. At the
transition from filling to slip phase, the dynamics change
considerably, causing the strong nonlinear dynamic
behaviour.

Figure 4: Identified FRF’s between current and slip for clutch of
1st gear, measured around two nominal slip values: 100 rpm and
200 rpm

Figure 3: Schematic cross section of a wet clutch

The piston positions are not measured on an industrial
transmission. The transmission of the test vehicle is equipped
with sensors measuring the oil pressure in the lines to clutch
chambers, at the servo-valves. Since, these sensors are not
present on all types of industrial transmissions, they cannot
be used as inputs for the controller but only for development
purposes. The only signals available as controller inputs are
the rotational speeds of the drum, the in- and the output
shafts.
C. Identification of wet clutch dynamic behaviour
A model-based approach is adopted to design the ILCbased power shift controller. In particular, non-parametric
frequency response functions (FRF) are used to describe the
relation between the current applied to the servo-valve and the
slip over a clutch. The slip si of clutch i is defined as the
difference in rotational speed between the in- and the outgoing
shaft:
ݏ ൌ ߱ǡ െ  ߱ǡ௨௧ Ǥ

(1)

where ߱ǡ and ߱ǡ௨௧ represent the rotational speed
between the in- and the outgoing shaft respectively.
To estimate the FRF’s, closed loop identification
experiments have been performed on the test vehicle for
different mean slip values. During these experiments, a clutch
is kept continuously in slip phase by a slip feedback controller,
see section IV, while a broad band excitation is applied to the
servo-valve. Two FRF’s between current and slip in the clutch
of first gear are shown in Figure 4. These FRF’s are estimated
with the indirect approach presented in [15]. The poor quality
of the FRF is due to the high amount of noise on the slip
signals, mainly induced by applying numeric differentiation
used to calculated the speed based on the measured rotational
positions of the transmission shafts, see II.A. The FRF’s show
some variation in the gain. This gain also depends on the load
of the vehicle. These variations will have to be taken into
account during the design of the slip feedback controller, see
section IV.

III. INDUSTIAL FEEDFORWARD POWER SHIFT CONTROL
In order to achieve a good power shift quality, torque
transfer should start as soon as possible, without introducing
torque discontinuities, peaks or oscillations. A fast response
is realized by executing the filling phase as fast as possible,
by sending a pulse current of a certain duration Tfill to the
servo-valve. During that pulse, the pressure is raised to a
constant level, the fill pressure pfill, and the piston is
accelerated towards the friction plates. To realize a
comfortable engagement of the clutch, the friction plates have
to approach each other smoothly. Consequently, the current
and hence the pressure, is reduced to decelerate the piston
such that the friction plates do not bump into each other,
avoiding the corresponding torque peak. The pressure at this
point is referred to as the kiss pressure pkiss. The pressure
level in the off-going clutch is decreased during this filling
phase to a value poff, but only to such a level that it remains in
sticking mode.
The on-going clutch now starts transferring torque and
enters the slip phase. In case of a power shift, the pressure is
gradually increased to a value pon. At time instant Toff, the ongoing clutch transfers all torque. At the same time, the offgoing clutch is opened completely. Finally, the pressure level
in the ongoing clutch is linearly increased to the value psync to
achieve the synchronisation of the in- and outgoing shafts of
the clutches. Once the shafts are synchronised, the pressure is
increase to the nominal level.
Figure 5 shows the desired pressure profiles and the
parameters to perform a power shift from first to second gear.
The selection of the right parameters and the timing
determines the quality of the gearshift. When the on-going
clutch pressure rises too soon, torque loops occur in the
transmission. A too low pressure in the on-going clutch
causes torque interruption. Both phenomena yield driver
discomfort.
Given the fact that the clutch behaviour also depends
strongly on environmental conditions, the tuning of these
parametric control signals is a cumbersome and time
consuming task.
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Figure 6: Schematic representation of ILC-based gear shifting
controller

Figure 5: Illustration feedforward based control strategy for
power shift from 1st to 2nd gear. The command for the shift is
given at 1 s.

The feedforward control signals of this new strategy are
the same as those applied by the industrial power shift control
strategy, described in section III.

IV. ILC-BASED POWER SHIFT CONTROL
To deal with the time-variant behaviour of the wet
clutches, an iterative learning control strategy is adopted. The
main idea behind ILC is to improve the tracking performance
of the controlled system that executes repeatedly the same
task, by making use of the results of previous realizations
[16], [17]. An important advantage of ILC is that the plant
model does not need to be very accurate to achieve a good
tracking performance. Often, a simplified model that
approximates the nominal plant dynamics suffices. This
feature makes ILC particularly interesting for the control of
wet clutches.
The next paragraph details the design of the developed
ILC-based gear shifting controller, while paragraph IV.B
discusses the selection of a slip reference. In combination
with an accurate tracking controller, the shape of this slip
reference signal determines the achievable shift quality. The
used jerk-limited slip profile enables achieving comfortable
power shifts.
A. Control structure
In correspondence with the state-of the-art methods
reported in literature, the applied control strategy divides the
gear shift in two phases, a filling phase and a slip phase [9],
[10]. For the filling phase, a feedforward controller is
adopted, while for the slip phase a combination of a
feedforward, a slip-feedback and an ILC controller model are
used. In order to avoid the cumbersome recalibrations of the
feedforward control parameters, learning control should also
be applied to the filling phase. However, it was decided to
demonstrate in the first part of the project on the feasibility of
applying ILC for power shifting control on a real vehicle and
the potential of this method to improve the shift quality. The
controller for the filling phase will be developed in a later
stage of the project. In literature, several approaches have
already been presented for filling learning [11], [12], [18] and
[20].
Figure 6 shows a schematic representation of the ILCbased power shifting controller structure.

The slip feedback controller is only present on the ongoing clutch and consists of a classic lead-lag controller. The
bandwidth of this controller is restricted to about 0.5 Hz to
obtain a sufficiently large stability margin necessary to cope
with the large system variations originated by the variable
vehicle load. Despite its poor performance, it is preferred to
apply this feedback controller since it eases the
implementation of the ILC-controller. The feedback controller
is activated when the filling phase is terminated, about 0.3 s
after the start of the gear shift, and aims to track a slip
reference profile that yields a smooth synchronisation (see
section IV.B).
The ILC-controller is added on top of the slip feedback
controller adopting to the serial structure described in [17].
The block scheme is shown in the blue rectangle of Figure 6.
The ILC control signal of the (m+1)th iteration ic,ilc,m+1 is
calculated based on the previous ILC signal ic,ilc,m and the
previous tracking error eslip,m between the slip reference
profile sref and the realized slip sm by using following linear
update law:
݅ǡǡାଵ ሺݐ ሻ ൌ ܳሺܦሻ ቀ݅ǡǡሺ௧ೖሻ

(2)

 ܮሺܦሻ݁௦ǡ ሺݐ ሻቁǡ
with D the delay operator, tk is the time instant and Q and L
the designed filters of the ILC-controller.
In [17] and [16], it is shown that under the assumption of
an exactly known plant behaviour P(Z) perfect tracking can
be obtained by selecting the L-filter as the inverse of the plant
model L(Z)=P(Z)-1 and the Q-filter as Q(Z)=1. However, in
practice some uncertainty will be present on the system
model due to model-plant mismatch. In case of magnitude
uncertainty, a monotonic decrease of the tracking error can be
guaranteed for the ILC-controller by selecting Q(Z)=1 and
L(Z)=Dܲ෨ሺ߱ሻ with 0 < D < 1 and ܲ෨ ሺ߱ሻ the nominal plant
model. A lower value of D yields an increased robustness
against magnitude uncertainty, but comes at the cost of a
reduced convergence speed of the ILC-controller. In this way,
any level of magnitude uncertainty can be compensated. In
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case some phase uncertainty is present, selecting Q(Z)=1 is
only permitted if the phase difference between the nominal
plant model and the real system behaviour is limited to 90°.
For those frequencies where the difference is larger, the
magnitude of the Q-filter should be reduced to achieve a
monotonic decrease of the tracking error. However, in these
cases, perfect tracking cannot be guaranteed.
Concretely for this power shift control application, the Lfilter is selected as the inverse of the closed loop system
which consists of the plant and the slip feedback controller.
The bandwidth of the L-filter is restricted to avoid a nervous
control signal which would yield operator discomfort. For the
reasoning mentioned before, the Q-filter is chosen as a zerophase low pass filter with a bandwidth of 5 Hz. Given the fact
that the duration of the slip phase is between 0.7 to 1 s, this
bandwidth should suffice.
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Ͳ ൌ ܶଵଶ ʹݏሶ  ܶଵ Ͷݏ െ ʹݏ οܶ െ ݏሶ οܶ ଶ Ǥ

(8)

Solving equation (8) yields two solutions for T1, from
which the value that fulfils conditions T1 ≥ 0 and T1 ≤ 'T is
the only feasible one. Consequently, this value can be used to
calculate the maximum jerk:
ݏሷ௫ ൌ

ݏሶ
Ǥ
ʹܶଵ െ οܶ

(9)

Once the values of T1 and ݏሷ௫ are calculated, equation
(7) is used to calculate the jerk-limited slip reference profile.
Figure 1Figure 7 shows an example of a slip reference profile
calculated with the method described above. The initial slip
was 600 rpm, its derivative 0 rpm/s, while the duration of the
synchronisation was 0.5 s. In the controller implementation,
the slip is low pass filtered to attenuate the high frequent noise
and the derivative of the slip is estimated using a linear filter.

B. Jerk-limited slip reference profile
Improving the operator comfort is one of the most
important objectives for the design of this power shift
controller. The approach presented in [13] is applied to
calculate a jerk-limited slip reference profile. The second
derivative of the slip, i.e. the jerk, is strongly related to the
passenger discomfort [19]. Hence, a comfortable shift is
achieved by minimizing the maximum value of the jerk in the
slip profile. The method is detailed in the following.
The initial values of the slip and its derivatives are known
for a specific shift when the slip controller is activated at the
end of the filling phase. The clutch is then already slipping
and the slip of the on-going clutch and its derivative have a
certain value:
ݏሺͲሻ ൌ ݏ ܽ݊݀ݏሶ ሺͲሻ ൌ ݏሶ Ǥ

(3)

To guaranty a smooth lock-up after a predefined duration

'T, the slip and its derivative should be equal to zero at that

moment:

ݏሺȟܶሻ ൌ ݏ ܽ݊݀ݏሶ ሺȟܶሻ ൌ ݏሶ Ǥ

(4)

Under these conditions, the optimal signal of the jerk has a
bang-bang profile: during the first period of duration T1 the
jerk as a value of െݏሷ௫ , after which it witches to ݏሷ௫ and
remains constant until 'T:
ݏሷ ሺݐ ሻ ൌ ൜

െݏሷ݉ܽ ݔǡ ݂ ݐݎ ܶଵ ǡ
ݏሷ݉ܽ ݔǡ ݂ ݐݎ ܶଵ Ǥ



(5)

Double integration of (5) yield following expressions for
the derivative of the slip, ݏሶ :
ݏሶ െ ݏሷ௫ ݐǡ ݂ ݐݎ ܶଵ ǡ

ݏሶ ሺݐ ሻ ൌ  ൜
ݏሶ ሺܶଵ ሻ  ݏሷ௫ ሺܶଵ ሻሺ ݐെ ܶଵ ሻǡ ݂ ݐݎ ܶଵ ǡ

(6)

and for the slip:
ݏሺݐ ሻ

ଶ
ݏ  ݏሶ  ݐെ ݏሷ௫  ݐൗʹ ǡ ݂ ݐݎ ܶଵ ǡ
ൌቐ
ሺ ݐെ ܶଵ ሻଶൗ
ݏሺܶଵ ሻ  ݏሶ ሺܶଵ ሻݐሺ ݐെ ܶଵ ሻ  ݏሷ௫
ʹ ǡ ݂ ݐݎ ܶଵ

(7)

Applying some algebra to the equations (5) to (7) results in
following quadratic equation in T1:

Figure 7: Illustration of jerk-limited slip reference signal

V. EXPERIMENTAL RESULTS
This section presents the experimental results achieved by
implementing the ILC-based power shifting strategy on the
test vehicle (see section II). Firstly, it is demonstrated that the
ILC-controller converges and hence, is able learn the proper
control signal to track the desired slip reference profile.
Secondly, the performance of the newly developed control
strategy is compared to this realized with the industrial
feedforward strategy (see section III).
The graphs of Figure 8 show respectively the applied
control signals (upper left), the measured driveshaft torque
(upper right), the slip signal (lower left) and the output speed
of the transmission (lower right) during a shift from 1st to 2nd
gear. The dashed black lines give the initial signals, while the
solid black lines show the results after 20 iterations of the ILC
algorithm. The performed tests consisted of repeated full
throttle accelerations starting from zero initial velocity, on a
flat road and at nominal operating temperature of the
transmission (60 °C). The power shift is initiated at 1.9 s.
These test results demonstrate that the ILC algorithm is
able to learn the appropriate control signal to perform a
smooth power shift. The slip signal tracks the reference pretty
well, only at the initial part there exist dome deviation. This is
however a result of the controller signal applied during the
filling phase. This issue could be resolved by extending the
currently applied feedforward controller of the filling phase
with a learning module. This extension will be developed
during a later phase of the project. Between 2.3 s and 2.6 s, the
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transmitted torque for shift with the convergence of the ILC
controller is about 5 % higher than initially, resulting is a
faster acceleration of the vehicle (see right graph of Figure 8).
The realized torque profile exhibits also less oscillations,
reducing the excitation of the driveline and hence, yielding a
higher comfort level.
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slip is a factor 3 lower than the industrial control strategy.
These observations are in correspondence to the subjective
evaluations of different test drivers.
Table 1: Shift quality metrics for the ILC-based and industrial
strategy for shifts performed on flat road and a slope

Controller

Flat

Slope

Tmin
[Nm]

࢙ሷ ࢇ࢞
4
3
[10 rad/s ]

Tmin
[Nm]

࢙ሷ ࢇ࢞
3
[rad/s ]

ILC-based

160.8

0.37

218.2

0.5

Industrial

105

1.13

144.4

1.5

VI. CONCLUSIONS AND FUTURE WORK

Figure 8: Results experimental validation of ILC-based power shift
control on test vehicle for shift from 1 st to 2nd gear on a flat road

Next, the performance of the ILC-based strategy is
compared to the industrial strategy. The left graph of Figure 9
shows the output torques of the transmission measured when
applying respectively the ILC-based and industrial control
strategies, while driving on a flat test track. At the time instant
t = 2 s, the command for the upshift from 1st to 2nd gear is
given to the controller. The torque realized with the ILC
controller clearly is much smoother and is characterized with a
much smaller drop during the slip phase. Similar phenomena
can be seen on the right graph of Figure 9, which shows the
slip over the ongoing clutch during these manoeuvre.

This paper presented the experimental validation of an
ILC-based control strategy for power shifting of a
transmission with wet clutches. The controller structure
consists of a parametric feedforward module, a slip feedback
controller, an ILC-module and a jerk-limited slip reference
generator. The control strategy was successfully implemented
on a fully instrumented test vehicle and compared to an
industrially used feedforward control strategy. The test results
demonstrated that the transmitted torque during a shift is up to
50 % higher than the industrial approach. As such, this
controller enhances the performance and safety of the vehicle.
Furthermore, the jerk during the slip phase could be reduced
by a factor of 3, yielding a substantial improvement of the
operator comfort.
This work focussed on the development of a learning
controller for the slip phase. For the filling phase, a parametric
feedforward control was used. Hence to overcome the need for
the costly and cumbersome recalibrations, the controller
structure should be extended with a learning module for the
filling phase. In literature, different learning control methods
have proposed for the filling phase [11], [12], [20]. However,
the optimal control signals might depend on the load and on
the oil temperature. To the authors knowledge, no approaches
have been reported in literature about how to deal with these
dependencies.
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Figure 9: Comparison ILC-based to industrial feed forward
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Abstract—This paper deals with the state estimator design for
multirate sampled systems. The proposed algorithms are featured by a time-invariant modelling approach and deliver state
estimates at a high sampling rate. Due to the demand for causality the estimator is subject to structural constraints. The paper
shows that despite of these restrictions the optimal state estimator can be derived by gradually building up the estimator gain
matrix, which in addition is characterized by a very low computational effort.

I.

Figure 1. 2-axis robot with rigid arm and mounted transponder

INTRODUCTION

When coping with control-engineering tasks one often has
to take into account that several sensors and actuators work at
different sampling rates. In robot applications this problem is
particularly relevant when besides of fast sampled relative
sensors (e.g. inertial sensors) absolute sensors, such as camera
systems, are used. These sensors usually work at a far lower
sampling rate. The objective in a research project at the Institute of Automation and Mechatronics in Darmstadt is the
exact absolute positioning of the tool-center point (TCP) of a
2-axis robot according to Fig. 1.
For position control of the robot’s TCP two types of sensor
information are available. Fast sampled relative sensors measure the position of the robot’s slide and the angle of the robot
arm, while a slowly sampled radiolocation system provides
direct information about the absolute position of the TCP. It is
assumed that all sensors are synchronized, i.e. all measurements start at a common starting time.
In many applications with multirate data-sampling the additional problem occurs that due to a certain time required for
data processing some sensor data are transmitted with time
delay. The so called OOSM-problem (out of sequence measurement) in the mentioned research project is relevant for the

slowly sampled radiolocation data. However, it is not in the
focus of this contribution and will therefore be neglected in
the following.
Core component of the positioning concept for the robotsystem is a state estimator. It shall be designed so as to fuse all
sensor information available at different sampling rates being
able to provide optimal state estimates at a high sampling rate.
The state estimates enable the use of state controllers at the
robot system to correct the deviations from a reference trajectory.
Linear multirate sampled-data (MR) Systems can be modeled as a special form of periodically time-variant (PTV) systems. This representation is equivalent to a time discretization
of the continuous time systems dynamics with a fast base rate
sampling interval ܶ . The optimal filter minimizing the variance of the estimator errors for PTV-systems is represented by
the Kalman filter. The design of a stationary filter requires the
solution of a periodic Riccati equation and leads to a set of
estimator gain matrices, which are applied periodically to
estimate the system states.
Alternatively to the PTV representation a time-invariant
formulation for linear MR-Systems can be found using a lifting technique [11]. This formulation is equivalent to a time
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discretization of the continuous time system with a slow model rate sampling interval ܶୖ . A special feature of the lifting
technique is that the system states and all actuator and sensor
information sampled within the model rate sampling interval
are stored in vectors of higher dimension. This way the time
discretization at low sampling rate ܶୖ is achieved without loss
of data. In [5] e.g. these properties of the lifting operator are
used to model an ܰ-fold decimator in a closed simulation
loop. The lifting procedure is introduced in section III.
The purpose of this paper is to show, that for MR systems
in LTI representation state estimators can be designed very
efficiently. The most important feature of these newly developed estimators is that in opposite to most of the contributions
in literature where the LTI representation for MR-systems is
used the estimates now are provided at a high sampling rate.
The estimation results achieved with the new estimators are
nearly identical to those provided by a periodic stationary
Kalman filter. Section IV discusses the state estimator design
according to [2] for a linear MR system in LTI representation.
It is based on the minimization of a linear quadratic quality
criterion. Since the estimator gain underlies structural constraints the filter is designed using a numeric optimization
algorithm. Section V of this paper shows that the estimator
problem can be subdivided into a set of estimator equations.
Applying the established quality criterion to each of these
equations leads to the optimal solution of the estimator problem. The new filter algorithm features high efficiency and a
very low computational effort, since the estimator design is
based on analytical methods and a stationary Kalman filter. In
section VI the new filter design method is applied to the linearized and modified model of the 2-axis robot. Simulations
and measurements at the test bed indicate the performance of
this estimator approach.
II.

PRELIMINARY WORKS, STATE OF THE ART

In many practical applications the use of sensors or actuators acting at different sampling rates is unavoidable. Therefore multirate sampled-data systems are subject to control
engineering research for a long time. An overview over preliminary work regarding the controller and estimator design
for linear MR systems is given in [6]. A survey of nonlinear
multirate estimators can be found in [13].
In [1] and [9] the authors describe the design of periodic
stationary filters for MR systems in PTV representation. The
crucial part of the filter design consists of a periodic Riccati
equation. Both papers suggest different algorithms to solve
these equations.
The multirate estimator in [10] is established under the assumption that in each time step the whole measurement vector
is used for state estimation regardless of the true sensor sampling rates. If no new sensor information is available, then the
most recent sensor data are used. This approach is proposed in
[12] for nonlinear filtering in chemical processes.
A special form of multirate estimators is presented in [3]
and [4] using the so called kinematic Kalman filter. In this
special formulation the fast sampled sensor data are defined as
input quantities. As a consequence of this construction correction step and prediction step of the Kalman filter are running
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with different sampling rates. The prior condition for the ap-

Figure 2. Structure of a general multirate sampled system.

plication of a kinematic Kalman filter is that the relations
between differently sampled sensor quantities can be expressed by differential or difference equations.
In [15] a deterministic observer is presented for a linear
MR system in lifted LTI representation. The observer design
is based on a method for the design of output-feedback control
for linear MR systems as shown in [16]. The observer equation established on a lifted multirate sampled-data system
reveals a large number of free coefficients in the observer
gain. These degrees of freedom can be used in the observer
design process to simultaneously influence eigenvalues and
eigenvectors of the observer in order to achieve good state
estimates at a fast sampling rate.
III.

LIFTING OPERATOR

The objective in applying the lifting technique to a MR
system is to find a single rate LTI representation for the MR
system which is capable of maintaining all information between the sampling instants of the new system description.
Consider the MR system depicted in Fig. 2. The continuous
time plant has the state-space representation:

x
x((t )

Ax(t )  Bu(t )  ξ(t ),

y(t ) Cx(t )  ω(t)

(1)

with the states x  n, the inputs u  p and the outputs
y  q . States and outputs are overlaid by normally distributed Gaussian process and measurement noises ξ (t ) and ω(t )
with:

ξ(t )

(0, Q)), Q

0 and
and ω(t )

(0, R), R

^

`

All noises are uncorrelated, i.e.: E ξ(t ) ωT (t )

0. (2)

0. In the

above equation the noise covariance matrices Q and R are
assumed to be positive (semi) definite. The system inputs ui ,
(i 1, }, p) are updated with sample times Tu ,i . Each system
input has a zero order hold device (ZOH) appended. The output channels y j, ( j = 1, …, q) are sampled with sample times
Ty , j With these predefinitions system (1) becomes a generalized sampling system. All multirate sampling intervals are
integer multiples of a base rate sampling interval TB with
multiplicities qu,i and q y, j , i.e.:

Tu,i

qu,i TB

and Ty, j

q y, j TB .

(3)

The base rate sampling interval represents the greatest
sampling interval with which the continuous plant can be
discretized without loss of sampled data. The sampling
scheme of all inputs and outputs is periodic with model rate
sampling interval TR for which all sampling devices are syn-
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chronized. The model rate sampling interval TR is equivalent
to N steps in base rate interval TB . The global sampling ratio
N results as the least common multiple of all sampling ratios
qu,i and q y, j defined above. That is:

TR

N TB

^

and N

`

lcm qu, i , q y, j .

(4)

Discretizing system (1) with sampling time TB yields:

xk , h+1
yk, h

A d x k , h  Bd u k , h  ξ d k , h ,

xL k+1

The covariance matrices Qd and R d of the discretized
noise sequences can be approximated [8] by

Qd | Q TB

and Rd | R / TB.

yL k

(6)

To indicate the periodicity of the sampling structure in (5)
and in the following a double time index is used. In the expression xk , h the index k indicates the completed periods in
model rate interval TR while h counts the steps in base rate
interval TB . Therefore

xk , h

x k TR  hTB

x l TB and xk 1,0

ª x k 1,1T , x k 1, 2T , , x k , 0T º T 
¬
¼
T
T
T
u LLkk ªu k , 0 , u k ,1 , , u k , N 1 º T 
¼
¬
T
T
TºT
ª
, y k ,1 , , y k , N 1

y Lk
y
Lk
¼
¬ k,0
The same procedure is applied to the noise
and ωd.
xL k

Ad x k , h  Bd u k , h  ξ d k , h ,

xk , h 2

Ad xk , h 1  Bd u k , h 1  ξ d k , h 1 ,

y k , h 1

Cd Ad x k , h  Cd Bd u k , h  Cd ξ d k ,h  ωd k , h 1

(8)
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By means of permutation matrices Su1 and S y1 the quantities in the lifted input- and output vector, u L and y L , are rearranged in such way that sampled data originating from the
same control or measurement device can be grouped in subvectors. The rearranged lifted vectors can now be written in
the form:

The lifting operator L maps a fast sampled series
( fl ) f (lTB ) to a N -dimensional but N -times slower sampled
series (fˆk ) f (lTR ) according to:
L

qN

ˆ x D
ˆ u D
ˆ ξ ω
C
k
1 Lk
2 Lk
Lk

ˆ
A

ˆ
D
1

Cd xk , h  ωd k , h ,
Cd xk , h 1  ωd k , h 1 ,

,

ˆ x  Bu
ˆ u H
ˆξ ,
A
k
Lk
Lk

ª Ad º
« 2»
ˆ
« Ad » , B
»
«
«A N »
¬ d ¼

xk , N .

ª uk , h º
ª ξ k , h º (7)
Ad 2 x k , h  >A d Bd Bd @ «
 >A d I@ «
»
»,
¬u k , h 1¼
¬ξ k , h 1¼

yk, h

pN

,

of the multirate sampled system in model rate sampling time
TR . Note that all state information in the lifted state vector
only depends on the state xk xk ,0 at the end of the last model rate sampling interval. In the augmented control input vector u L and the measurement vector y L all sampling information provided within the model rate sampling interval are
stored. The matrices of the lifted system (10) result as follows:

holds. The discrete single rate system (5) with base rate sampling interval TB is the building block to model the multirate
sampling behavior according to Fig. 2. Equations (5) are developed over N steps by successively replacing the time indices of the state vectors on the right hand side. That yields:
x k , h 1

nN

Combining all relations (7) and (8) to one single equation
respectively gives a time-invariant representation

(5)

Cd xk , h  ωd k , h .

Eds. Leo J De Vin and Jorge Solis

By application of this operator to the system [(7), (8)], developed over one model rate interval TR all samples of the
state vector, control inputs and measurement outputs within
TR are collected in augmented vectors x L, u L and y L , respectively. The vectors are constructed as follows:

Su1 uL k , y*L k

S y1 y L k.

(11)

In system (10) it is assumed that all input and output information are sampled with base rate sampling interval TB .
When respecting the true sampling rates Tu ,i and Ty , j the number of elements in the lifted vectors reduce to the real number
of sampled data within one model rate sampling interval TR .
The relations between the lifted vectors (9) and the lifted vec-
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the state information in the last base rate sampling step of the
preceding model rate sampling interval.

tors of true minimal dimensions is expressed by means of the
new introduced matrices Su 2 and S y 2 in terms of the relations:

u*L k

Su 2 uL k

and
d yL k

Example: For a system with q y
lifted measurement vector yields:

yL k

S y 2 y*L k .

The system dynamics of (1), discretized with model rate
sampling time TR is determined by the last n lines of the first
equation in (13) and can be written as:

(12)

>3 4@ and N

12 the

xk 1

T

ª¬ y1,0 y1,3 y1,6 y1,9 | y2,0 y2,4 y2,8 º¼ ,

The system matrices in (10) have to be adapted the same
way as the lifted vectors in order to comply with the multirate
sampling situation. This yields the following equations:

yL k

ˆ x B
ˆ u η ,
A
eq k
eq L k
Lk
Ceq xk  Deq u L k  ν L k .

(13)

The noise sequences are herein defined as follows:

ηL k

ˆξ ,
H
Lk

ηL k

0, WL ,

νL k

ˆ
D
2eq ξ L k  ω L k , ν L k

0, N L ,

^

and E ηL k ν L K

T

`

(14)

Ψ L.

WL
NL

D2 eq Q L D72 eq

ΨL

ˆ Q D7 , Ψ
H
eq L 2 eq
L

QL

diag >Qd

ΩL

S y 2 S y1 diag >R d

WL

xk 1

IV.

A. Formulating the estimation problem
The following statements are provided in accordance with
[2]. As an estimate for the augmented state vector xL k1 based
on measurement information stored in the augmented measurement vector y L k the conditional expected value xL k 1| k is
introduced with:

xL k 1| k

The state estimator for the lifted state vector has the following structure:

hold. The system matrices in (13) result from:

Bˆ eq

Bˆ Su11 Su 2 , Deq

ˆ S 1 S ,
S y 2 S y1 D
1 u1 u 2

ˆ
H
eq

ˆ,
H

ˆ.
S y 2 S y1 D

D2 eq

Ceq xˆ k | k 1  Deq uL k .

(18)

xL k 1  xˆ L k 1| k , eL k 1| k  nN .

(19)

The last n entries of this lifted vector determine the estimation error for the system dynamics of (1) discretized with
model rate sampling time TR , according to:

@

ˆ,
A

ˆ xˆ
ˆ
ˆLk ,
A
eq k | k 1  Beq u L k  LL y L k  y

eL k 1| k

(15)

R d S Ty1 S Ty 2 ,

ˆ
A
eq

E ^xL k 1 | y L k `.

The error of all estimates within a model rate sampling interval is defined as follows:

0,

Qd @ ,

Ceq

STRUCTURE OF THE STATE ESTIMATOR

yˆ L k

0,

xL, N k 1.

Equation (17) as a part of (13) is a time-invariant representation of the MR system with all sampled control and measurement information stored in augmented input and output
vectors. From (13) information about the system states at each
base rate sampling instant within a model rate sampling interval can be obtained.

xˆ L k 1| k

0,

 ΩL , N L

AdN (17)

ªAdN 1Bd , , Ad Bd , Bd º Su11 Su 2 .
¬
¼
The index N in the above equation indicates that the N -th
group of n lines is considered. It yields in particular:

For the new covariance matrices:

ˆ Q H
ˆT
H
eq L eq ,

Aeq xk  BequL k  ηL, N k , with Aeq

and Beq

with the first index attributing the measuring channel ^ y1, y2`
and the second index indicating the sampling instant as a
multiple of the base rate sampling time. When adapting the
lifted control input uL k it has to be noted that the control inputs are held constant by a ZOH-device until a new sample is
available. Through the matrix Su 2 the same quantity from uL k
is transmitted to qu ,i consecutive lines of u*L k . In the sampling
step according to the next entry in u*L k a new sample of ui is
available.

xL k+1

Eds. Leo J De Vin and Jorge Solis

xk 1  xˆ k 1| k , ek 1| k  n.

ek 1| k

ˆ,
S y 2 S y1 C

With Aeq
(16)

The matrices Su 2 and S y 2 have the effect to cancel lines
and columns from the originate system description corresponding to instants where no sample of the according input
or output channel is available. Furthermore the matrix Su 2
models the effect of the holding devices for the control inputs.

(20)

ˆ  L C and the difference
A
eq
L eq
y L k  yˆ L k

Ceq ek | k 1  νL k

(21)

the relation between the errors (19) and (20) can be derived as follows:

eL k 1| k

Aeqek | k 1  ηL k  LL νL k .

(22)

The dynamics of the estimation error with model sampling
rate TR is given with the last n lines of (22):

From (13) it becomes apparent that all state information of
a model rate sampling interval can be expressed in terms of

ek 1| k
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Relation (23) is an estimator equation of predictor type.
The covariances of the estimation errors in (22) and (23) are
defined by the expected values:

^

`

E eL k 1| k eTL k 1| k ,

PL k 1| k

^

`

(24)

E ek 1| k eTk 1| k .

Pk 1| k

Under certain preconditions, such as the stability of Aeq,N
in (23) and the observability of the continuous time system (1)
it can be assured that the covariance matrices (24) converge to
the stationary values

PSS

lim Pk 1| k  PLSS

k of

lim PL k 1| k .

k of

With (22) and exploiting the properties of the discretized
noise sequences in (14) and (15) the stationary matrices can be
specified as follows:

PLSS

T
Aeq PSS Aeq
 WL  Ψ L LTL 

(25)

 LL Ψ L  LL N L LTL ,

PSS

T
T
Aeq,
eq N PSS Aeq,
eq N  L L,
L N N L LL, N 

 WLL, N  LL, N Ψ L, N  Ψ L, N LTL, N .

(26)

The covariances ΨL,N and WL,N are submatrices of Ψ L
and WL . They arise from:

^

ΨL, N E ηL νT
L, N

`

^

`

and WL, N E ηL, N ηT
L, N .

Each block-line of the gain matrix corresponds to an instant in base rate sampling time TB within a model rate sampling interval TR . The estimator presented does not have minimal state dimension. To describe the dynamic development
of the estimation errors discretized in model rate sampling
interval according to (23) it suffices to consider the last blockline of matrix L E . However, exploiting the first N 1 block
lines of L E allows to calculate estimates for each instant in
base rate sampling time TB .
The gain matrix can be calculated using numeric standard
optimization routines such as the Matlab-command “fmincon”. However, applying these procedure cannot guarantee
that the global optimum is reached.
B. Structure of the estimator gain matrix
Despite of the structural constraints to be considered the
estimator gain L L exhibits a large number of coefficients to be
determined in order to solve the optimization problem (27). In
the most general structure of the estimator gain all measurements available in the actual model rate sampling interval up
to the current instant in base rate sampling time are used to
estimate the state at the next instant in base rate sampling
time. Besides of the structural constraints with zero-entries the
gain matrix is fully populated.
For an example system with the MR measurement sampling according to the scheme: q y [2 3] and N 6 the gain
matrix L L has the following structure:

If the estimator is stable, the existence of a unique solution
of the Ljapunov equation (26) is ensured.
With these substantial basics the estimator problem can be
formulated. The crucial requests to the estimator are to provide bias-free state estimates in base rate sampling interval
and to minimize the covariance of the state estimates. That
means that the estimator gain L L has to be designed such that
the optimization problem

argmin JSS (LL ) with

JSS

trace(PL SS )

(27)

under the collateral condition (26) is fulfilled.
For system (10) which does not account for the real MR
sampling structure the estimator design results in a gain matrix
L E. By means of the matrices S y1 and S y 2 and according to
the relation:

LL

LE STy 2 Sy11

(28)

the gain matrix L L for the MR system is gained from L E. The
estimator is causal if and only if the (n u N , q u N ) dimensional
matrix L E has a lower block triangular structure, i.e.:

LE

0
ª L E (1,1)
«L
L
« E (2,1) E (2,2)
«
«L E (N,1) L E ( N ,1)
¬
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LL

ª l1,11
«l
« 1, 21
« l1, 31
«l1, 41
«
« l1, 51
«¬ l11, 61

0
0
l1, 32
l1, 42
l1, 52
l11, 62

0
0
0
0
l1, 53
l11, 63

l 2,11
0 º
l 2, 21
0 »
»
l 2, 31
0 »
l 2, 41 l 2, 42 »
»
l 2, 51 l 2, 52 »
l 2,2 61 l 2,2 62 »¼

L1

(29)

L2

The submatrices L1 and L 2 are related to the measurement
channels y1 and y2 respectively.
With higher sampling ratio N the dimension of the lifted
system increases and so does the number of optimization
variables in (29). Since this is accompanied by increasing
computational effort the degrees of freedom in the gain matrix
can be restricted introducing additional structural constraints
to L L . If at each instant in base rate sampling time TB only the
latest sampling quantity of each measurement channel is used
for state estimation, the gain matrix L L for the example given
above has a structure as follows:

º
»
».
»
L E ( N , N ) »¼
0
0

LL

ª l1,11
«l
« 1, 21
« 0
« 0
«
« 0
«¬ 0

0
0
l1, 32
l1, 42
0
0
L1
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0
0
0
0
l1, 53
l11, 63

º
»
»
»
.
l 2, 42 »
»
l 2, 52 »
l 22, 62 »¼

l 2,11
l 2, 21
l 2, 31
0
0
0

0
0
0

L2

(30)
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^
E ^η

In the following a new method is shown to solve the estimation problem gradually by means of analytic methods with
a minimum of computational effort.
V.

GRADUAL DESIGN OF THE ESTIMATOR

Introducing the lifted state space representation (13) it was
noted that the resulting system consists of two different subsystems. The last block line of (13) represented by (17) describes the dynamics of the continuous system (1) discretized
with model rate sampling time TR while the first N 1 block
lines can be taken as a special form of a measurement equation giving information about the states within a model rate
sampling interval. These statements also hold for the lifted
estimator equation. The last block line of (18) describes the
dynamics of the estimates in model rate sampling time according to:

xˆ k 1| k

E ηL, i ηTL, i
L, i

T
νL,
i

`
`

^

T
WL, i , E ν L, i ν L,
i

`

N L,i ,

(34)

Ψ L, i .

Analogous to [(25), (26)] the covariance of the estimation
errors eL,i k 1| k xL,i k 1  xˆ L,i k 1|k with eL,i k 1| k  n becomes:

PSS, i

Ai PSS AiT  WL,
L,ii 
 Ψ LL,i LTL,i  LTL,i ΨTL,i  L L,i N L,i L7L,i ,

with Ai

(35)

ˆ  L C . The performance index to be miniA
i
L, i i

Aeq xˆ k | k 1  BequL k  LL, N y L k  yˆ L k . (31)

A closer look at (18) reveals that since all state information within a model rate sampling interval are independent
of each other the estimates of the lifted state vector xL k 1| k
can be decomposed into N independent estimator equations.
As a consequence of this insight the gain matrix L L can be
decomposed into N submatrices as well according to:

LL

ª¬LTL, 1 ,

T

, LTLL, N º¼ .

(32)

All submatrices are determined by sub-dividing the optimization problem (27) into N subproblems, each of them
being solved separately. In the resulting equations the structural constraints can easily be eliminated. Therefore analytic
methods can be used to determine the estimator’s submatrices.
If not all quantities of the lifted measurement vector y L
shall be used in the i -th estimation step the columns in the
filter matrix L L corresponding to these quantities are cancelled out. The resulting matrix is fully populated. For the first
N 1 steps in base rate sampling time with

xL,i k 1
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x (l  i)TB , with kTR

lTB and i 1,

Figure 3. Schematic diagram of the 2-axis robot

mized reads as follows:

JSS,i (LL,i )

'y L, i k

d J SS, i
d L L, i

yˆ L, i k

(36)

ˆ P CT  2L C P CT 
2A
i SS i
L, i i SS i

(37)

 2Ψ LL, i  2L L, i N L, i .

, N 1

Relation (37) is set equal to zero and solved for L L,i. With

LL, i

Ai xˆ k | k 1  Bi u L,i k  L L, i 'y L, i k ,
y L, i k  yˆ L, i k ,

, N  1.

As a consequence of the way the matrices of the new subsystems are constructed, the estimator gains L L,i do not underlie any structural constraints. Therefore the minimum of (36)
can be found using analytical methods. Differentiating JSS,i
with respect to L L,i yields:

the estimator equations can be written as follows:

xˆ L, i k 1| k

trace PSS,i , i 1,

(33)

Ci xˆ k | k 1  Di u L, i k .

In the lifted vectors u L,i and y L,i all data sampled within
the k -th model rate sampling interval up to the current instant i
in base rate sampling time are stored. The matrices A i and B i
stand for the i -th group of n lines of the matrices Â eq and B̂ eq
in (13), respectively. Additionally, in matrix B i columns of
B̂ eq are cancelled corresponding to sampling quantities that
are not yet available. The new matrices Ci and Di are derived
in the same manner, cancelling lines and columns in the original matrices Ceq and Deq. The noise covariances of the new
subsystems can be written as:

ˆ P CT C P CT  L N
ΨL, i  A
i SS i
i SS i
L, i L, i

1

(38)

estimator gains are found which minimize the estimator error’s covariances in the first N 1 steps in base rate sampling
time of the current model rate sampling interval. By inserting
zero-columns the estimator gains can be modified to the matrices L L,i representing now the i -th n -dimensional block line
of the estimator gain L L in the origin system (18).
The solution of the minimization problem for (36) in the
N -th step leads to a Kalman filter. Equation (31) is a predictor
type filter equation. L L, N is designed as a linear stationary
Kalman filter gain. It has to be noted that the subsystem exhibits a direct feedthrough and furthermore the terms representing system noise and measurement noise sequences are
correlated.
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With the N 1 matrices L L,i designed according to (38)
and manipulated as written above together with the Kalman
filter gain L L, N the optimal estimator matrix L L for the whole
model rate sampling interval can be composed.
VI.

In an experimental setup at the testbed the rotor angle and
the slide position shall follow a reference trajectory defined by
harmonic functions

ESTIMATOR DESIGN AT THE ROBOT SYSTEM

As an example system to demonstrate the design of linear
multirate estimators the 2-axis robot system as introduced in
section I is considered. The system consists of a driven slide
which is movable along a guard rail. On top of the slide a
rotor head with a rigid robot arm is mounted. The rotor head is
driven as well. At the robot arm the transponder of the radiolocation device is fixed, representing the tool that could be
mounted at the same position. A schematic diagram of this
construction is shown in Fig. 3. The system dynamics are
described by a 4-th order nonlinear differential equation
system. The system states are the slide position yS , the slide
velocity yS, the rotor angle MS and the rotor angular velocity
MS. Actuator inputs are the currents for the drive motors for
slide and rotor head, i y and iM . Thus:

x

>MS

MS yS yS @

T

and
d u

T

ª¬iM iy º¼ .

0 0 º
0 2, 29»
, B
0 1 »
»
0 1,89¼

A

C

ª57,3 0 0 0 º
«¬ 0 0 1 0 »¼ .

ª 0
« 8,53
« 0
«
¬0,12

M soll

0,3sin S t

y soll

0, 2sin 0, 6S t  0,5S  0,5.

and

In order to assure the control variables to follow the specified reference trajectory a controller was designed based on
exact input-state linearization of the nonlinear system.
For the modified and linearized system the MR estimators
were designed according to sections IV and V. Table 1 lists
the residuals (27) before and after the estimators were designed and gives an overview about the computational time
required for the estimator design. This way the estimator deTABLE I.

COMPARISON OF ESTIMATOR DESIGNS
Residuum

(39)

Since this contribution deals with the estimator design for
linear systems the nonlinear system equations have to be
linearized in an operating point which is chosen as
yAP 0,6m, MAP 0q . For simplification as output quantities only the relative sensors capturing the slide position and
the rotor angle are considered. Since the radiolocation is neglected in the simplified model it is assumed that the relative
sensors are sampled at different sampling rates. The resulting
modified linearized continuous time model exhibits the following matrices:

ª0 1
«0 1
«0 0
«
¬0 0, 01
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JSS (LL )

Computational
time requireda)

initialization

123

-

numerically optimized design

65

147 s

gradual design

64

<2s

a) depending on hardware and processor workload

0 º
2,38»
,
0 »
»
1,97¼
Figure 4. Estimation errors 'MS, 'yS in simulation

with eigenvalues at λ >0 0 0,97 1,93@ . The sampling
times for actuators and measurement devices are chosen as
follows:
T

Tu

ª¬TiM Tiy º¼

Ty

ª¬TM Ty º¼

T

T

>1ms 1ms@T ,
>4 ms

3ms@ .
T

With these sampling quantities given, base rate sampling
interval, model rate sampling interval and sampling ratio follow to be: TB 1ms, TR 12ms, and N 12 respectively. The
covariance matrices for the continuous time noise processes
are assumed as:

Q diag >2 2000 0,02 200@ and R diag ª¬0,0252 0,022 º¼ .
In the simulation of the estimator the actuator variables are
defined by harmonic functions according to:
iM soll

0, 2sin S t

and iy soll

sin 0,6S t  0,5S .

Figure 5. Estimation errors 'MS ,

'yS in practical test at the testbed

sign can be verified and the two design procedures proposed
in this paper can be compared. According to the listed results
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the residuals can be reduced by factor 2. It can be seen that
both filter designs lead to similar results. Due to the lack of
numerical inaccuracies the residuals achieved with the gradually designed filter are slightly smaller than those of the estimator designed for the whole model rate sampling interval at
once using numerical optimization tools. Besides of the better
estimation results, particularily in the steady state of the filter,
the biggest advantage of the gradually estimator design lies in
the dramatically reduced computational effort which in
Table 1 is expressed in terms of the computing time. In Fig. 4
the settling behavior of the estimator errors for the nonmeasurable quantities in a filter simulation is depicted. In each
plot the estimator errors for a numerically optimized filter
Lnum and a gradually designed filter Lana are shown. Both
filter results are compared with the estimator errors of a periodic stationary MR filter LPZV as mentioned in section I.
Fig. 5 shows the estimator errors for the measured quantities
as they were determined applying the filters at the testbed.

lifted state vector respectively. For the first N 1 steps in base
rate sampling time the estimators can be designed applying
analytical standard methods. The last equation determines the
LTI filter dynamics in model rate interval TR . For this purpose
a stationary Kalman filter can be designed. From the N estimator matrices designed for each step in base rate sampling
time within a model rate interval the filter matrix for the lifted
system can easily be assembled.

The filter simulations show a good settling behavior for all
MR estimators. In the steady state of the estimator errors at
the testbed only small differences between the different filter
types are apparent. As a tendency it can be stated that the
estimates delivered by the numerically optimized MR estimator are interfered by a higher noise level than the estimates
provided by the gradually designed MR estimator.
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Abstract— The growing demand of Automated Manual Transmission (AMT) in modern vehicles has led up to a rapid gain of
market share of this type of transmission, especially respect to the
Manual Transmission (MT) [1]. In fact, for market sectors such
as large-series and ecological cars, AMT has the advantage of
lower weight and higher efﬁciency with respect to other typologies
of automatic transmissions. In AMTs the quality of the vehicle
propulsion as perceived by the driver is largely dependent on
either the quality of the control strategies and the fast dynamics
of the clutch subsystems. Furthermore, sensitivity analyses on
control schemes for this type of transmissions have shown
that uncertainties in clutch torque characteristic can severely
affect the engagement performance: the availability of a physical
frictional model of the speciﬁc clutch architecture is a crucial
issue in order to design robust engagement model-based control
strategy [2], [3]. In this paper a high order dynamic model of the
powertrain system which includes the electro-hydraulic actuator
dynamics has been analysed to design a feedback controller based
on multiple Model Predictive Controller (MPC) [4], [5]. The MPC
is developed to comply with constraints both on the inputs and on
the outputs. The controller aims at ensuring a comfortable lockup and avoiding the engine stall even with reduced engagement
time. Simulations of start-up manoeuvres prove the effectiveness
of the proposed control strategy and encourage the development
of real-time routines for the testing on transmission control unit.

I. I NTRODUCTION
An Automated Manual Transmission (AMT) is directly
derived from a manual one through the integration of actuators;
thus, development and production costs are generally lower
than other automatic transmissions, while the reliability and
durability are at highest level. For high class sport cars, vehicle
dynamic performances and driving quality can be strongly
improved with respect to automatic transmissions [6]. An
AMT system is generally constituted by a dry or wet clutch
assembly and a multi-speed gearbox, both equipped with
electro-mechanical or electro-hydraulic actuators, which are
driven by a control unit, the transmission control unit (TCU).
The operating modes of AMTs are usually two: semiautomatic,
with the driver requesting a sequential gear shift by means of
a proper interface or fully automatic. In both the cases, after
the gear shift command, the TCU manages the shifting steps,
through suitable signals to the engine, the clutch assembly
and the gearbox, according to current engine regime, driving

conditions and selected program. In this paper a high order
dynamic model of the powertrain system which includes the
electro-hydraulic actuator dynamics has been analysed to design a feedback controller based on multiple Model Predictive
Controller (MPC) [4], [5]. The MPC is developed to comply
with constraints both on the inputs and the outputs. The
controller aims at ensuring a comfortable lock-up by avoiding
the engine stall as well even with reduced engagement time.
One of the main factors which have led to use the MPC
approach could be found in its ability to explicitly handle the
constraints. This means that the controller allows for input
constraints, like for example actuator saturation constraints,
and it never generates input signal that attempt to violate
them. Thus, with predictive control the wind-up problem does
not arise [7]. Furthermore, with the rapid development of
computing, MPC becomes more and more attractive feedback
strategy in fast dynamics systems [8]. Some attempts have
been made for designing various control systems in aerospace,
automotive and network systems [9]–[11]. A Segway-like
robot system modeled by a linear time-invariant system with 8
states and 2 inputs subject to input constraints has been tested
by using a MPC with a sampling period of 4 ms and a lowcost embedded controller with limited CPU time and memory
[12]. Instead, in [13] a constrained MPC has been introduced
for the servo design of fast mechatronic systems.
Simulations of start-up manoeuvres prove the effectiveness
of the proposed control strategy and encourage the development of real-time routines for the testing on transmission
control unit.
II. D RIVELINE M ODEL
This section describes a model for simulating the driveline
dynamic behaviour and Fig. 1 shows the driveline scheme,
where the subscripts e, f, c, g, w indicate engine, ﬂywheel,
clutch disc, (primary shaft of) gearbox, and wheels, respectively. A dynamic model of the driveline can be obtained by
applying the torque equilibrium at the different nodes of the
driveline scheme, where T indicates the torques, J the inertias
and ϑ the angles.
The equations which model the driveline are:
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Je ω̇e = Te (ωe ) − be ωe − Tef (ϑef , ωef )

(1)
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Fig. 1.

during the slipping phase, whereas, during the engaged phase,
the ﬂywheel angular speed ωf and the clutch angular speed ωc
are the same: thus the equations (2) and (3) can be summed
each other, which yields:

Jw
r

Jc

bgw

J g1
bcg

(9)

k gw

k cg

bef

(8)

Tw

(Jc + Jf ) ω̇c = Tef (ϑef , ωef ) − Tcg (ϑcg , ωcg )

bg

Driveline scheme: 5 DoF

Jf ω̇f = Tef (ϑef , ωef ) − Tf c (y)

(2)

Jc ω̇c = Tf c (y) − Tcg (ϑcg , ωcg )

(3)

Jg (r) ω̇g = Tcg (ϑcg , ωcg ) − bg ωg + ...
1
− Tgw (ϑgw , ωgw )
r
Jw ω̇w = Tgw (ϑgw , ωgw ) − Tw (ωw )

(15)

The driveline parameters used for the simulation are typical
for a mid-size car and can be found in literature.
An alternative mathematical representation of the driveline
useful for the Model Predictive Control (MPC) approach is
the State-Space representation. In the continuous domain the
driveline model can be written as follows:
ẋ (t) = [Asl d + Aeng (1 − d)] x (t) + ...
+ [Bsl d + Beng (1 − d)] u (t)

(16)

y (t) = Cx (t)
(4)
(5)

where the state, input and output vectors are respectively:
(
)T
x = ω e ϑ e ω f ϑf ωc ϑ c ωg ϑg ωw ϑw
u=

and the angle dynamics are:
ϑ̇e = ωe

(6)

ϑ̇ef = ωef = ωe − ωf

(7)

ϑ̇cg = ωcg = ωc − ωg

(8)

ϑ̇gw = ωgw = ωg − ωw

(9)

where Te is the engine torque (assumed to be a control input
of the model), Tf c is the torque transmitted by the clutch (the
second control input), y is the throwout bearing position, and
Tw is the equivalent load torque at the wheels (a measured
disturbance). The gear ratio is r (which here includes also the
ﬁnal conversion ratio), and Jc is an equivalent inertia, which
includes the masses of the clutch disc, friction pads and the
cushion spring. Furthermore the following equations also hold:
Jg2
r2

(10)

Tef (ϑef , ωef ) = kef ϑef + bef ωef

(11)

Tcg (ϑcg , ωcg ) = kcg ϑcg + bcg ωcg

(12)

Tgw (ϑgw , ωgw ) = kgw ϑgw + bgw ωgw

(13)

Jg (r) = Jg1 +
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1
3 2
Tw (ωw ) = Tw0 + ρa Acd Rw
ωw
(14)
2
where k are torsional stiffness coefﬁcients, b viscous dampings, Tw0 a constant load torque, ρa the air density, A the front
surface vehicle area, cd the air resistance coefﬁcient, Rw the
wheels radius. These equations represent the driveline system

y=

(
(

Te

Tf c

ωe

ωc

Tw

)T

)T

and d is a switching variable equal to 1 when the system is
in the slipping phase and 0 otherwise. The subscript sl and
eng indicate the slipping and the engaged system matrices,
respectively, and the matrices can be simply deduced from
equation (1)-(15). The MPC has been designed with the
discrete time version of the driveline model (16) obtained by
using the zero-order hold method with a sampling time of
0.01 s. This value is compatible for automotive applications.
In fact, as reported in [14] the computational cycle adopted
for these applications is set as 5 to 10 ms.
III. ACTUATOR
In this section the hydraulic actuator system usually used
in AMTs is described. As previously explained the aim of the
actuator is to control the clutch position and consequently, the
torque transmitted from the engine to the wheels. In this way
it is possible to disengage and engage the clutch during the
start-up and the gear-shifts manoeuvres.
The actuator is mainly composed by a hydraulic piston
connected to a diaphragm spring and other springs that keep
the clutch closed when no pressure is applied to the piston, Fig.
2. The piston chamber is connected to a servovalve by means
of pipeline. The other two-way of the servovalve are connected
to a supply circuit and to a discharge circuit, see Fig. 2 for
details. The position of the spool valve, which is controlled by
an electromagnetic circuit, determines if the hydraulic circuit
is in the ﬁlling phase or in the dumping phase. The servovalve
connects the piston chamber to the discharging circuit in order
to disengage the clutch. The springs push the piston back and
the oil ﬂows to the tank. Conversely, to engage the clutch the
servovalve connects the piston chamber to the supply circuit in
this way the piston force overcomes the springs reactions. The
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servovalve displacement is controlled in current and to keep
the clutch at a certain position, an offset current is needed
to hold the spool in its neutral point, that corresponds to no
oil ﬂowing in the circuit. For currents greater than this offset
value, the actuator is connected to the high pressure power
supply, while for currents smaller than the offset value, the
actuator is connected to the low-pressure circuit [15].
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Clutch actuator for open clutch

A. Actuator model
The clutch actuator is mainly constituted by a mass mp
driven by the springs forces Fto (y), friction forces bp ẏ and
hydraulic forces Ap PC . The mathematical model which describes the piston dynamics is:
mp ÿ + bp ẏ = Ap PC − Fto (y)
ṖC =

β
(q (x, PC ) − Ap ẏ)
V t + Ap y

(17)
(18)

where y, ẏ and ÿ are the piston position, speed and acceleration
respectively. PC is the pressure in the actuator chamber, mp
is the actuator mass, bp is the viscous damping, Ap is the
actuator cross-sectional area, Fto (y) is the diaphragm spring
and pre-load force as function of the actuator position (see
Fig. 3), Vt is the minimum volume of the chamber at y = 0,
q (x, PC ) is the oil ﬂow given by the eq. (21) and ﬁnally β is
the bulk modulus of the oil.
B. Servovalve model
A three-way spool ﬂow servovalve with the plunger driven
by an electromagnetic actuator has been considered . The servovalve scheme is reported in the Fig. 2 and the mathematical
model is reported below.
mv ẍ + bv ẋ − kv x = FM (x, ϕ) + FB (x, PC ) − F0

6

8

10

12

Springs force vs. clutch actuator position, [15]

ﬂuid ﬂow through the oriﬁces and F0 is the spring pre-load.
Under usual operating conditions, the magnetic force acting on
the servovalve plunger is considered proportional to the valve
current [15]. Moreover, by neglecting the Bernoulli force and
by designing a high gain current controller, the servovalve can
be considered a current-driven actuator [15]. Under this light
the relationship between the imposed servovalve current and
the plunger position is given by the following equation:

V
PT

4

y [mm]

PC

i

2

(19)

where x, ẋ and ẍ are the plunger position, speed and acceleration respectively. mv is the plunger mass, bv is the viscous
damping, kv is the stiffness coefﬁcient, FM is the magnetic
force, ϕ is the magnetic ﬂux, FB is the Bernoulli force due to

x=

−F0 + kf i
kv

(20)

C. Hydraulic model
By considering an overlapped valve, i.e. the land width is
grater than the port width when the plunger is in the neutral
position and consequently no oil ﬂows through the oriﬁces.
This means that there is a dead-band in the oriﬁce area vs.
plunger position as described in the equation (22). The oil ﬂow
through the servovalve can be written according to Bernoulli’s
equation:
⎧
!
2|PS −PC |
⎪
⎪
sgn
(P
−
P
)
C
ff (x)
S
C
d
⎨
ρ
0
q=
(21)
!
⎪
⎪
⎩ −sgn (PC − PT ) Cd 2|PC −PT | fd (x)
ρ

where the ﬁrst case represents the ﬁlling phase (x > xf ), the
second case represents the dead-zone (xd ≤ x ≥ xf ) and the
last case represents the dumping phase (x < xd ). Cd is the
discharge coefﬁcient, ρ is the oil density, PS is the supply
pressure and PT is the tank pressure. The functions ff and fd
describe the relationship between the oriﬁce area vs. plunger
position.
⎧
⎨ ff (x) = 1.3796x2 − 1.4197x + 0.1335
(22)
⎩
fd (x) = 1.3371x2 − 3.0447x + 1.4799
The actuator parameters used for the simulations are listed in
[6].
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IV. C ONTROLLER D ESIGN
In order to manage the engagements phases two closed
loops have been designed. The outer closed loop manages the
driveline dynamics and a multiple Model Predictive Control
(MPC) strategy has been implemented. The inner loop manages the actuator dynamics and a classical PI controller has
been designed by neglecting the sensor dynamics. In Fig. 4
the closed loop scheme is reported.
A. Multiple Model Predictive Control
In this section the MPC approach is developed since it
provides numerous advantages over the conventional control
algorithms. Indeed, it handles multivariable control problem
naturally, it can take account of actuator limitations, it allows
the system to operate closer to constraints than conventional
control, and ﬁnally control update rates are relatively low
in these applications, so that there is plenty of time for the
necessary on-line computations [7].
As explained above, the clutch has two different working
conditions: the slipping phase and the engaged phase. That
is why two different controllers for each phase have been
designed. The switching parameter d selects the controller by
considering the absolute value of the difference between the
engine and the clutch angular speed. Particularly, the switching
condition is attained when ωsl = |ωe − ωc | ≤ 1 rad/s. It is
important to emphasize that in no way the two controllers
can work simultaneously and so any conﬂict between them is
avoided prior. The MPC has been designed with the discrete
time version of the driveline model (16) obtained by using
the zero-order hold method with a sampling time of 0.01 s.
As explained above, this value is compatible for automotive
applications.

xk+1= Āsl d + Āeng (1 − d) xk + ...
B̄sl d + B̄eng (1 − d) uk
(23)
yk = C̄xk
The MPC aims at ﬁnding the output yk by tracking the
reference trajectory rk and fulﬁlling the constraints seen above
for any time step k ≥ 0. Under the assumption that the
estimate of xk is available at time k, the cost function to be
optimized is:
2
2
Ji (Δu, ε) = ui T Wu,i
ui + Δui T WΔu,i
Δui + ...
T
2
+[yi − ri ] Wy,i
[yi − ri ] + ρε ε

the subscript i = 1, 2 accounts for the two inputs and two
outputs of the ”plant”.
The constraints on u, Δu, and y are softened by introducing
the slack variable ε ≥ 0 . In (24), the weight ρε on the
slack variable ε penalizes the violation of the constraints. As
ρε increases with respect to the input and output weights,
the controller gives a higher priority to the minimization
of constraint violations. The optimization accounts for the
constrains as follows:
⎧
u
umin,i (j) − εVmin,i
(j) ≤ ui (k + j |k ) ≤ ...
⎪
⎪
⎪
u
⎪
(j)
+
εV
u
max,i
⎪
max,i (j)
⎪
⎪
⎪
⎪
⎪
⎪
Δu
⎪
Δumin,i (j) − εVmin,i
(j) ≤ Δui (k + j |k ) ≤ ...
⎪
⎪
⎪
Δu
⎪
Δu
(j)
+
εV
⎪
max,i
max,i (j)
⎪
⎨
(25)
y
(j) ≤ yi (k + j + 1 |k ) ≤ ...
ymin,i (j) − εVmin,i
⎪
⎪
⎪
y
⎪
⎪
(j)
ymax,i (j) + εVmax,i
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ Δui (k + h |k ) = 0
⎪
⎪
⎪
⎪
⎪
⎩
ε≥0
where j = 0, ..., P − 1, h = m, ..., P − 1, P is the prediction
u
u
horizon, m is the control horizon, the vectors Vmin,i
, Vmax,i
,
y
y
Δu
Δu
Vmin,i , Vmax,i , Vmin,i , Vmax,i have non-negative entries that
quantify the concern for relaxing the corresponding constraint;
the larger V , the softer the constraint. V = 0 means that
the constraint is hard and cannot be violated. The following
constraints have been considered hard for the input and input
u
u
Δu
Δu
increments: Vmin,i
= Vmax,i
= Vmin,i
= Vmax,i
= 0, whereas
y
y
= Vmax,i
= 1.
the soft constraints for the outputs are Vmin,i
1) Constraints: The solution here proposed is based on the
design of a multiple controller working in sequence according
to the powertrain operating conditions. These controllers are
designed to comply with some constraints, both on the ”plant”
inputs and on the ”plant” outputs, which allow the comfort
to be improved during the engagement process and increase
the safety of the system. In particular, on the plant inputs
saturation constraints have been imposed both on the torques
and on their variation rates:

Te ∈ Temin , Temax
(26)

(24)

where: 
T
ui = ui (0) ... ui (P − 1)
is the input vector;

T
is the input increΔui = Δui (0) ... Δui (P − 1)
ment vector;

T
yi = yi (0) ... yi (P )
is the output vector;

T
is the reference trajectory
ri = ri (0) ... ri (P )
vector;
Wu,i , WΔu,i and Wy,i are, respectively, the input, input increment and output weights matrices (diagonals and
squares);
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max
Tf c ∈ Tfmin
c , Tf c

(27)

+
,
Ṫe ∈ Ṫemin , Ṫemax

(28)

where Temin = 0 N m is the minimum engine torque value
during the vehicle launch, Temax = 250 N m is the maximum
engine torque value, Tfmin
= 0 N m is the minimum torque
c
value transmitted by the clutch, Tfmax
= 315 N m is the
c
maximum torque value that the clutch can transmit, Ṫemin =
−500 N m/s is the maximum decrease (≤ 0) in one step and
Ṫemax = 500 N m/s is the maximum increase (≥ 0) in one
step.
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Instead, on the ”plant” outputs, engine and clutch angular
speeds, the following constraints hold:

ωe ∈ ωekill , ωemax
(29)
ωc ≥ ωcmin

Driveline Model (plant)

Measured
output

Symbol

Wu
WΔu
Wy
P
m
ρ

(30)

where ωekill = 60 rad/s represents the so-called no-kill
condition [16], ωemax = 600 rad/s is the maximum value
of the engine speed before attaining critical conditions and
ωcmin = 0 rad/s is the minimum value of clutch speed during
the vehicle launch. It is worth noting that it is not necessary to
impose a maximum clutch angular speed, because it is equal
to the engine angular speed during the engaged phase and it
can only decrease for passive resistance during the opening
phase.
2) Tuning: The parameters to be tuned are the prediction
horizon P , the control horizon m, the weights Wu , WΔu ,
Wy , respectively, the input, the input increments, the output
weights matrices, and the overall penalty weight ρε . The
parameters are tuned by trial and error procedure by using
SIMULINK c and the MPC Toolbox. The driving criteria
adopted to select these parameters are a trade-off between
fast engagement and comfortable lock-up. In particular, this
goal is easily achievable by a suitably choice of the weights
Wu , WΔu and Wy . Instead, the prediction and the control
horizon, together with the inputs weights, allow the steadystate solution to be improved. The parameters used during the
simulations are deﬁned in the Tables I and II. A sensitive
analysis has been carried out to evaluate the performance of
the controller by changing the weights both for plant inputs
(engine and clutch torque) and plant outputs (engine and clutch
angular velocity). The results have highlighted the need of a
resolution equal to one hundredth even on the outputs.
During the engaged phase, i.e. when the engine is synchronized with the transmission, the clutch torque value (second
input) does not inﬂuence the plant. Indeed, in these conditions
the driveline has a degree of freedom lesser than during the

MPC1 - SLIPPING PHASE
Description
Value
1
Input weight
Input rate weight
Output weight
Prediction horizon
Control horizon
Overall penalty weight

0.18
0.15
1.00
10
2
0.8

2
0.12
0.35
1.10

TABLE I
MPC1 PARAMETERS , SLIPPING PHASE

Symbol

Wu
WΔu
Wy
P
m
ρ

MPC2 - ENGAGED PHASE
Description
Value
1
Input weight
Input rate weight
Output weight
Prediction horizon
Control horizon
Overall penalty weight

0.00
1.00
1.00
15
5
0.8

2
0.00
0.00
1.00

TABLE II
MPC2

PARAMETERS , ENGAGED PHASE

slipping phase and the plant model is represented by equation
(15) which has been obtained by adding the equations (2)
and (3). In particular, when the clutch is engaged the engine
angular velocity (ﬁrst plant output) and the clutch angular
velocity (second plant output) are the same and the system
has one degree of freedom less than the slipping phase. Zero
value has been used both for Wu (2) and WΔu (2) by taking
into account that the second plant input does not inﬂuence
the plant. Instead, for Wu (1), a small value has been used to
avoid singularity problem on Hessian matrix but a zero value
has been written in the Table II. A lower value of the weight
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Angular velocity vs. time

means that the ﬁrst plant input account for weaker inﬂuence
on the behaviour of overall performance.

150

Angular velocity [rad/s]

B. PI controller
A classical regulator PI has been designed on a linearised
model of the actuator. In particular, from the non-linear actuator model described by equations (17)-(22) an equivalent linear
model has been found by using the MATLAB/SIMULINK c
Toolbox. The local feedback control on the throwout bearing
position provides robustness to the closed loop system. The
reference bearing position is obtained by inverting the clutch
torque signal output of the MPC by a look-up table which represents the inversion of the static clutch torque characteristic
as show in the Fig. 4.
The PI parameters KP = 1.2 and KI = 0.5 have been
obtained by trial and error procedure looking for a good tradeoff between a fast response and the restriction of the wind up
problem.
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Fig. 5. Slow start-up manoeuvre: angular velocity, set-point trajectory and
plant outputs

V. S IMULATION R ESULTS
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Fig. 6.

Slow start-up manoeuvre: engine torque

Bearing position vs. time
xref
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12
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The simulation results have been obtained by implementing the driveline and the actuator models in the
MATLAB/SIMULINK c environment. Two typical vehicle
launch manoeuvres has been considered: slow and fast.
The switch between the slipping and the engaged phase
is selected by a Stateﬂow ﬁnite state machine. This signal
is used both to select the MP controller suitable to manage
each phase and to select the part of the driveline model to
activate. The switching condition is reached when the value
of the slip speed is less than 1 rads−1 . Once the clutch is
engaged, the throwout bearing position is rapidly increased to
its maximum value by the control algorithm. In other words
the clutch actuator reaches the rest position.
Figs. 5, 6 and 7 show the results of the controlled AMT
in a slow start-up manoeuvre. The behaviours of the engine
and angular velocity, set-points and plant outputs, and those of
the engine torque and throwout bearing position are depicted.
The comparison between the set-points and the plant outputs
shows the good performances of the MPC both before that
after the clutch engagement. In fact, the clutch speed setpoint trajectory is well tracked by the plant output during the
engagement phase and together with the engine speed reach
in few seconds the regime value. Moreover in the Fig. 6 the
effectiveness of the constraints on the engine torque and on its
rate have highlighted showing again the good performance of
the MPC. Finally, in the Fig. 7 the good performance of the
PI inner loop on the throwout bearing position is depicted. It
is worth noting that with a good choice of the PI parameters
KP and KI the wind up does not arise.
Figs. 8, 9 and 10 show the results of the controlled AMT
in a fast start-up manoeuvre. In this case the the comparison
between the set-points and the plant outputs shows that for
a fast manoeuvre there is an increment of the jerks after that
the engagement condition is reached. The Fig. 9 highlights the
effectiveness of the constraints on the engine torque and on
its rate. Finally, in the Fig. 10 is reported that, also in a fast
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Fig. 7.

Slow start-up manoeuvre: throwout bearing position
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Bearing position vs. time

manoeuvre, the PI controller on the throwout bearing position
attains good performances. Indeed, also in this case the wind
up does not occurs. This means that the throwout bearing
position never reaches dangerous and unwanted condition, i.e.
excessive stress on the actuator that may be damaged, without
the necessity of a saturation on the actuator output highlighting
the robustness of the inner closed loop. Figs. 7 and 10 depicts
as after that the engaged condition is attained, the throwout
bearing position reaches its rest position.
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Fast start-up manoeuvre: throwout bearing position
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Fig. 8. Fast start-up manoeuvre: angular velocity, set-point and plant outputs

the clutch actuator dynamics is controlled with a closed loop
on the throwout bearing position by using a PI regulator.
The simulations results have showed the good performances
of the MPC especially for a slow start-up manoeuvre. Moreover, the robustness of the PI regulator has been highlighted for
both the start-up manoeuvres. Indeed, the good performances
exhibited by the PI controller in both the cases is conﬁrmed by
the good tracking of the reference signal, by the fast actuator
response and by the fact that the throwout bearing positions
never exceeds its limit making the saturation unnecessary.

Engine Torque vs. time
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Abstract— The background of this contribution is the
enhancement of the achievable accuracy of servo-screw-presses.
Therefore, the paper is concerned with the improvement of the
dynamic precision for direct driven servo axes which is still
restricted by structural vibrations. For this purpose a ball screw
test rig was analyzed for which the standard cascade control
structure was extended by an additional velocity feedback. This
structural extension has the potential to improve the controller
performance significantly due to a better damping of low
frequent vibrations. Furthermore, a parametric dynamic model
for the control structure was derived to investigate the effects of
the controller extension. For this analysis the influences of the
used tuning factors and filters is discussed in the frequency
domain based on bode plots. The results of these cognitions are
transferred to the time domain and illustrated by step responses.
In addition, an evaluation by the criterion of the Integral of
Absolute Error and the Prony Analysis is carried out. Finally,
the results are experimentally verified at the ball screw test rig.
The paper closes with a conclusion.

I.

INTRODUCTION

In recent years, servo-screw-presses achieved a huge
importance in forming technology because of their high
degree of flexibility. By the use of their nearly free selectable
motion characteristics in tool movement they have a
considerable potential to beneficially move the process
limitations like cycle times, product accuracy and energy
consumption. Furthermore, they offer the capability for new
production processes, like a pulsing ram movement in which
several forming steps can be put together [1].

Figure 1. Yet, this leads to a limitation in control performance
because of low frequent structural vibrations. Preliminary
investigation on the servo-screw-press showed, that there exist
several eigenfrequencies in the lower frequency range up to
100 Hz [1].
A possible approach to compensate this limitation is the
extension of the velocity controller which is object of current
research [2],[3] and will be investigated in this paper by
analyzing a ball screw system which is comparable to the
direct driven servo axes of the servo-screw-press. Therefore,
the mechanic structure of the controlled system and a standard
PI velocity control system is modeled.
After commissioning the standard controller cascade, the
additional velocity controller extension can be implemented.
The analysis of this extension is investigated in the frequency
and time domain. Finally an evaluation of the results is
presented by the criterion of the Integral of Absolute Error and
the Prony Analysis. Based on these results, a transferability
from the ball screw to the servo press can be derived and the
benefits of the controller extension can be estimated.

At present, the position control of servo-screw-presses is
based on an indirect feedback [2]. This means that the motor
velocity is fed back into the control loop. As a result the
elasticity of the mechanical structure and other disturbing
effects are not considered in the feedback control. To fully
take advantage of the possibilities, these effects have to be
included in the control structure by utilizing a direct position
signal. In this case, this is the ram position as shown in
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226

Figure 1. Control structure of a servo-screw-press
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Figure 2. Block diagram of the APC option, APC structure from [6]

VELOCITY CONTROLLER EXTENSION

For the velocity control of axes with low frequent
vibration modes, the standard PI velocity controller, even with
an appropriate setting, is insufficient because of a
comparatively small damping. Therefore the extension of the
velocity controller with an additional feedback of the load side
measured position will be investigated. With this approach, a
significantly better damping of structural vibrations can be
achieved. However, the need of additional measurement
devices, an even more complex control structure and
comparatively high commissioning efforts make this velocity
controller extension unattractive for most control system
users. Nevertheless, one of the leading control system
manufacturers offers such an extension called ‘Advanced
Position Control’ (APC) for servo axes. The option is
integrated in their servo drive system [4]. It offers the
advantage that the standard PI cascade structure remains the
same.
In addition to the standard velocity control loop, the load
side measured position is fed back as first derivation for the
velocity and second derivation for the acceleration path, as
shown in Figure 2. Therefore, the velocity path comprises the
difference between the load velocity and the setpoint value,
multiplied by a tuning factor, denoted as gain KAPC1/KAPC2.
The acceleration path feeds back the load acceleration
multiplied by a derivative time constant TAPC1/TAPC2.
Subsequently, the velocity and acceleration paths are summed
up and optionally filtered. For this filtering, a freely adjustable
filter structure of second order is provided by the servo drive
system.

It can be used to specifically damp or gain respective
frequencies [5].

G filter ( s )

2  Dnum
1
 s2 
 s 1
2S  f n _ num
( 2S  f n _ num ) 2
2  Dden
1
 s2 
 s 1
2
2
 f n _ den
S
( 2S  f n _ den )

(1)

This double feedback is provided for filtering up to two
relevant frequencies which are summed up and fed back into
the velocity control loop [6]. After this double feedback a low
pass filter can be used for reducing, e.g. quantization noise.
The advantage of the Advanced Position Control is the
consideration of the structural behavior by using the relevant
position signal at the load side in addition to the indirect motor
signal. With this direct processing of structural vibrations a
better dynamic controller performance can be achieved.
III.

MODELING

For the investigation of the velocity controller extension, a
ball screw test rig was selected. It consists of a synchronous
servo motor, a toque measurement shaft, a clutch, a ball screw
spindle, a slide with additional mass and a brake with counter
bearing. The individual components are shown in Figure 3.
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Figure 3. Ball screw test rig

10

2

Figure 4. Frequency response for controlled system
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SIDE MECHANIC
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For modeling the controlled system, the mechanical structure
has to be identified first. Therefore, the frequency response of
the ball screw test rig was measured (Figure 4). Since five
relevant natural frequencies in the frequency range up to
500 Hz can be identified, it would be necessary to use a sixmass-system. Because it is very difficult to derive such a
model out of the mechanic properties, we abstain from
modeling with spring-mass elements. For the detailed
simulative reconstruction of the measured frequency
response, we used general transfer elements instead. As a
result, the controlled system comprises the overal mass
moment of inertia of the mechanics as well as the individual
sub-oscillators [7],[8]. For the transfer function of the
mechanical system, there has to be made a distinction
between motor and load side which differ by their individual
resonances respectively, as visible in (2).

1

−20

phase [°]

22.5

0

2

10

Figure 5. Closed loop load side frequency response for KAPC gain

IV.

SIMULATION

After commissioning the velocity controller, the APC
option can be implemented. In the model, the individual
velocity and acceleration paths and their filters are
investigated.
At first, the velocity feedback with the tuning factor
KAPC1 = 1.0 [-] is presented in Figure 5. It can be noticed that
the first dominating frequency at 15 Hz and also partly the
second frequency at 30 Hz is damped by this feedback path.
However, this results in an increase of amplitude for the
following dominating frequencies at 45 Hz, 93 Hz and
185 Hz. It appears that the APC proportional velocity
feedback only achieves a damping of lower frequencies if the
following higher frequencies are amplified at the same time.
In the next step the effects of the APC acceleration path
are shown in the frequency response in Figure 6. In this case,
the derivative time constant TAPC1 = 2 ms causes nearly no
damping of the first frequency, but a significant damping for
the second and third frequencies at 30 Hz and 45 Hz. The
effect of amplifying the following frequencies is virtually
negligible.
In Figure 7, the velocity as well as the acceleration path is
used. Here, it is clearly visible that both effects appear
superimposed.

 s 1

The total mass moment of inertia was taken from the
construction data and has an amount of Jtot = 8.74  10-3 kgm2.
The resonant- and anti-resonant frequencies were derived
from the results of the measurements, whereas the numeratorand denumerator- dampings were approximated empirically
during modeling (table I).
With the determined mechanical system, the velocity
controller can be designed. The integral time constant
TN = 10.057 ms of the velocity controller was taken from the
automatic controller commissioning of the drive system.
Because the proportional gain KP = 2.864 Nms/rad of the
automatic commissioning was too high and caused too high
overshot, it was reduced to KP = 1.0 Nms/rad. Another reason
for this adjustment is the larger required phase reserve for the
additional use of the APC feedback.
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The velocity feedback damps the first frequency while both
effects lead to a damping of the second and third frequency.
In addition, the strong amplification of the frequency at 93 Hz
can considerably be damped by the use of the acceleration
path.
V.

EVALUATION

After investigating the influences of the APC tuning
factors, a suitable parameterization has to be found. Therefore,
a simulation based optimization is performed, referred to [9].
For representing the best damping behavior of the system,
several optimization criteria were investigated. In this paper
the results of the Integral of Absolute Error (IAE) were
chosen, as advised in [10], where xd is the velocity error
signal.

IAE

f

³ xd (t ) dt

(3)

0

A. Analysis in the time domain
To illustrate the influence of APC, the step responses of
the load and motor velocity with and without APC is put in
contrast.
It turns out that with the APC option a better damping of
the load velocity can be achieved, as shown in Figure 9. It can
be seen that the critical amplitudes of the load velocity, caused
by the lower frequent vibrations, can be reduced significantly
while higher frequencies oscillate slightly more. By using an
additional filter, the damping effect is even stronger, because
also the higher frequency can be damped.

INTEGRAL OF ABSOLUTE ERROR
IAE

Parameters

IAE load without APC [-]

155.4

-

IAE load with APC [-]

64.2

TABLE III

IAE load with APC & filter [-]

45.9

TABLE IV

IAE motor without APC [-]

107.6

-

IAE motor with APC [-]
IAE motor with APC & filter
[-]

101.2

TABLE III

122.7

TABLE IV

phase [°]

TABLE II.

Comparing the optimal APC settings with the standard
control structure, a significantly smaller Integral of Absolute
Error can be reached for the load velocity. The APC setting
without any filter reached a more than two times smaller IAE
whereby the APC setting with an additional filter even
reached a three times smaller IAE. At the same time the IAE
of the motor nearly stayed the same. For the APC setting
without filter, the IAE could slightly be reduced and for the
APC setting with additional filter the IAE slightly increased.
This shows that the potential of the APC structure could fully
be exploited.

magnitude [dB]

At first, the IAE was measured in a time of 0.5 s beginning
from the step for the standard PI control structure without
APC (table II). Referring to this, the IAE of the additional
APC structure was minimized, based on the variation of the
tuning factors KAPC1 and TAPC1 without any filter. The results
can be found in table III. In this case, the optimal combination
of system damping and loss of the velocity controller
performance is reached whereby smaller tuning gains lead to
lower damping and higher gains lead to greater loss of
performance. In addition, the simulation based optimization
analyzed the influence of an additionally used filter of second
order in the APC feedback.

The optimization showed that by using an additional filter,
the tuning factors could be increased even more (table IV).
The determined filter is shown in Figure 8. It can be seen that
the filter frequency response is higher than the respective
frequency of the response which is damped. This compromise
results from the fact that the lower frequencies must not be
affected through the filter. Therefore, the filter additionally
damps the higher frequencies and raises the phase.

5
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Figure 8. Additionally used filter in APC feedback
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Figure 9. Step response of load velocity

The motor velocity in Figure 10 shows a similar tendency.
Again, the low frequent vibrations are damped, which results
in a large excitation of higher frequencies. However, this is
necessary to enable the damping on the load side.
It can be stated that with the utilization of the APC feedback,
a significantly better damping can be realized. It can be seen
that the motor counteracts the feedback velocity so that the
damping at the load side can be achieved. This results in a
considerable increase of the setpoint torque from
Mset = 7.3 Nm for the standard control to Mset = 26.4 Nm for
APC without filter which is still under the maximum torque
of 36 Nm for the used servo motor.
For the APC option with additional filter, the maximum
torque would be over the permissible torque. For that reason,
a torque limitation at Mlim = 32 Nm is used in simulation as
well as at the test rig.
B. Prony Analysis
The Prony Analysis originally is a method of spectral
analysis. In comparison to the better known Fourier analysis,
some significant differences can be noted. In contrast to the
Fourier analysis the Prony Analysis can be determined as a
parametric method. It offers the advantage that even
comparatively short time series are adequate for useful results
[11]. For modeling the examined signal, the Prony Analysis
uses damped oscillations:
xˆ n

p

n
¦ bm  z m

In table V the determined parameters are listed for three
settings: standard structure without APC, extended structure
with APC and extended structure with APC plus additional
filter. All dominating frequencies including their amplitudes
and damping could be identified with the Prony Analysis for
each setting. Looking at the first two frequencies, the damping
effect becomes clearly visible through the decreasing
amplitudes. The second relevant frequency is actually moving
to higher frequencies from 35 Hz to 62 Hz. The following four
dominating frequencies are getting amplified which is
characterized through their increasing amplitudes. Looking at
frequency number three, the moving to higher frequencies
from 89 Hz to 110 Hz can also been seen.
C. Analysis in the frequency domain
Considering the frequency response, the damping effect of
APC gets even clearer. Figure 11 shows that with the optimal
APC settings, used in the simulation, an optimal damping for
the load side amplitude up to 90 Hz can be achieved. If the
APC option is used without an additional filter, the damping
of lower frequencies results in an amplification of the
following frequencies, especially the dominant frequency at

120

TABLE V.

parameter

without
APC

With
APC

1.

frequency [Hz]
amplitude [rad/s]
damping [-]

14.5
26.7
0.12

14.5
10.5
0.22

With
APC &
filter
14.12
3.9
0.20

2.

frequency [Hz]
amplitude [rad/s]
damping [-]

35.5
26.8
0.15

52.3
23.3
0.26

62.1
19.0
0.29

3.

frequency [Hz]
amplitude [rad/s]
damping [-]

89.0
3.8
0.03

101.9
15.2
0.04

110.4
16.4
0.11

4.

frequency [Hz]
amplitude [rad/s]
damping [-]

182.1
0.7
0.05

188.0
3.7
0.03

197.6
4.7
0.03

5.

frequency [Hz]
amplitude [rad/s]
damping [-]

390.0
0.1
0.01

387.8
0.3
0.01

383.4
0.7
0.01
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Figure 10. Step response of motor velocity
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DETERMINED DYNAMIC PARAMETERS FROM PRONY
ANALYSIS FOR THE LOAD SIDE MECHANIC

Number
of
frequency

100

40

(6)

phase shifts ) m and damping ratios J m . The analysis thereby
focuses on the minimization of the error between the
estimated signal x̂n and the measured signal xn . The
parameters frequency, amplitude and damping which have to
be determined, are direct analytical results and therefore well
to evaluate. The mathematical derivation is omitted here. It
can be looked up in [12].

(4)

m 0

( J m  jZm ) Tsample

The signal is composed as a sum of a discrete number of
damped sinusoids with the amplitudes Am , frequencies Zm ,
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40

velocity [rad/s]
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Figure 11. Optimized frequency response of load velocity

102 Hz. With the use of the filter, the amplification of the
dominant frequency 102 Hz is reduced significantly without
influencing the damping of lower frequencies.
The frequency response of the motor side in Figure 12
shows a similar tendency. The amplitude is damped up to
45 Hz while the following frequencies at 60 Hz, 102 Hz and
185 Hz are significantly amplified. Like for the load side
magnitude, the usage of the feedback filter also damps the
critical frequency at 102 Hz of the motor side. As a result,
higher frequencies are gained so that the optimized APC
setting with additional filter exploits all the potential of the
APC feedback and thus represents the stability limit.
Regarding the phase it can be seen that with the usage of
APC, the phase can be raised at the load side as well as at the
motor side.
VI.

EXPERIMENTAL VERIFICATION

To verify the results of the simulation, the determined
parameter settings were now reproduced by means of
experiments at the ball screw test rig. At first, the step
response of the motor and load side is investigated (Figure
13). The system responses are considered for the standard
structure without APC and the extended structure with APC.
For the APC parameterization, the tuning factors
KAPC = 0.2 [-] and TAPC = 0.5 [ms] were used.

In order to find the reasons for the deviations and the
unstable system behavior, the frequency response is
considered in Figure 14. In general, both curve shapes of
simulation and experiment show a similar trend. However, the
lower frequency range up to about 80 Hz is not reproduced
with the required accuracy, as it would be necessary for a
more detailed investigation of the APC option. Because of the
fact that especially the second dominating frequency of 30 Hz
was lower than in the simulation, the positive damping effect
of APC, predicted in the simulation, could not be reproduced
at the test rig.
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Furthermore, the same tendencies of using the APC option
can be determined in the simulation and the experiment. Both
step responses show a slightly better behavior with the APC
option. Unfortunately, this improvement is relatively low,
which can be referred to the low tuning factors which were
used. It was not possible to use significantly higher tuning
factors at the test rig because they caused an unstable system
behavior which could not be predicted by the simulation.

20
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phase [°]

2.15

It can be seen that the amplitudes of the velocity from the
simulation as well as from the experiment show a good
accordance. Only the low frequent vibrations indicate a
slightly different curve shape, which can be seen in deviations
in the transient response.
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Figure 13. Step response of simulation & experiment
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Figure 12. Optimized frequency response of motor velocity
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The lower frequencies were damped to a smaller extend then
the amplifying of dominating frequencies above 80 Hz. As a
result, also rather small tuning factors of KAPC = 1.0 led to an
almost unstable behavior because of the significant excitation
at the dominating frequency of 93 Hz.
VII. SUMMARY AND OUTLOOK
This paper is concerned with the improvement of the
dynamic behavior of direct driven servo axes. Therefore, a ball
screw test rig was analyzed, for which a structural extension of
the standard PI velocity control structure is examined. The
extension is characterized by an additional velocity feedback
which has the potential to improve the controller performance
significantly due to a better damping of low frequent
vibrations.
For the investigation, a simulation model was created
based on the measured frequency response of the controlled
system. With this model, the effects of the APC tuning factors
and an additional filter were discussed in the time and
frequency domain. It turned out, that the tuning factors cause a
damping of low frequent vibrations and an amplification of
the following higher frequencies. This amplification is the
critical point which moves the system behavior close to the
stability limit. The investigation showed that the tuning factors
have the potential to damp the lower frequent vibrations which
limit the dynamic behavior of the control structure.
To find an optimal setting for the APC parameters, a
simulation based optimization with the criterion of the Integral
of Absolute Error was carried out. It revealed an optimal
setting with KAPC = 3.07 [-] and TAPC = 3.81 [ms] and reduced
the IAE about two times. Furthermore, an additional filter was
used to reduce the excitation of the dominating frequency at
90 Hz. Due to this, the IAE could be reduced more than three
times. In addition, the Prony Analysis was carried out to verify
the damping and amplification of the respective frequencies.
For the verification of the simulated results, experimental
investigations at the test rig were performed. Therefore, the
influences of the APC tuning factors could be reproduced at
the test rig. It was stated that the amplitudes of the simulation
and the experiment showed a good accordance.
Although they indicate the same tendency, a deviation of
the simulation and the experiment was identified. The
consideration in the frequency responses revealed that the
lower frequencies up to about 80 Hz could not be reproduced
with the required accuracy. Hence, the tuning factors of APC
could not significantly be increased in the experiment because
of an unstable system behavior.

Eds. Leo J De Vin and Jorge Solis

To compensate these deviations in the simulation, the
model of the controlled system has to be adjusted. Especially
the reproduction of the lower frequencies has to be improved.
In order to prevent the unstable system behavior, the influence
of the additional filter in the APC feedback has to be
considered in more detail. Due to the reduction of the
excitation of the dominant frequency and raising the phase, an
improvement of the control performance should be achieved.
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another process. An approach has been developed to store
energy using electric double layer capacitors (EDLC, also
known as super-capacitors), in such way that varying energy
demands can be balanced and energy delivered by the machine
can be stored for later usage. These capacitors are connected to
the DC-bus of the machine using a DC-DC converter. This
converter also allows controlling the flow to the electric
storage.

Abstract — Many machines execute periodic tasks with known
periodicity during long periods. These periodic tasks typically
require a periodic, but non constant, power take-off from the
grid. However, it is desirable to get an a power take-off from the
electrical network that is as constant as possible as this lowers the
load on the grid. Moreover, in the future it is expected that
varying power take-off will be more costly than constant power
take-off. To realize a constant power take-off for machines
executing periodic tasks, we propose using super-capacitors.
These super-capacitors can average out the power consumption
of the machine. We control the supercapacitors charge/discharge
with the method of adaptive feed-forward compensation (AFC).
In AFC and related methods, the problem is treated as a (multi)
harmonics disturbance rejection. The results confirm that the
use of super-capacitors as energy storage can reduce the power
peaks requested from the electrical grid. In many situations,
including our test system, such approach is capable of reducing
also the energy consumption from the electrical power network.

I.

From a control point of view, we use the method of
adaptive feed-forward compensation (AFC), as described in
[4]. In AFC and related methods, the problem is treated as a
(multi) harmonic disturbance rejection. Multi-harmonic loads
may be created either due to the characteristics of the load
itself, and/or by the nonlinearities present in the system. Each
single harmonic is cancelled out by injecting the opposite
signal at the available input of the system. The magnitude and
the phase of each sinusoidal component in the load are
assumed to be unknown and must be estimated for proper
cancelation. This estimation is performed by an adaptive
algorithm. The method in practice does not require precise
knowledge about the system model and works robustly even
for moderately nonlinear plants. AFC is a very mature applied
technology with huge number of references. We provide the
essential references relevant to our work. Providing a literature
review related to the method of AFC is out of scope of this
paper.

INTRODUCTION

Energy considerations and power quality are increasingly
important in industrial machines nowadays due to higher
energy prices and regulatory requirements. From business
point of view it is therefore not only profitable to be able to
reduce the energy consumption of the machine, but also to be
able to reduce and stabilize the energy take-off for the electric
grid without affecting the productivity of the machine. This can
be realized using different types of temporary energy storage.
Electrical energy storage is relevant in particular, due to the
wide use of electrical drive trains and other components.

The AFC methods are applied on an electro-hydraulic test
setup executing typical periodic tasks with known constant
period and the performance is demonstrated experimentally.
The approach can be applied to industrial machines designed to
produce a certain product type efficiently for long periods.
During such long periods many machines typically execute
periodic tasks with known periodicity. Such periodicity brings
prior knowledge about the future system behavior and can be
used to keep the long-term power from the electrical network
as constant as possible. On the setup the DC-DC converter and
super-capacitor is controlled using AFC in a way that the

Complex production machines comprise a number of different
processes that work together to realize an end product. The
processes typically ask for a time varying, often periodic,
energy input and sometimes even provide energy. When
moving around material, masses or inertias have for example
be decelerated to at the end of the motion. During this
deceleration kinetic energy has to be transformed in another
form of energy. It could be dissipated in heat or used for
*Corresponding author
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power consumed from the electrical network is leveled and
minimized.

The method is based on well known fact that any periodic
signal can be viewed as a linear composition of sine/cosine
waves (harmonics). That representation is called a Fourier
series. It is observed that in practice many real-life physical
signals can be approximated very well with limited number of
harmonics. This basic observation is that main idea behind
many practical signal compression technologies, for example
MP3 and JPEG encodings.

We adopt the terminology “load-leveling”, which is common
for similar problems in large scale electrical production and
distribution. The results confirm that the use of a supercapacitors as energy storage can reduce the power peaks
requested from the electrical grid. In many situations, including
our test system, such approach is capable of reducing also the
energy consumption from the electrical power network. The
added value of this work comes both from reduced energy
consumption and from the possibility to downsize different
elements for lower peak powers and in the same time to have
lower peak consumption from the electrical power grid. In
addition to that the quality of the power consumed from the
grid can be improved, which leads to lower connection costs.
II.
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It is well known that for linear systems each harmonic
present in the input signal u(t) is related (only) to the same
harmonic at the output signal y(t). This permits to treat each
harmonic in rather independent way. The same is true also for
un-measurable disturbances v(t) acting on the system.
Moreover, it is possible to represent the effect of a disturbance
v(t) on the system with equivalent disturbance d(t) acting on
the system input as shown in Figure 2.

METHOD AND TOOLS USED

A. Super-capacitors
Super-capacitors bridge the gap between conventional
capacitors and rechargeable batteries. As shown in Figure 1.
super-capacitors have the highest available capacitance values
per unit volume and an energy density comparable to lead-acid
or Ni-metal hydride batteries.

Figure 2. Equivalent plant input disturbance

In accordance with the Fourier representation the unknown
disturbance d(t) consists also of a sum of n sinusoids of known
frequencies of the form

Figure 1. Power density vs. energy density of various capacitors and
batteries (from Wikipedia)

ሺሻ ൌ σ୬୧ୀଵሾ୧ ሺሻ ሺɘ୧ ሻ  ୧ ሺሻሺɘ୧ ሻሿǤ

The use of super-capacitors is growing in many areas,
including hybrid vehicles, energy recovery in rails, cranes, lifts
and trucks.

(1)

Then the output of the stable linear plant P is
ሺሻ ൌ ሺሻሾሺሻ  ሺሻሿ,

B. Adaptive Feedforward Compensation (AFC)
AFC is a method, which can be used to cancel disturbances
with known period. It is well known and widely used in
different industries and products, which is indicated by large
amount of academic papers and patents related to the topic. For
example practically every hard disk drive produced during the
last 15 years is compensating for so called RRO (Repetitive
Run-Out) disturbance with AFC method [2],[3].

(2)

where P(s) is the transfer function of the plant. The output of
the system will contain corresponding harmonics with
appropriate change of phases and magnitude, according to the
transfer function P(s). If the coefficients ୧ ǡ ୧ were known it
would have been easy to cancel the disturbance by injecting the
same harmonics with opposite phase in u(t).
However the disturbance is unknown, except for the
frequencies of the harmonics ɘ୧ . If we would be able to
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estimate the coefficients ො୧ ǡ ୧ using the available signals with
sufficiently high precision, we would be able to cancel the
effect of the disturbance d(t) and correspondingly the
equivalent v(t). If we know the transfer function P(s), we
would be able to perform a Fourier transform of the batch
record of an ouput signal y(t) and use P(s) to invert the system
dynamics in frequency domain and calculate harmonic
coefficients estimates ො ୧ ǡ ୧ . Such approach is disclosed in [1].

x

ୢ
ୢ୲

ൌ  ୧ ሺሻ ሺɘ୧   Ԅ୧ ሻ

(3)

୧ ሺሻ ൌ  ୧ ሺሻሺɘ୧   Ԅ୧ ሻǡ

(4)

In practice the AFC method can be applied also to
some nonlinear plants. Such nonlinearities may be
the source of additional harmonics.
III.

EXPERIMENTAL SETUP

The experimental setup we use to test the approach is a
hydrostatic driveline shown in Figure 4. The hydraulic part is
shown in Figure 4. It has two load electrical motors, two
flywheels, two hydraulic motors with controllable swash
plates, one hydraulic pump and one electrical driving motor. A
simple controller is available to the hydraulic part, which can
execute many desired load profiles encountered in practice.

AFC does not use batch records of the signals; it obtains
the same results using recursive adaptation. According to the
AFC idea, the adaptive estimates of the coefficients can be
obtained as
ୢ
ො ሺሻ
ୢ୲ ୧
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and the control signal has the form
ሺሻ ൌ  െሺሻ ൌ
െ σ୬୧ୀଵൣො ୧ ሺሻ ሺɘ୧ ሻ  ୧ ሺሻሺɘ୧ ሻ   ୧  ୧ ሺሻ൧Ǥ (5)
In the basic algorithm the terms Ԅ୧ and  ୧ are set to zero
and the parameters  ୧ are the adaptation gains.

Figure 4. Hydrostatic driveline experiemental setup

Figure 3. Input disturbance compensation

Several important observations can be made:
x

For the AFC methods only two parameters per
harmonic (the Fourier coefficients) are required to
completely describe the disturbance at that
frequency.

x

The AFC basic methods need the sign of the real
part of the frequency response to set the sign of
the adaptation gain. Better performance can be
obtained if additionally the frequency response
data for the plant is available. No transfer
function, or state-space model is needed.

Figure 5. Electrical drive of the setup in Figure 4. Arrows indicate possible
energy flow.

The electrical motor M driving the hydraulic pump has an
industrial-grade electrical power electronics drive consisting of
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approximate efficiency K= Pdc/Pabc, K≈const,
0<K<1.

AC/DC and DC/AC converters with a DC bus located between
them as shown in Figure 5.
x

One important note is that in this setup the AC/DC
convertor is one-directional - the power can flow only from the
3-phase network to the motor, not in opposite direction. If
reversal of the power flow is attempted, this leads to increase
of the DC voltage Udc and the shunt resistor is activated (not
shown in the figure), which dissipates the energy on the DC
bus in the form of heat. This is the scenario in which the loadleveling add-on can contribute to energy economy, since the
energy which otherwise would be wasted can be stored in the
super-capacitor and reused.
The super capacitor C is connected to the DC bus via a
dedicated DC/DC converter. This converter has a control input
signal for the desired current Ic from the capacitor. The
measurements of the 3-phase power Pabc are available, as well
as the voltage on the DC bus and the current and voltage of the
super-capacitor C. The complete hydraulic driveline, as well
as the DC/DC converter, are controlled using a dSpace system.

Non-linear load-leveling (Pdc≠Pabc). This is the
case when the sign of Pdc may be reversed. The
mean value of Pdc is significantly smaller than the
magnitude of the periodic component of Pdc. In
such situation the uni-directional AC/DC
converter is not able to transfer the energy back to
the 3-phase network and the shunt resistor has to
be activated to dissipate the excess energy. The
AC/DC converter is behaving like a nonlinear
system with K≈0 for Pdc<0 and 0<K<1 for Pdc>0.
This situation permits the load-leveling to charge
the super-capacitor and to avoid the unnecessary
energy dissipation in the shunt resistor.

Additional challenge in the second case is the nonlinearity
of the AC/DC converter, since we are using the Pabc for the
feedback of the load-leveling algorithm. This nonlinearity is
violating the linear system assumptions used in the classical
AFC. Our results demonstrate that AFC is sufficiently robust to
deal with such situation.

The system is nonlinear and uncertain. It is challenging and
time-consuming to create a precise mathematical model of
such a system. Moreover, since it has also time-varying and
temperature dependent parameters, especially in the hydraulics
part, the mathematical model is to be used with caution.

A. Linear load leveling
In this experiment a single harmonic of 1 Hz is present in
the load and the direction of Pdc is not reversing. AFC is used
to eliminate only this single harmonic. The value of 3-phase
equivalent current is used as feedback tp the AFC. This value
is proportional to the current Idc=Pdc/Udc which flows in the DC
bus. AFC gains gi were tuned conservatively with the goal to
ensure closed loop stability with large margin. The resulting
transient is shown in Figure 6.

AFC is used to provide control signals for the supercapacitor current controller. The goal of the AFC is to make
the power of grid Pabc constant. A related goal is to make the
current and power on the DC bus Pdc constant. It is assumed
that the load is periodic and with known period and limited
harmonic content. For safety considerations the voltage on the
DC bus should be limited, as well as the voltage on the supercapacitor, which also need to be kept above certain value.
IV.
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EXPERIMENTAL PROCDEURE AND RESULTS

The hydraulics part is used to represent a realistic industrial
machine. The flywheels are driven in a way such that they have
time-varying speed in sufficiently large range. This leads to
energy flow in the hydraulics part, which has the
characteristics of different typical loads encountered in the
industry. These energy flows are affecting the electrical part of
the system and corresponding are used to test the load-leveling
algorithm of the super-capacitor.
In this paper we present two experimental cases:
x

Linear load-leveling (Pdc≈Pabc). This is the case
when energy flow Pdc is not reversing. The mean
value of Pdc is sufficiently large and there is a
periodic component in Pdc, which is to be
eliminated by the load leveling. In such situation
our uni-directional AC/DC converter is behaving
like an approximately linear system with

Figure 6. Linear load-leveling of single harmonic in time domain. Current in
Ampers

It is visible that it takes approximately 10 seconds for the
AFC to take-over and level the load. It is also clear that AFC
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even with single harmonic has reduced the current peaks from
100 A to less than 60 A.
Due to the fact that the direction of Pdc is not reversing, the
average power consumed from the 3-phase network is
approximately the same without and with load-leveling. As
discussed before this is expected for the situations when shunt
resistor does not have to dissipate energy during Pdc direction
reversal.

x 10
Figure 8. Linear load-leveling of multiple harmonics. Frequency domain
presentation

B. Non-linear load leveling
The second experiment is using a periodic load with
frequency 0.2 Hz designed in such way, so that the power Pdc is
reversing direction strongly, as seen before load-leveling was
applied in Figure 9. AFC with a single harmonic at 0.2Hz is
used for load-leveling and the result is shown in Figure 10.

Figure 7. Linear load-leveling frequency domain

The same effect is shown in frequency domain comparing
the power spectral density of the current signal before and after
the load leveling in Figure 7. A very significant reduction is
visible in the first harmonic (1Hz) of the disturbance. The
picture also indicates that even better result may be obtained in
time domain if additional harmonics are compensated, for
example 2 to 5 Hz. The presence of these harmonics is due to
the nonlinearities in the hydraulics part. The potential of AFCbased load-leveling is clear even without compensating the
additional harmonics. The cancellation of additional harmonics
is quite straightforward by adding additional AFC blocks in
parallel, tuned for other frequencies. Such result is shown in
Figure 8.
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Figure 9. Non-linear case before application of load-leveling

A very significant reduction of the periodic component of
the load is clearly visible. The power peaks are reduced from
15kW to less than 5kW, which is the main goal of loadleveling. The calculation also reveals the average power
consumed from the 3-phase network is very different. The
average power before load-leveling is 4674W. After load-
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leveling is applied, the average power from the 3-phase
network is 2547W. This corresponds to 45% power reduction.
As we have discussed before, these 45% power are dissipated
in the shunt resistor when no super-capacitor is used.

V.
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Figure 10. Non-linear case after application of load-leveling

Another view on the same process is shown in frequency
domain in Figure 11. It is very interesting to note that the
disturbance at 0.2Hz is present in the electrical load Pabc
together with several of it multiples - 0.4Hz and 0.6Hz, but
also probably 1.6Hz.

The authors of this work are not aware of any other control
method capable to deliver such results for wide class of
complex systems without a very lengthy and complex
modeling process and very complex MPC-like controller.
Further work may involve the introduction of some
adaptive components with respect to the disturbance frequency,
which is currently assumed completely known and constant.
Other possible improvements can be made with respect to
startup transients of the AFC, more precisely taking explicitly
into account some safety constraints, while making sure that
the startup transient takes the least amount of time.

180
with LL
without LL

160

CONCLUSIONS

The paper describes application of the known method of
AFC to load-leveling of industrial machines, which appears to
be a new domain for it. The results confirm the expectations
and reveal very significant reduction of peak powers consumed
from the power network. A very strong reduction of consumed
average power is also demonstrated for the case when power
direction is reversing in our setup. It is important to note that
these results use very simple adaptations and assume very little
for the model of the system. We do not assume to know even
frequency response at the disturbance frequencies. In fact we
demonstrate that the method works very robustly even in the
presence of significant non-linear elements, both in the
hydraulic part, and in the electrical part of the system. The
literature related to AFC has some very interesting
comparisons of AFC and alternative methods, such as
Repetitive control (RC) [3], where mixed results are reported –
RC has some advantages and AFC has other advantages.
However these are dealing mostly with quite simple linear
mechanical systems for which mathematical models are widely
available. This is very different in our case, since we are
dealing with very complex, not fully modeled and poorly
understood sometimes time-varying system. Application of RC
in our case appears to be rather difficult, almost impossible
because it requires a transfer function model of the plant.
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Design and Development of a Quadrotor Flight Control System
Abubakar Surajo Imam and Robert Bicker
School of Mechanical and Systems Engineering Newcastle University
United Kingdom

Abstract—Modern control techniques are model based, i.e., the
controller architecture depends on the system’s dynamic description. This paper presents the design of a PID-based quadrotor
attitude and altitude regulating ﬂight control system using the
Arduino-Simulink blockset, and a model that incorporates the
effects of wind velocity variation and airframe/rotors interaction.
The purpose of the ﬂight control system is to enable the quadrotor
track predeﬁned reference trajectories. The performance of the
ﬂight control system was simulated using a step input function,
from which the vehicle’s response indicates a zero steady-state
error, relatively fast response but with some mild overshoots
on the altitude and yaw attitude responses. The result was
validated experimentally using a physical quadrotor platform.
The experiment results shows that the quadrotor can achieve
altitude and attitude stabilization using the classical PID control
scheme.

to evaluate controllers of all classes on the stability of MAVs
using Microsoft Flight Simulator (MSFS) was presented,
where H∞ robust controller was implemented on Ascending
Technologies Pelican Micro Aerial Vehicle using MSFS. This
paper employs the Arduino-Simulink blockset to design a PIDbased quadrotor attitude and altitude regulating ﬂight control
system using a quadrotor model that incorporates the effects
of wind velocity variation and airframe/rotors interaction,
which would permit a quadrotor to track predeﬁned reference
trajectories.
II. Q UADROTOR L INEAR M ODEL
The quadrotor’s perturbed state vector from the hover
reference ﬂight is given by Equation (1), where at hover, the
trim values of linear and angular velocities are:

Keywords: Quadrotor, ﬂight control system, PID and
dynamic model.

⎡

⎤
0
v B = w B = uB = ⎣ 0 ⎦
0

I. I NTRODUCTION
A robust ﬂight control systems enables an air vehicle
to navigate and accomplish the desired tasks in a mission.
However, the design of a reliable ﬂight control system for a
quadrotor is challenging mainly due to the inherent complexity
of the vehicle’s dynamics which are non-linear, underactuated
and multivariable. Numerous studies have proposed a number
of approaches upon which a quadrotor ﬂight control system
can be designed. In [1], an autopilot system for a quadrotor
was developed by utilizing a digital signal processor (DSP)
as the on-board micro-control unit (MCU). The ﬂight control
algorithm of the vehicle was developed based on the inner
loop and outer loop control method. Proportional Derivative
(PD) controllers are proposed for the attitude dynamics (inner
loop) and position dynamics (outer loop) respectively. Autonomous hovering control was achieved via the control of
roll angle, pitch angle, yaw angle and altitude of the UAV. In
another study [2], the dynamics of a quadrotor near hovering
mode were analysed based on Newton-Euler equation using
the PID control algorithm, experiments conducted to verify
the efﬁciency of the designed controller showed outstanding
performance. A non-linear model and attitude robust control
of a quadrotor MIMO system was described in [3], where
the dynamic model of the vehicle was transformed into a
LTI system and approximated by a SISO system. The SISO
system was employed to design a H∞ robust ﬂight controller;
the effectiveness and performance of the proposed control
approach have been proved in simulation using MATLAB.
Similarly, in [4], a novel Software-in-the-Loop (SiL) solution

(1)

In the above equations, it is evident that when the quadrotor
operates around hover, its state equals to the perturbed state
vector about the reference operating point. The linear model
proposed here has been successfully adopted for control applications on numerous rotorcraft platforms [5], [6]. However,
the linear model demonstrated in [7] provides a generalized
and physically meaningful solution to developing practical
linear models for small-scale rotorcraft vehicles where the
numeric values of the coefﬁcients in the A and B matrices
are determined through the system identiﬁcation procedure
described in the previous chapter. As mentioned earlier, the
proposed quadrotor ﬂight control system should be capable of
handling both semi-autonomous and fully autonomous ﬂight
missions. The classical feedback control method (i.e., PD,
PI or PID control) is one of the most common choices
because of its simplicity in structure with less requirement
on the accuracy of the vehicle dynamic model. A number
of studies have reported the implementation of ﬂight control
systems based on various advanced control techniques, such
as the Hinﬁnity (H∞) [8], neural network [9], [10], linear
quadratic regulator (LQR)[11], gain scheduling [12], [13],
model predictive [14], backstepping [15] and adaptive control
approach [16] to mention a few.
However, many of the reported implementations neglected
some of the important aspect hindering the vehicle’s performance, such as the inﬂuence of wind velocity variation and
effects of airframe/rotors interaction. This study adopts the
quadrotor-parameterized model demonstrated in [17], which
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incorporated the effect of wind velocity variation and mechanical structure interaction to implement a PID-based ﬂight
control system.
A. Architecture of the ﬂight control system
The design of the ﬂight control system feedback loops is
based on longitudinal and lateral velocities of the quadrotor
that are produced from its pitch and roll tilts, implying the
vehicle velocity is proportional to its attitude [7]. The structure
of the feedback law comprises two main loops as shown in
Fig. 1. The inner loop regulates the dynamics of the quadrotor
associated with its Euler angles φ, j and ψ, and corresponding
angular velocities p, q, and r, whilst the outer loop controls the
positions and velocities of the quadrotor relative to the Earthﬁxed reference frame (i.e X, Y and Z and their respective
velocities u, v, and w). Generally, the dynamics associated
with the outer-loop layer are much slower compared to those
of the inner loop.

Cx =
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p

q

r

θ

The purpose of the ﬂight control system design is to
permit the quadrotor track predeﬁned bounded position and
heading reference trajectories. However, in order to include the
quadrotor position dynamics in the linear model, the control
system design begins with a tracking problem of a reference
translational velocity and heading proﬁle. This is achieved by
integration of the position tracking with the control problem.
The initial output vector of interest of the quadrotor is:

T
y= u v w ψ
Cx
(2)
The ﬁrst design task is for the quadrotor to track the
reference output:
yr = [ u r

vr

wr

ψr ]

T

The tracking problem requires the determination of the control
signal U (t) as a function of the state variables of the vector
x(t) and the reference output yr (t), with its higher derivatives,
such that:
lim y(t) − yr (t) = 0

t→∞

(4)

while the quadrotor state x(t) and its control input U (t)
remain bounded for any bounded reference output yr (t).
Although, typical for the tracking control problem is that not
all the quadrotor states can be measured, therefore, only a
subset of the state variables can be used by the controller for
feedback purposes. In this case, only the vehicle motion state
variables can be directly measured. It is therefore assumed the
following measurement vector is available for the vehicle:

T

(5)

(6)

Determining xss and Uss is a difﬁcult task, which renders
the integral control design impractical for the tracking problem
of a time varying output. Further information about the integral
control of linear systems can be found in [22].
To overcome the difﬁculties posed by the above standard
methodologies, a simple tracking design approach is adopted,
which is well suited to this study. The ﬁrst task involves determining a desired state vector xd consisting of the components
of the reference output vector yr and their higher derivatives.
Let xe = xa − xd represent the state error between the actual
helicopter state and its desired value. The desired vector xd
should be chosen such that the following is satisﬁed:
lim e(t) = 0

(7)

lim y(t) − yr (t) = 0

(8)

t→∞

(3)

ψ

The tracking problem with an output feedback for a linear
system can be resolved using two approaches namely (i)
tracking with integral control and (ii) tracking via the use
of an internal model. In the internal model approach, the
reference output signal is generated using a ﬁxed reference
dynamic system, and driven by a bounded input referred to as
internal model, the structure of which is used by the controller
to yield a dynamic feedback scheme. Typical application of
such control design is met when the reference output is ﬁxed
or sinusoidal at a constant frequency [18]. This approach is
robust but complex to implement. Details about the internal
model approach can be found in [19], [20], [21].
The use of integral control for the tracking problem results
in the design of a robust dynamic feedback controller capable
of providing a reliable and consistent solution when the desired
output has constant values over time. However, in the case
of a time varying output proﬁle, the integral control design
requires the determination of a steady state response xss (t)
and a steady state control input Uss (t), such that when y(t)
tends to yr (t), the following holds:
ẋss = Axss + BUss

Figure 1. Architecture of the ﬂight control system.

φ

then

t→∞

The proposed controller design provides a recursive methodology for the derivation of a desired state vector xd and a
desired control input Ud that satisﬁes Equations 7 and 8 as
follows:
ẋd = Axd + BUd

(9)

The role of the desired state vector xd and the control input
Ud is identical to that of the steady state vector xss and the
input vector Uss required for the integral control methodology.
Detail of this approach can be found in [23].

240

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

B. Quadrotor control signal
A quadrotor is controlled by independently varying the
angular speed of the four rotors driven by brushless DC
electric motors. Each rotor produces a thrust and a torque
whose combination generates the vehicle’s control input. The
control input comprises main thrust (u1 ) roll moment (u2 )
pitch moment (u3 ) and yaw moment (u4 ) acting on the
vehicle as shown in Fig. 2 and Equations (10) – (13). In
addition to manipulating pitch and roll moments, the control
commands u2 and u3 also provides the means of achieving
translation motions along the x and y axes. The throttle
command u1 controls the magnitude of the thrust of the four
rotors producing the necessary lift force, while the yaw control
command u4 controls the heading of the vehicle. From the
foregoing, the ideal solution is for each control command to
be as independent as possible from one another. This implies
designing four independent SISO feedback loops (such as PID)
for each control input.
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multiple-input-multiple-output (MIMO) dynamic model of the
vehicle may be challenging to derive, in such a situation, a PID
control scheme becomes the fundamental solution. The PID
control scheme is a very common start up point for solving real
life problem. This study implements four single-input-singleoutput (SISO) Proportional Integral Derivative (PID) feedback
loops for the quadrotor ﬂight control system.
The implementation was based on the longitudinal and
lateral velocity of the quadrotor being produced from the pitch
and roll tilt of the vehicle; this also implies that the vehicle
velocity is proportional to its attitude. The structure of the
feedback law comprises an inner loop and outer loop. The
inner loop regulates the quadrotor’s attitude to the desired
pitch (θd ) and roll (φd ) angles, and the feedback signal is
proportional to the attitude error. The outer loop generates
the desired attitude angles, with the desired pitch and roll
angles being proportional to the position and velocity error in
the longitudinal and lateral directions, respectively. The cyclic
commands are given by:
u2 = −Kφ (φ + φd ) = −Kφ (φ + Ky eB
y + Kv e v )

(14)

u3 = −Kθ (θ − θd ) = −Kθ (θ − Kx eB
x − Ku e u )

(15)

u1 = (T1 + T2 + T3 + T4 )

(10)

The variables Kθ , Kφ , Kx , Ky , Ku and Kv are positive
gains. To ensure optimal performance of the cyclic control
feedback law, the attitude error should be regulated to zero
faster than the translational error. This can be achieved by
appropriate selection of the control law gains such that a
distinct time scaling is achieved between the attitude dynamics
and the translational dynamics. The yaw and throttle feedback
loops are mainly from errors in the yaw and vertical motion
together with their corresponding velocity errors, which are
given by:

u2 = l(T4 − T2 )

(11)

u1 = −Kz eB
z − Kw e w

(16)

u3 = l(T1 − T3 )

(12)

u4 = −Kψ eB
ψ − Kr e r

(17)

u4 = (τ2 + τ4 − τ1 − τ3 )

(13)

Figure 2. Quadrotor control commands

III. PID CONTROLLERS IMPLEMENTATION
A number of system control schemes have evolved [14],
[24], [15] and been used over time, but the PID control
has been the most widely implemented due to its simplicity
and reliable performance. The PID controller compares the
measured process value y with a reference set-point value,
yr . The difference or error, e, is then processed to calculate a
new process input, ud . This input adjusts the measured process
value continuously to maintain the desired set-point.
The implementation of the PID control scheme on smallscale aerial vehicles have been demonstrated in several studies
[25], [26], [27], [28]. Although, it has been established previously that a quadrotor is characterized by a highly coupled
dynamics. However, in many practical control applications the

Similarly, Ky , Kz , Kr , and Kw are positive gains. The
PID control design being a SISO, does not take into consideration the cross coupling effect that exists in the quadrotor
dynamics, it comprises two sets of four closed loops PID
controllers, a set each for the outer and inner controllers, with
all eight controllers fully independent of one another.
A. The PID controller feedback loops
The PID-based ﬂight control system consists the outer and
inner controllers.
B. Outer controller feedback loop
The outer controller shown in Fig. 3, comprises four PI
feedback loops one each for the vehicle control inputs, namely,
roll, pitch and yaw (u1 , u2 , and u3 ) attitudes as well as
the altitude u4 . It regulates the roll attitude of the vehicle
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Figure 3. Outer controller feedback loops (PI @ 20Hz).
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Figure 4. Inner controller feedback loops (PID @ 100Hz).

by comparing the actual (measured from the on-board IMU)
vehicle attitude to the referenced roll attitude command from
the manual joystick controller, or the on-board autonomous
controller. The measured vehicle attitudes will ﬁrst undergo
transformation from the body to the Earth reference frame
before the comparison. The remaining three feedback loops
work in a similar manner except for the altitude feedback
loop which relies on the altitude sensors and not the IMU.
Altitude is measured using sonars at lower heights (less than
ﬁve meters), and the 3-axis barometer and GPS at higher
altitudes.
C. Inner controller feedback loop
The inner controller (shown in Fig. 4) comprises four PID
feedback loops, three for the vehicle’s attitude rates and one for
the vehicle’s altitude rate. The input to this controller comes
from the outer controller, after a translation from Earth to the
body frame. For instance, the roll attitude rate is regulated by
comparing the vehicle’s actual (measured roll rate from the
on-board IMU) to the commanded roll rate from the outer
controller, after computing the necessary transformations of
the measured vehicle’s attitude and altitude rates from the body
to Earth reference frame. The integral control in the feedback
loops incorporates a rate limiter to safeguard against wind up
error.
IV. A RDUINO -S IMULINK B LOCKSET

uses the Run-On-Target-Hardware feature available in Matlab (from version 2012a upward). The feature allows autogeneration of code from a Simulink model to hardware targets. Hardware targets supported by this feature include PIC,
ARM and Atmega family of microcontrollers. The hardware
target (NAVSENSOR) used in this study is an Arduino-based
microcontroller board, which integrates a sensor suite with an
Atmega 2560 processor described in [31]. The Simulink model
to be developed for the quadrotor would be embedded directly
to the NAVSENSOR module. It includes the necessary code
to read the sensors, read the RC PWM signals from the RC
transmitter, output PWM signals to control the rotors of the
quadrotor, output data to a telemetry system, and record data
to a ﬂash memory chip. The blockset incorporates a number
of library blocks for various sensors and other associated
components.
V. T HE PID S CHEME D ESIGN
It has been stated earlier that the proposed quadrotor ﬂight
control system comprises a total of eight feedback loops
(four outer and four inner), namely outer and inner altitude
controllers; outer and inner roll attitude controllers; outer and
inner pitch attitude controllers; outer and inner yaw attitude
controllers, which regulate the vehicle’s position and rate
respectively.
A. Altitude PID controller

The Arduino Mega Simulink (APM2) blockset was developed at Embry-Riddle Aeronautical University [29] to
facilitate the development of Matlab/Simulink-based smallscale aerial vehicles Guidance, Navigation and Control (GNC)
system. The code generated from the GNC design can be
downloaded directly to the ﬂight control board, thus allowing
easy development of small-scale UAVs. The blockset [30]

The schematic shown in Fig. 5, depicts the outer PID altitude
controller responsible for the control of the quadrotor’s altitude. The controller comprises a signal source representing
the vehicle’s throttle position which essentially outputs a
PWM whose duty cycle varies from 0 − 100%. It utilizes
height measuring sensors i.e., a barometric sensor, pitot probe
and GPS. The values of the sensors measured quantities
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are written to the embedded controller’s Flash Rom via the
serial communication bus. The controller regulates the vehicle
altitude by comparing the reference altitude with the measured
altitude obtained from the altitude sensors. However, in the
vehicle’s attainable altitude has been constrained to 10 m for
testing purposes. The output of the altitude controller forms
the input to the altitude rate controller (inner controller).
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z-axis (yaw angle). It consists of an input reference command,
3-axis magnetometer and IMU. The measured vehicles yaw
rate from the IMU is integrated to get yaw angle, whilst
the magnetometer provides a reference for correcting the
vehicle heading. The actual yaw angle is stored on the onboard embedded controller’s Flash Rom and placed on the
serial communication bus for other devices to access. The
controller regulates the vehicle’s yaw angle by comparing the
reference pitch command with the measured yaw angle after
being corrected using the magnetometer reference heading.
The maximum attainable yaw angle of the vehicle is constraint
to ±90 degrees. The output of this controller goes to the inner
yaw attitude controller.

Figure 5. Altitude outer controller feedback loop.

B. Roll attitude PID controller
The outer roll attitude controller (or roll controller) shown in
Fig. 6, regulates the vehicle’s angular position relative to the
x-axis (roll angle). Its input signal represents the roll angle
reference command in PWM, which varies from 0 − 100%
and centred at 50%, representing the neutral position. A PWM
duty cycle of 0 − 50% represents a negative roll angle, and
50 − 100% represent a positive roll angle. The measured roll
angle rate from the IMU is integrated to get the roll angle. It
is then stored on to the on-board embedded controller’s Flash
ROM and placed on the serial communication bus to allow
other on-board devices access to it. The controller regulates
the vehicle’s roll angle by comparing the reference signal with
the measured roll angle. The vehicle’s reachable roll angle has
been constrained to ±45 degrees. The output of this controller
forms the input to the inner roll attitude controller.

Figure 6. Roll attitude outer controller feedback loop.

C. Yaw attitude PID controller
The outer yaw attitude controller or yaw controller shown in
Fig. 7, regulates the vehicle’s angular position relative to the

Figure 7. Yaw attitude controller feedback loop.

D. Flight control system response to a step input
The performance of the ﬂight ﬂight control system has been
evaluated using a step response function to the altitude and
attitude outer controllers as shown in Fig. 8. The altitude
controller response to the step input yields a small transient
overshoot (of about 0.2 m), a moderate rise time (of about 6
sec) and bit longer settling time (of about 7.5 sec). The roll and
pitch attitude responses to the step input are almost identical
as they are dynamically symmetrical. They inhibit a rise time
of about 0.4 sec with almost no overshoot and a very short settling time. However, the yaw attitude response to a step input
is also short and similar to that of the roll and pitch attitudes,
but with a small transient overshoot (of about two degrees)
and longer settling time of about 4 sec. The simulation result
shows that the steady-state error is almost zero on all the four
PID controllers, a fast system response, although, performance
can be improved. The transient overshoot on the altitude and
yaw attitude controllers are due to some simpliﬁcation in the
controllers design.
VI. I MPLEMENTATION AND E VALUATION
A test was conducted using the quadrotor shown in Fig. 9
to evaluate the performance of the ﬂight algorithm developed
in this study within the vehicle’s operational envelope. The
test involves generation of appropriate ﬂight trajectories for
ascend-hover-descend and forward ﬂight manoeuvres to evaluate the robustness and handling quality of the overall ﬂight
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2) A gradual ascend to 10 m height.
3) Deceleration from a vertical ﬂight to a zero vertical
speed at the attained altitude.
4) Commences hover for a duration of 45 sec at the end of
the ascend ﬂight.
5) Descend to zero height.
During the manoeuvre, the vehicle’s initial vertical speed shall
be moderate, and hovering shall be accomplished at a certain
predeﬁned point with wind gust blowing from the front side
of the vehicle.
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10
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Figure 8. PID controllers response to step input.

control system within the vehicle’s operational envelope. Each
ﬂight manoeuvre is deﬁned in terms of a clear objective, full
description and performance requirement. For the performance
requirement, it is categorized into two qualitative levels, i.e.,
the desired level (satisfactory) and the adequate level (barely
acceptable). The tests were conducted outdoors in the situation
with strong wind gusts, (about 4 to 5 m/s in the horizontal
plane, roughly measured using a hand-held anemometer),
which coincided with the maximum wind velocity upon which
the ﬂight control system design was based.

The purpose of this test is to evaluate the vehicle’s ascend,
hover and descend capabilities in terms of completion time,
duration for maintaining a stabilized hover, altitude and heading maintaining ranges. Based on a scoping experiment, the
performance requirements illustrated in Table 1 are deﬁned.
Table I
A SCEND -H OVER -D ESCENT MANOEUVRE PERFORMANCE REQUIREMENTS
Speciﬁcation
Altitude error
Heading change
Completion time

Desired level
≤ ±0.5 m
≤ ±4 deg
≤ 60 sec

Adequate level
±0.5 − 1 m
±4 − 8 deg
60 − 90 sec

Ascend-Hover-Descend manoeuvre results
The manoeuvre has a 60 sec duration, it begins with a
vehicle’s warm-up from t = 0 to t = 8 sec, followed by an
ascend to 10 m height until t = 10 sec, then hover that lasts
until t = 50 sec commences at the end of the ascend, the vehicle
then descend to the ground as shown Fig. 10a,. During the
manoeuvre, the vehicle’s altitude and heading errors remain
less than 1 m and 3 degrees respectively (Fig.10b), and
the manoeuvre was completed within the desired time as
illustrated Table 2.
Table II
A SCEND -H OVER -D ESCENT MANOEUVRE RESULT

Figure 9. PID controllers response to step input.

Speciﬁcation
Altitude error
Heading change
Completion time

A. Ascend-Hover-Descend manoeuvre
This manoeuvre is adopted to test the controllability of the
vertical translational motion and hovering capability of the
vehicle, with objectives of examining the vehicle’s:
• Ability to precisely takeoff from ground position to a
deﬁned height.
• Ability to transit from translating ﬂight to a stabilized
hover with sufﬁcient precision and reasonable aggressiveness and to examine the hovering precision in position
and heading in the presence of wind gusts.
• Ability to precisely descend to a safe landing.
Manoeuvre description
The different stages for this manoeuvre are itemized below:
1) An 8 s warm-up period with the vehicle stationary on
the ground.

Desired level
≤ 0.5 m
≤ 4 degree
≤ 60 sec

Actual test
0.3 m
3 degree
50 sec

B. Forward ﬂight manoeuvre
This manoeuvre involves the vehicle’s forward ﬂight operation with moderate aggressiveness. This test examines the
vehicle in four aspects, which include:
1) Handling quality and control performance of roll, pitch
and vertical axes.
2) Verifying the existence of any undesirable coupling
between the longitudinal and lateral directions.
3) Obtaining the working performance in the condition with
the predeﬁned maximum forward speed.
4) Verifying the ability to re-establish a stable hover after
the forward ﬂight.
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Forward ﬂight manoeuvre result
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Maximum heading error < 3 deg
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The manoeuvre begins with the vehicle hovering 10
m height at home position at time
t = 0 (Fig. 11b)
and maintaining a 0 deg heading (Fig. 11a) pointing to the
direction of ﬂight. At t = 10 sec, the vehicle covers 50 m
along the longitudinal direction, and at t = 25 sec, the vehicle
was at 145 m away from the home position, it then breaks into
hover until the end of the manoeuvre period as shown in Fig.
11c. The manoeuvre was completed within 30 sec, and the
vehicle’s maintained a maximum longitudinal position error
of 5 m (Fig. 8.6c), maximum altitude error of 0.4 m (Fig.
18b), and a maximum heading error of less than 2.5 deg (Fig.
11a) as illustrated in Table 4.
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F ORWARD FLIGHT MANOEUVRE PERFORMANCE EVALUATION RESULT
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Speciﬁcation
Completion time
Altitude error
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Longitudinal position error
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Desired level
≤ 35 s
≤ ±2 m
≤ ±4 degree
< ±5 m

Actual test
< 30 sec
≤1m
≤ 2.5 degree
<5m

Figure 10. Climb ﬂight manoeuvre.
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Performance requirements
The performance requirements deﬁned for this manoeuvre
are illustrated in Table 3.
Table III
F ORWARD FLIGHT MANOEUVRE PERFORMANCE REQUIREMENTS
Adequate level
30 − 40 sec
±2 − 4 m
±4 − 6 deg
±5 − 8 m

30

(a)

It is expected that during the manoeuvre, the vehicle’s acceleration and deceleration to be accomplished smoothly, without
overshoot.

Desired level
≤ 30 sec
≤ ±2 m
≤ ±4 deg
< ±5 m

25

10

Performing an accelerating departure until the predeﬁned
top forward speed (5 m/sec) is achieved.
Maintaining the forward ﬂight at the top speed.
Aborting the forward ﬂight and decelerating to a hover
ﬂight at the destination point for 10 sec duration.

Speciﬁcation
Completion time
Altitude error
Heading error
Longitudinal position error

20

Time (second)

Altitude (m)

•

Heading (degree)

This manoeuvre causes the front of the vehicle to pitch down
which allows it to move horizontally with a resultant increase
in airspeed and loss of altitude. Therefore, it is very important
to ensure that current altitude is maintained. The manoeuvre
begins with the vehicle hovering at 10 m height, and the ﬂight
path should be a straight line along the longitudinal axis to a
point 150 m away from the start position with ﬂight duration
of around 30 sec. The overall ﬂight sequence consists of the
following three stages:
•

Reference
Actual

2
1.5

(c)
Figure 11. Forward ﬂight manoeuvre.
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C. Discussion
The following highlights the key observations with respect
to the ﬂight test results.
• The responses of the vehicle in the deﬁned manoeuvres
satisfactorily match the desired command references, the
small deviations demonstrate the good tracking performance of the ﬂight control system developed in the
previous chapters.
• The ﬂight test was conducted in the situation with strong
wind velocity (about 4 to 5 m/sec in the horizontal plane,
roughly measured using a handheld anemometer). However, despite the existence of such strong disturbances, accurate tracking performances were successfully achieved.
Particularly, no larger oscillations on the responses, which
show robustness of the ﬂight control system.
• The close matching between the reference signals and
manoeuvre responses indicates the high ﬁdelity of the
ﬂight dynamics model.
VII. C ONCLUSION
This paper has presented the design and development of
a PID-based ﬂight control system for a quadrotor using the
Arduino-Simulink blockset. A quadrotor model which incorporated the effect of wind velocity variation and mechanical
structure interaction was used in the design of the ﬂight control
system feedback loops. The structure of the control system
feedback comprised two main loops namely, the inner and
outer loops. The inner loop regulates the dynamics of the
quadrotor associated with its Euler angles and corresponding
angular velocities, whilst the outer loop controls the positions
and velocities of the quadrotor relative to the Earth-ﬁxed
reference frame and their respective velocities. The purpose of
the ﬂight control system is to permit the quadrotor track predeﬁned bounded position and heading reference trajectories.
An actual ﬂight test was conducted to verify the performance
and robustness of the developed ﬂight control system. The
test was based on two deﬁned ﬂight schedule namely ascendhover-descend and forward ﬂight manoeuvres.
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Abstract— P/PI-cascade controlled servo axes sometimes provide
insufficient damping of structural vibrations, especially for high
dynamic machine tools or robots. The axis performance can be
improved significantly by state space control extensions that are
meanwhile available for commercial machine tool control
systems. This contribution explains the state space control
extension application with effective commissioning rules of
thumb for typical machine tool axes as well as robot joint drives.
The achievable benefit is elucidated by exemplary machine tool
axes.

I.

INTRODUCTION

Due to the increasing demands of modern manufacturing
processes, the feedback control performance of machine tool
servo axes and robot joint drives is restricted by flexible gears
as well as elastic load structures. Fig. 1 shows the standard
P/PI-feedback control topology for servo drives:

Examples of machine tool servo axes with dominant
structural flexibilities are given in Chapter V. The heuristic
commissioning procedure based on the step and ramp
response analysis in the time domain – as proposed by the
automation systems manufacturers – often leads to
unsatisfying commissioning results with insufficient vibration
damping by the velocity controller.
Thus, vibration suppression is a major issue for servo drive
design and commissioning. From the control system side of
view, structural vibrations can be reduced by
x smooth setpoints, e.g. by jerk limitation [2] depending on
the dominating resonant frequency [3] (not discussed here
with respect to the volume of this contribution),
x P/PI-controller commissioning for optimum vibration
damping (see Chapter III),
x additional feedback of load states, i.e. state space control
extension of the P/PI-control topology (see Chapter IV)
In 2006 a marked-dominating automation systems supplier
introduced a state space control extension called “Advanced
Position Control - APC” [1] for machine tool axes with
flexible drive chain (e.g. a long belt or ball screw, see Fig. 1).
Meanwhile, several alternative approaches for servo drive
enhancements by additional state feedback (e.g. [4],[5],[6],
[11],[12]) have been approved. The commissioning of such
P/PI-cascade controllers with state space control extension has
been investigated in a basic research project founded by the
German Research Foundation. As one main result, suitable
controller gains can be calculated analytically based on
common system parameters that are comparably simple to
identify. Furthermore, the benefit of state space control
extension can be assessed. In this contribution, we elucidate
the application of these “rules of thumb” for servo drive
controller commissioning.

Figure 1:

P/PI-Servo controller with
extension APC [1]

state

space

control
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TYPICAL ELASTICITIES FOR MACHINE TOOL AXES

Fig. 1 and Fig. 2 depict the standard case in control theory
literature for elastic drive chains with motor side inertia,
dominating flexibility and load side inertia. The captured drive
position D is equal to the motor position. The scaling
parameters will be explained later.

Figure 2: Servo drive with elastic drive chain

Although this case is representative for flexible drive
chains, most machine tool axes are influenced by different
structural flexibilities. Fig. 3 describes the elastic base
anchorage caused by the limited stiffness of the structure
excited by the reaction of the input variable. The position
encoder measures the relative position between base and
motor as drive position D. Thus, base vibrations are introduced
directly into the velocity control loop.
Figure 4:

Direct drive (linear motor) with elastic guides

The distinction between the cases would require an
experimental modal analysis that would be uneconomical for
servo drive commissioning. The drive frequency response (see
example given in Fig. 6) looks similar for all structural
flexibilities in Figures 1-5. Thus, we applied suitable scaling
parameters:

Z0
T
O
E

resonant frequency of the dominating structural mode
complete inertia or mass, the axis has to move
drive inertia ratio
load state related to the potential energy in the
dominating flexibility (see Chapter IV)
These scaling parameters result in one common transfer
function for the drive side:
Figure 3:

ZN 2

Direct drive (linear motor) with flexible base

Fig. 4 shows the physical model of typical tower structures
with limited guide stiffness that can be simplified as
equivalent torsion spring model with prismatic joint. Also
here, the structural vibrations are introduced into the velocity
control loop by the captured drive position D.
The ball screw drive with elastic base shown in Fig. 5 is an
even more complicated – but often occuring – case for
machine tools. Although the reaction torque of the servo
motor is absorbed by the huge inertia of the base, the reaction
force of the ball screw bearing excites the base as well.

G(s)

ĮV
F(s)


1 1 s  Ȝ  Ȧ0 2
 
ș  Ȝ s 2 s 2  Ȧ0 2
2

(1)

with F(s) as drive input variable (force or torque).
For commissioning purposes, the measured drive
frequency response yields the required system parameters O,
Z0 and T of the axis with sufficient accuracy, as shown in Fig.
6 and later by the examples in Fig. 14 and Fig. 15. As motor
side inertia OT is generally known with adequate precision
from the drive design, the inertia ratio can be computed using
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resonance frequency Z0 and antiresonance frequency ZN,
which as a rule are clearly identifiable in the frequency
response:
§Ȧ
Ȝ ¨¨ N
© Ȧ0

·
¸¸
¹

2

§ fN ·
¸¸
¨¨
© f0 ¹

2

(2)

III.
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P/PI-CONTROLLER COMISSIONING

The velocity controller is responsible for damping
(proportional gain Kp) and eliminating static loads (integrator
time constant Tn). The typical commissioning procedure is
firstly to tune the proportional gain and afterwards to
decrease the integrator time constant until a well damped
control performance is reached. This is suitable in our case
too, since the comparatively slow integral controller in the
velocity control loop has no serious effect on the damping of
the flexible structural components (i.e. Tnof for the
discussion of Kp).
If the load is coupled very stiff to the motor, the velocity
controller performance is limited by the delayed input
variable generation [3]. The equivalent time constant T
summarizes all delay time constants like sampling,
calculation dead time, PWM, input filters and velocity
1
measurement filtering:
(3)
Kp dș 
2 T
With respect to the volume and the scope of this paper, this
rare case is not discussed further.
In case of flexible load as described in Chapter II, the
velocity control performance depends on the system
parameters O, Z0 and TP-velocity control feedback leads to
the closed loop transfer function:
Į(s)
Gv (s)
M set (s)

Kp 2
Kp
 s  Ȧ0 2 
șȜ
ș
K
Kp
p
s3 
 s 2  Ȧ0 2  s  Ȧ0 2 
șȜ
ș

(4)

The small material damping in the flexible structure is
mostly negligible compared to the damping introduced by the
feedback control loop.

Figure 5:

Ball screw drive with flexible base

Das Bild kann zurzeit nicht angezeigt werden.

ZN
Z0
Figure 7: Root locus for P-velocity feedback control with structural
flexibilities according to Fig. 1 - Fig. 5

Figure 6:

Frequency response of the rotary axis with gearwheel
dummy shown in Fig. 13

The root locus of Eq. (4) depending on the proportional
gain Kp is shown in Fig. 7. The pole on the negative real axis
describes the setpoint response while the vibration and
damping performance is defined by the conjugated complex
pole pair. At first, increasing Kp leads to an improved
damping performance and a faster setpoint response.
Overdrawing Kp changes damping for the worse. Thus the
objective commissioning criterion for Kp is the optimum
relative vibration damping (i.e. minimum damping angle V in
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Fig. 7). Although a numerical optimization is quite simple to
implement, a rigorous analytic solution Kpopt(T, Z0,O) for this
engineering problem is desirable, since it avoids non-trivial
numerical approximations but also allows an understanding
to the behavior of the optimum in terms of the system
parameters. In this project we applied a method to derive
analytical rules of thumb using elimination methods from
polynomial algebra, in particular we applied Gröbner-bases
techniques [7]:
(5)
K p opt T  Ȧ0  Ȝ 0,75
Z0m

i.e. Kpopt depends linearly on axis inertia and resonant
frequency, while the drive inertia ratio is of secondary
importance.
For direct drives, especially linear motors, the position for
velocity computation is often measured in the structure apart
from the motor itself. Fig. 8a depicts the physical model as
well as a typical drive frequency response (Fig. 8b) for that
case. For machine tool applications, natural frequencyZ0m is
in the range of 100 Hz to 1 kHz. The P-velocity control
feedback leads to the closed loop transfer function:

M1 (s)
Gv (s)
M set (s)

s 2  2DȦ0  Ȧ0 2 

Kp

(6)
·
¸
¸
·
2 Kp
¸ s  Ȧ0
¸
¸
ș ¸¹
¹
The root locus depending on Kp is shown in Fig. 8c. Material
damping d is required to obtain a dynamically stable velocity
control loop. Damping can be assessed by the relative
material damping factor D in the range of 1-4% for steel or
cast iron:
(7)
d | 2  D  k/Ȧ0m
Controller gain Kp reduces that damping. In order to avoid
noise and oscillations, the stability limit Kp lim must not be
2D
exceeded:
(8)
K p  K p lim
 Ȧ0  ș
1 - 2  D2
Although the relative damping estimation according to
Eq. (7) is only a rough “engineering approximation”, the rule
of thumb given by Eq. (8) is very helpful for worst-case
considerations concerning the appropriate location for the
measurement system.
§ s 3  2DȦ0 s 2 
¨
¨§
K
¨ ¨¨ Ȧ0 2  2DȦ0 p
¨
ș
©©

ș

Figure 8:

Root locus (see Fig. 9b) damping angle optimization leads to
Ȧ01  ș Ȝ 0,75
the velocity controller gain: K p opt
(10)

4
2
1 - 2Ȝ
The proportional velocity controller gain Kp ist the key
parameter for the servo axis control with flexible structure.
Based on the measured drive frequency response, the case as
well as the suitable rule of thumb for the velocity controller
commissioning can be chosen.

For automatic controller commissioning, the minimum of
Eq. (3), Eq. (5) and Eq. (8) has to be applied for Kp.
Servo axes with Gantry- or Master-Slave topology (see
also example C in Chapter V) have two identical velocity
control loops as shown in Fig. 9a. This symmetry leads to the
3rd order transfer function:
(9)
2  Ȧ012  K p
Gv (s)

M L (s)
M set (s)

(1  2  Ȝ  ș
s3 

Kp
Ȝș

 s2 

2

2  Ȧ012  K p

Ȧ01  s

(1  2  Ȝ
(1  2  Ȝ  ș

with the dominating resonant frequency Z01 (see also Fig. 15).

Physical model (a), exemplary frequency response (b)
and root locus (c) for velocity feedback with elastic
encoder mounting

In [3] a reliable rule of thumb for the integrator time
constant

Tn |

4 T
Kp

(11)

as well a conservative estimation of the achievable position
control gain is given:

Kv |

Kp
4 T

(12)

Eq. (11) and Eq. (12) are based on aperiodic roots for a
simplified plant model. In practical drive commissioning they
turned out to be quite conservative starting values. With
respect to the volume and the scope of this paper, this cannot
be discussed further.
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(Fig. 1 or Fig. 2) yields the characteristic polynomial of the
velocity state space controlled transfer function:
(13)

s3 

K 2 ' K p
§
s 2  Ȧ0 2 ¨¨ 1 
ș
Ȝș
©

Kp

K 1  K 1'
·
¸¸  s  Ȧ0 2  p
ș
¹

0

The coefficient comparison with the 60°-poles in Fig. 10
(14)
s3  2  ȍ  s2  2  ȍ2  s  ȍ3 0
leads to the arc radius:

ȍ

Kp
2  Ȝ ș

and the additional feedback gains:

K1'

Kp
3

2

2

8  Ȝ  ș  Ȧ0

2

(15)
(16,17)

§
Kp
ș ·¸

 1 , K 2' ¨
2
2
¨ 2 Ȝ ș Ȧ
K p ¸¹
0
©

A detailed discussion of the APC-commission can be
found in [3]. This conservative APC-Approach works quite
well as elucidated by the exemplary servo axis in Chapter V
A, C. Nevertheless, practical application of the APC turned
out some disadvantages:

Figure 9:

Physical model and root locus for Master-Slave
and Gantry velocity feedback control

x the initial integrator time constant Tn of the PI motor
velocity controller is to small for the additional load
velocity feedback. In practice the prolonged time constant
(18)
TnAPC | K1' 1  Tn
turned out to be suitable.
x Due to the twofold discrete differentiation of the load
position, the load encoder resolution must be very high to
avoid quantization noise.
x The APC cannot be tuned heuristically. Slight changes (or
input type errors by the commissioning engineer) of the
feedback gains K1’ and K2’ can lead to instable axis
performance.
x APC is only applicable for plants according to the standard
cases shown in Fig. 1 or Fig. 2.

Thus, the dominating resonant frequency f0 is the main
parameter that limits the achievable feedback control
performance for P/PI-controlled servo drives. Unfortunately,
typical eigenfrequencies for machine tools and robots are in
the range of f0=10-50 Hz. Thus, the feedback control
performance as well as the achievable structural vibration
damping is often insufficient. Robustness of the P/PI
controller is remarkably high. Intensive parameter studies [3]
turned out that the system parameters O, Z0 and Tmay vary in
the range of 40% without noticeable reduction of the
damping performance in the time domain.
IV. STATE SPACE CONTROL EXTENSION
The conservative approach for state-space control
extension according to Schröder [11] consists simply in
additional damping without necessarily improving the control
performance of servo drives. Fig. 11 elucidates this approach:
We leave the pole on the real axis and try to “tare” the
insufficiently damped complex poles to the 60°-positions on a
common arc with radius : [8]. At first, we consider the input
variable delay T as negligible compared to the vibration time
periods of the flexible structure. Similarly, the integrator time
constant is considered as very slow (Tn of). Applying the
control law of the APC in Fig. 1 to the two-mass-spring-plant

Figure 10:

P/PI-Servo controller with SSEx [4],[5],[6]

As an alternative to the APC approach, we modified the
high power drive state space control approach of Beck and
Turschner [4] that has been applied successfully for steel
mills and wind power chains with flexible gears. This leads to
the velocity state-space control extension (SSEx) topology [9]
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shown in Fig. 10 with additional feedback of the common
states E and E , that are related to the dominant flexibility
(see Fig. 2 - Fig. 5). E can be captured in the structure by
accelerometers [5] [9].
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reached if it was not reached for the standard cascadecontrolled system [8]. Additional tuning of the statecontrolled velocity control loop is possible (see example C in
Chapter V).
All state space control extensions reduce the robustness of
the axis controller. System parameters must be identified with
a precision of r5% and should remain in a range of 20% to
avoid noticeable damping loss in the time domain for
conservative commissioning [3]. For milling machine axes
with dominating workpiece inertia, the SSEx/APCcommissioning will depend on the actual workpiece. For
industrial robot base axes with heavy load inertia variation,
SSEx/APC is not applicable without online adaption.
If the input variable delay is not negligible, the SSEx/APC
benefit is quite restricted. Introduction of the input variable
delay T to the plant and SSEx commissioning according to
Eqs. (22-24) as well as the APC commissioning according to
Eqs. (15-17) leads to a 4th-order characteristic polynomial:

s4 

Figure 11: Pole placement strategy for state space control extensions

The state feedback is added to the input variable by a
“tuning factor” K until the desired performance is reached.
Fig. 11 elucidates the commissioning strategy for SSEx by
60°-pole placement and tuning variable Kd1. SSEx increases
the damping and can be commissioned independently of the
cascade controller. The SSEx approach was implemented in
the servo controller hardware of machine tools at the Swiss
Federal Institute of Technology and turned out to be very
effective [3][5][9]. The state space representation for all cases
in Fig. 2 – Fig. 5 is given by

dx
dt
y

A  x  B W

CT  x

§ 0 - Ȧ0 2
¨
¨0
0
¨
¨ 0 - Ȧ0 2
©

1 3 § 2:
2  :2
:3
2·
(25)
s ¨
 Z0 ¸  s 2 
s
T
T
T
© T
¹

Eq. (25) is valid for all state space control extensions with
60°-pole placement approach (also [11], [12]). The
corresponding root locus is elucidated in Fig. 12:

§ 1 ·
¨
¸
0 ·¸
¨ șȜ ¸
1¸  x  ¨ 0 ¸  Ĳ
¸
¨ 1 Ȝ ¸
0¸
¨ șȜ ¸
¹
©
¹

(1,0,0)  x

(19)
T

with the state vector x D , E , E and the input variable
W (drive torque or -force). The feedback vector is given by
(20)
R ( K p , K 1 , K 2 )T
The coefficient comparison with
polynomial of the feedback control loop

the

characteristic
(21)

det( s  E  A  B  R ) s 3  2  ȍ  s 2  2  ȍ 2  s  ȍ 3 0
leads to the feedback gains:
(22,23)
K ·
T Ȝ §
T Ȝ
2
¨¨ 2  :  p ¸¸
K1
2  : 2  Z0 , K 2
O T ¹
1- Ȝ ©
1- Ȝ
The location : of the real pole in Fig. 10 is given with the
commissioned velocity controller gain Kp from the cascadecontrolled system e.g. based on Eq. (5) and is not influenced
by any additional state feedbacks:
(24)
Kp
ȍ 3
 Ȧ0 2 3 Ȝ0.75  Ȧ0  Ȧ0 2 | 0.7..0.9  Ȧ0
ș
This conservative approach does not use maximum
control performance, but ensures that input saturation is not

Figure 12: Root locus for SSEx/APC with input variable delay

For moderate pole locations :, the slow poles remain on
the 60°-positions with suitable damping performance. Overdrawing : decreases the damping performance of the fast
poles. Applying Gröbner-bases on Eq. (25) leads to the limit,
where the relative damping of the fast poles becomes inferior
to the relative damping of the slow poles:

ȍ

1
4 T

(26)

Combining Eq. (26) with the approximation in Eq. (24) /
Eq. (15) marks the practical limit for SSEx application:

Ȧ0 d 0.25..0.4 

1
T

(27)

This rule of thumb is very useful to assess the benefit of
SSEx or APC. For machine tool servo axes, typical input
variable time delay is in the range of 1.5 to 3 milliseconds.
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Thus, structural vibrations can be damped for low-frequent
dominant resonant frequencies in the range of 15 to 40 Hz.
V. EXAMPLES
The rules of thumb in Chapter III and the SSEx/APC
commissioning rules in Chapter IV had been tested over the
last 10 years at several dozen test benches, machine tools and
robots. The implementation in commissioning software tools
for automation servo drives is part of the ongoing applied
research work. With respect to the volume of this contribution
three exemplary machine tool applications are illustrated.
A. Gearwheel grinding rotary positioning axis
Fig. 13 shows the standard case for APC application. The
P/PI-controlled load vibrations are visible and barely damped.
Conservative APC commissioning results in significant
vibration suppression. Despite the very high load encoder
resolution, quantization noise was audible. SSEx based on
load acceleration has the same effect – without quantization
noise.

Das Bild kann zurzeit nicht angezeigt werden.

Z0
ZN

Figure 14: Machine tool manipulator test bench (courtesy Inspire AG, CHZurich) with frequency response and positioning performance [9]
(linear axis: T=2.2 ms, T=750 kg, O=0.24, Z0=200 rad/so mode 1)

Figure 13: Rotary axis with gearwheel dummy [3] (courtesy Rückle GmbH, DRömerstein) with positioning performance
(T=1.6 ms, T=2.9 kgm2, O=0.56, Z0=75 rad/s)

The possible acceleration measurement locations turned
out to be not ideal [5]. Nevertheless, partial tuning of the
SSEx (tuning variable K < 1) yields significant vibration
suppression [9].

B. Milling machine tool manipulator
The linear axis in Fig. 14 cannot be enhanced by APC, but
load acceleration based SSEx yields significant damping [9].
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Table I shows the achievable gain with APC on the master
drive side. The enhanced swiveling axis performance is now
comparable to the other servo axes of the milling machine tool
[10].
VI. CONCLUSIONS
Controller commissioning for servo drives with flexible
load can be automatized by easy-to-use rules of thumb. The
distinction of cases as well as the plant parameter
identification can be based on the drive frequency response.
State space control extension can result in considerable load
vibration suppression if representative load states can be
captured and if the input variable generation time delay is
small enough.

C. Swiveling axis Master-Slave drive
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Figure 15: 5-axis-milling machine swiveling axis (courtesy Starrag AG,
CH-Rorschach) with frequency response [10]
TABLE I.

CONTROLLER PARAMETERS FOR THE AXIS IN FIG. 15

Axis parameters O=0.34,
Z01=125 rad/s, T=790 kgcm2
Position controller gain Kv
Velocity controller gain Kp
Integral time constant Tn
Setpoint generation time T
Setpoint jerk limit
5° positioning time

P/PI-Control for
Master and Slave
17 s-1
6 Nms/rad
20 ms
2.5 ms
80 rad/s3
0.6 s

Master with APC
K1’=0.56, K2’=10ms
32 s-1
15 Nms/rad
30 ms
1.8 ms
500 rad/s3
0.35 s

Due to the flexible gears, the very large swiveling axis in
Fig. 15 has a low-frequent dominating eigenmode (f0 # 20 Hz).
Positioning and control performance with pure P/PI-control on
master and slave side are quite dissatisfactory. This “weakest”
axis restricts the productivity of the whole milling machine.
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Abstract—This paper addresses a constrained model predictive control (MPC) scheme based on the disturbance observer
(DOB) that can handle constraints on the total control input.
To this end, we bring a novel concept called time-variant input
constraints into our design and construct a useful structure of
combined MPC-DOB systems. The proposed DOB-based MPC
scheme is applied to a position control problem of a twolink manipulator, and its eﬀectiveness is validated through an
experimental evaluation.

I. Introduction
Model Predictive Control (MPC) is one of the most popular advanced control methods in industrial areas including
petrochemicals, chemicals, pulp and paper, food processing,
aerospace, and automotive industries [1]. The success in these
areas is mainly due to its ability to handle MIMO systems and
operational constraints such as actuator limitations [2]. These
advantages of MPC is now widely recognized, and, thanks to
advancement of computer technologies, its application ﬁeld is
being broadened to various industrial areas where fast dynamics and high sampling rate are required such as mechatronics
and robotics.
In general, integral action is implicitly introduced in MPC,
so that asymptotic set-point tracking and disturbance rejection
are automatically achieved. From the viewpoint of mechatronics, however, the speed of disturbance rejection in MPC is
relatively slow. To overcome this drawback, Satoh et al. [3], [4]
proposed to use the disturbance observer (DOB) in the design
of Predictive Functional Control (PFC), which is one of MPC
schemes. Similar approaches have been addressed in Chen et
al. [5] and Zhou et al. [6] in the standard state-space MPC
formulation. Tange et al. [7] proposed a disturbance observerbased approach for the design of Dynamic Matrix Control
(DMC), which is also one of MPC schemes, but the structure
of the disturbance observer they used is diﬀerent from the one
used in [3]–[6]. The above-mentioned papers have reported
that using the DOB is eﬀective in terms of improving tracking
performance and robustness in MPC. However, constraints on
the control input and controlled output are not taken into
consideration in those papers.
To constrain the control input is more troublesome than to
constrain the controlled output in DOB-based MPC systems,
since the control input in such systems becomes the total sum
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of the MPC output and the DOB output, and it is necessary to
impose constrains on the total sum when we need to constrain
the control input. Unfortunately, the standard MPC algorithm
cannot handle the constraints on the total control input, since it
has no direct access to the DOB output, and the computation of
the optimal control trajectory is carried out without considering
the DOB output.
The purpose of the present paper is to develop a design
method of combined MPC-DOB systems in which the total
control input can be constrained. To this end, we introduce
a novel concept called time-variant input constraints, where
constraints on the control input generated by the MPC controller are properly adjusted at every sampling instant so that
the total control input may satisfy the given constraints. In
addition, to make this approach feasible, we construct a useful
MPC-DOB structure where computational priority is given to
the DOB so as to utilize the DOB output in the computation
of the MPC output. The proposed design is especially suitable
for mechatronic systems where the disturbance observer is
frequently utilized.
This paper is organized as follows. In Section II, we review
the standard MPC formulation and the disturbance observer. In
Section III, MPC using the DOB and time-variant input constraints is dealt with. The detailed algorithm of the proposed
design is given, and the structure of the combined MPC-DOB
system and the issue of computational order between the MPC
output and the DOB output are also discussed. In Section IV,
we apply the proposed design to a position control problem of
a two-link manipulator, and its validity is veriﬁed through an
experimental evaluation. Conclusions are given in Section V.
II. Preliminaries
In this section, we give a brief overview of model predictive
control and the disturbance observer.
A. Notations and deﬁnitions
Let Z, R, Rn , and Rm×n be the set of all integers, the set of
all real numbers, the set of all n-dimensional real vectors, and
the set of all m × n real matrices, respectively. Also, 0m×n and
Im respectively denote the m × n zero matrix and the m × m
identity matrix. Lastly, the diﬀerence of a discrete signal v (k)
is deﬁned by Δv (k) := v (k) − v (k − 1).
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0Tl×n1
,
Il


B=



Bm
, C = 0l×n1
C m Bm


Il . (5)

Using the augmented system in (4), we predict the future state
and output variables for N p number of samples where N p is
called the the predictive horizon. The future state and output
variables are respectively denoted as

 ⎫
x (k + 1|k) , x (k + 2|k) , . . . , x k + N p |k ,⎪
⎪
⎬

 ⎪
(6)
⎪
(k
(k
y + 1|k) , y + 2|k) , . . . , y k + N p |k . ⎭
Fig. 1.

Under a well-deﬁned performance index, the optimal future
control input trajectory for Nc number of samples is computed
as follows:

Concept of model predictive control.

Δu (k) , Δu (k + 1) , . . . , Δu (k + Nc − 1)

B. Model predictive control
This subsection is devoted to a recap of the model predictive control algorithm based on the discrete-time state-space
model according to Wang’s book [10].
Although there exist a number of diﬀerent variations, the
basic MPC algorithm can be summarized as follows:
Step 1. By using the plant model, the future outputs
for a determined horizon, which depend on the
past control inputs and outputs and on the future
control signals to be calculated, are predicted at
each sampling instant.
Step 2. The optimal future control signals for a determined horizon are calculated by optimizing a deﬁned performance index to keep the plant output
as close as possible to the set-point while keeping
the control eﬀort as small as possible.
Step 3. The ﬁrst element of the calculated optimal future
control signals is applied to the plant, and the rest
of the signals are ignored.
Step 4. Return to Step 1.
The concept of MPC is depicted in Fig. 1 where r is the setpoint, y is the plant output and Δu is the diﬀerence of the
control signal.
As a plant model, we consider the following discrete-time
linear time-invariant system which has the system input u ∈
Rm , output y ∈ Rl and state xm ∈ Rn1 :

xm (k + 1) = Am xm (k) + Bm u (k) ,
(1)
y (k) = Cm xm (k)
where m  l. We suppose here that the system (Cm , Am , Bm) is
stabilizable and detectable, and that


Am − In1 Bm
rank
= n1 + l,
(2)
Cm
0l×m
which means that the system has no zeros at z = 1. Deﬁning
a new state vector x ∈ Rn1 +l as


Δxm (k)
,
(3)
x (k) :=
y (k)
we obtain the following augmented system:

x (k + 1) = Ax (k) + BΔu (k) ,
y (k) = Cx (k)

(4)
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(7)

where Nc is called the control horizon. Usually, the control
horizon is taken to be Nc  N p , and the diﬀerence of the
control input is assumed to be 0 after the sampling instant
k + Nc (i.e., Δu (k + j) = 0 for j  Nc ). As soon as the optimal
future input trajectory in (7) is computed, we implement the
ﬁrst sample of the input sequence alone (i.e., Δu (k)) and ignore
the rest of the sequence. Hence, the control input applied to
the system at the current sampling instant is
u (k) = u (k − 1) + Δu (k) .

(8)

At the next sampling instant k + 1, we form the state vector
T
x (k + 1) = Δxm (k + 1)T y (k + 1)T and compute the new
optimal input trajectory
Δu (k + 1) , Δu (k + 2) , . . . , Δu (k + Nc ) ,

(9)

and the ﬁrst sample of the input sequence Δu (k + 1) is implemented. The above-mentioned procedure is repeated in realtime at every sample period. This kind of control is called the
receding horizon control.
The following quadratic performance index is frequently
utilized in many MPC applications:
J (k) := (R s − Y)T (R s − Y) + ΔU T R̄ ΔU.

(10)
mNc ×mNc

In (10), R s ∈ R , Y ∈ R , ΔU ∈ R
and R̄ ∈ R
respectively deﬁned by
⎛ y (k + 1|k) ⎞
⎛ ⎞
⎟
⎜⎜⎜
⎜⎜⎜Il ⎟⎟⎟
⎜⎜⎜ y (k + 2|k) ⎟⎟⎟⎟⎟
⎜⎜⎜Il ⎟⎟⎟
⎟⎟⎟
⎜
⎜ ⎟
.
R s := ⎜⎜⎜⎜ .. ⎟⎟⎟⎟ r (k) ,
Y := ⎜⎜⎜⎜⎜
⎟⎟⎟ ,
⎟⎟⎟
⎜⎜⎜  ..
⎜⎜⎜⎝ . ⎟⎟⎟⎠

⎠
⎝
Il
y k + N p |k
⎞
⎛
⎛
Δu (k)
⎟⎟
⎜⎜⎜Rw 0 · · ·
⎜⎜⎜
⎜⎜ 0 Rw · · ·
⎜⎜⎜⎜ Δu (k + 1) ⎟⎟⎟⎟⎟
⎟⎟⎟ , R̄ := ⎜⎜⎜⎜⎜ .
ΔU := ⎜⎜⎜⎜
..
..
..
⎟⎟⎟
⎜⎜⎜ .
⎜⎜⎜
.
.
.
⎟⎠
⎜⎝ .
⎝
0
0 ···
Δu (k + Nc − 1)
lN p

lN p

mNc

are

⎫
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬
(11)
⎞⎪
⎪
⎪
0 ⎟⎟⎪
⎪
⎟⎟⎟⎪
⎪
0 ⎟⎟⎪
⎪
⎪
⎪
⎪
.. ⎟⎟⎟⎟⎪
⎪
⎟
⎪
. ⎟⎟⎠⎪
⎪
⎪
⎪
R ⎭
w

where r (k) ∈ R is the set-point vector, and Rw ∈ Rm×m is a
diagonal matrix deﬁned by
l

Rw := diag (rw1 , rw2 , . . . , rwm )

(12)

in which rwi  0 (i = 1, 2, . . . , m) are weights used for tuning
purposes. The vector Y can be rewritten as
Y = F x (k) + ΦΔU

(13)
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where F ∈ RlN p ×(n1 +l) and Φ ∈ RlN p ×mNc are respectively deﬁned
as
⎛ CA ⎞
⎛
0
···
⎜⎜⎜
⎟
⎜⎜⎜ CB
⎜⎜⎜ CA2 ⎟⎟⎟⎟⎟
⎜⎜⎜ CAB
CB
···
⎜⎜⎜
⎟⎟⎟
⎜⎜⎜
F := ⎜⎜ .. ⎟⎟ , Φ := ⎜⎜
..
..
..
⎜⎜⎜
.
⎜⎜⎜⎝ . ⎟⎟⎟⎠
.
⎝ N.p −1
B CAN p −2 B · · ·
CA
CAN p

⎞
⎟⎟⎟
⎟⎟⎟
⎟⎟⎟
⎟⎟⎟⎟ .
⎟⎠
CAN p −Nc B
0
0
..
.

(14)

It can be seen from the deﬁnition in (11), (13) and (14) that
the quadratic performance index in (10) is deﬁned so as to
achive the trade-oﬀ between the tracking performance and the
energy consumption in controlling the plant.

Fig. 2.

Structure of disturbance observer.

Fig. 3.

Equivalent form of disturbance observer.

In fact, all of the plant states are not necessarily measurable, and they often need to be estimated using a state
estimator. In such a case, x (k) in (13) can be replaced with


Δ x̂m (k)
x̂ (k) =
(15)
y (k)
where x̂m (k) is the estimated plant state.
The following three operational constraints are frequently
taken into account in MPC:
1)
2)
3)

constraints on the diﬀerence of the control input
Δu (k).
constraints on the amplitude of the control input u (k).
constraints on the operating range for the plant output
y (k).

These constraints are compactly expressed in a matrix form as
⎛ ⎞
⎛ ⎞
⎜⎜⎜ M1 ⎟⎟⎟
⎜N1 ⎟
⎜⎜⎜ M2 ⎟⎟⎟ ΔU  ⎜⎜⎜⎜⎜N2 ⎟⎟⎟⎟⎟
(16)
⎝ ⎠
⎝ ⎠
M3
N3
where M1 ∈ R2mNc ×mNc , M2 ∈ R2mNc ×mNc , M3 ∈ R2lN p ×mNc ,
N1 ∈ R2mNc , N2 ∈ R2mNc , and N3 ∈ R2lN p are respectively
deﬁned by




 
⎫
⎪
−C2
−ImNc
−Φ
⎪
, M2 :=
, M3 :=
M1 :=
, ⎪
⎪
⎪
C2
ImNc
Φ
⎪
⎪
⎪
 ⎪



⎪
⎪
min
min
⎪
⎬
−U + C1 u (k − 1)
−ΔU
,
N1 :=
:=
,
N
(17)
2
⎪
ΔU max ⎪
U max − C1 u (k − 1)
⎪
⎪
⎪
⎪
 min

⎪
⎪
⎪
−Y + F x̂ (k)
⎪
⎪
⎪
N3 :=
.
⎭
max
Y
− F x̂ (k)
In (17), C1 ∈ RmNc ×m , C2 ∈ RmNc ×mNc , ΔU min ∈ RmNc , ΔU max ∈
RmNc , U min ∈ RmNc , U max ∈ RmNc , Y min ∈ RlN p and Y max ∈ RlN p
are respectively given by
⎛ min ⎞ ⎫
⎛ ⎞
⎛
⎞
⎜⎜⎜u ⎟⎟⎟ ⎪
⎜⎜⎜Im ⎟⎟⎟
⎜⎜⎜ Im 0 · · · 0 ⎟⎟⎟
⎪
⎜⎜⎜umin ⎟⎟⎟ ⎪
⎪
⎜⎜⎜Im ⎟⎟⎟
⎜⎜⎜ Im Im · · · 0 ⎟⎟⎟
⎪
⎟⎟⎟ ⎪
⎜⎜⎜
⎪
⎜⎜⎜ ⎟⎟⎟
⎜⎜⎜
⎟⎟⎟
min
⎪
C1 := ⎜⎜ .. ⎟⎟ , C2 := ⎜⎜ ..
.. . .
.. ⎟⎟ , U := ⎜⎜⎜ .. ⎟⎟⎟ ,⎪
⎪
⎪
⎜⎜⎜ . ⎟⎟⎟
⎜⎜⎜ .
⎟
⎟
⎜
.
.
. ⎟⎟⎠
⎪
⎜⎜⎝ . ⎟⎟⎠ ⎪
⎪
⎝ ⎠
⎝
⎪
⎪
Im
I m Im · · · Im
umin ⎪
⎪
⎪
⎛ min ⎞
⎪
⎛ max ⎞
⎛ max ⎞ ⎪
⎪
⎜⎜Δu ⎟⎟⎟ ⎪
⎪
⎜⎜⎜⎜Δu ⎟⎟⎟⎟
⎜⎜⎜⎜umax ⎟⎟⎟⎟
⎜
⎪
max
min
⎜
⎟
⎪
⎜⎜⎜Δu ⎟⎟⎟
⎜⎜⎜u ⎟⎟⎟
⎜⎜⎜Δu ⎟⎟⎟ ⎪
⎪
⎬
⎟
⎜
max
min
max
⎜
⎜
⎟
⎟
:= ⎜⎜⎜ .. ⎟⎟⎟ , ΔU := ⎜⎜⎜⎜ . ⎟⎟⎟⎟ , ΔU
:= ⎜⎜⎜ .. ⎟⎟⎟ , ⎪
U
(18)
⎪
.
⎜⎜⎜ . ⎟⎟⎟
⎜
⎟
⎪
⎜⎜⎜ . ⎟⎟⎟
⎜
⎟
.
⎜
⎟
⎪
⎝ max ⎠
⎝ max ⎠ ⎪
⎪
⎝ min ⎠
⎪
⎪
u
Δu
Δu
⎪
⎪
⎪
⎛ min ⎞
⎪
⎛ max ⎞
⎪
⎪
⎜⎜⎜y ⎟⎟⎟
⎪
⎜⎜⎜y ⎟⎟⎟
⎪
⎪
⎜⎜⎜ymin ⎟⎟⎟
⎜⎜⎜ymax ⎟⎟⎟
⎪
⎪
⎪
⎟
⎜
⎜
⎟
⎪
⎪
Y min := ⎜⎜⎜⎜⎜ . ⎟⎟⎟⎟⎟ , Y max := ⎜⎜⎜⎜ .. ⎟⎟⎟⎟ .
⎪
⎪
⎪
⎜⎜⎜ . ⎟⎟⎟
⎜⎜⎜ .. ⎟⎟⎟
⎪
⎪
⎝
⎠
⎪
⎠
⎝
⎭
max
ymin

y
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Also, umin ∈ Rm and umax ∈ Rm are respectively the lower and
upper limits on the amplitude of the control input expressed
in a vector form, Δumin ∈ Rm and Δumax ∈ Rm are on the
diﬀerence of the control input, ymin ∈ Rl and ymax ∈ Rl are on
the plant output.
Substituting (13) into (10), we have
J (k) = (R s − F x̂ (k))T (R s − F x̂ (k)) − 2ΔU T ΦT (R s − F x̂ (k))


+ ΔU T ΦT Φ + R̄ ΔU. (19)
Therefore, the MPC problem in the presence of constraints
can be stated as follows: ﬁnd the decision variable vector
ΔU that minimizes the cost function in (19) subject to the
constraints in (16). Since the cost function is a quadratic, and
the constraints are expressed by a set of linear inequalities,
solving the MPC problem stated above is equivalent to ﬁnding
the optimal solution of the standard constrained quadratic
programming (QP) problem. The constrained QP problem can
be solved via either primal methods or dual methods. The
solutions are based on the decision variables ΔU in the primal
methods, while they are based on the Lagrange multipliers in
the dual methods. See Appendix for more details. The latter
seems to be preferable because it leads to simple programming
procedure for ﬁnding optimal solutions [10]. Hence, we use
a dual method using Hildreth’s algorithm [11] to obtain the
optimal future control input in this paper.
C. Disturbance observer
The continuous-time disturbance observer has the structure
depicted in Fig. 2 where P (s) is the transfer function of a
real plant, Pn (s) is a nominal model of the plant, and Q (s)
is a proper and stable low-pass ﬁlter (LPF), which is called
the Q-ﬁlter. The DOB is a high-speed disturbance rejection
mechanism based on the inverse plant model Pn (s)−1 . When
the plant is the minimum phase, the DOB can be applicable
without any diﬃculties. Even in the non-minimum phase case,
we can apply the DOB based on the zero phase error approximate inverse [8] of the plant. Assume that the nominal model
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Pn (s) is minimum-phase in the following. On the assumption
that disturbances acting on the system, modeling errors and
nonlinearities can be regarded as an equivalent disturbance
d at the plant input, the DOB computes the estimate d̂ of
the current disturbance d, and then d̂ is subtracted from the
control input u to cancel out the disturbance d. The DOB is
often implemented in its equivalent form shown in Fig. 3 to
avoid numerical diﬃculties such as algebraic loops.
When the plant has no unstable zeros, the LPF Q (s) can
be chosen as [9]
nq −ρq
1 + m=1
fm sm
Q (s) =
(20)
nq
1 + m=1 fm sm
where nq ∈ Z, ρq ∈ Z and fm ∈ R are respectively the order
of Q (s), the relative degree of Q (s) and unknown coeﬃcients
to be determined. To make Q (s) Pn (s)−1 proper, ρq must be
chosen as ρq  ρP where ρP ∈ Z is the relative degree of Pn (s).
Various types of analogue ﬁlters can be utilized to realize
Q (s), and in many cases, the Butterworth and the binomial
LPFs are utilized. More speciﬁcally, the Butterworth ﬁlter is a
reasonable option when nq = ρq , which means that the degree
of the numerator polynomial of Q (s) is 0. Otherwise, the
binomial ﬁlter of the following form is useful:
m
nq −ρq 
am sτnq
1 + m=1
Q (s) =
(21)

m
nq
1 + m=1
am sτnq
where am (m = 1, 2, . . . , nq ) are the binomial coeﬃcients (i.e.,
am = nq !/m!(nq − m)!) and τnq is a design variable to be
determined.

Structure of DOB-based MPC with time-variant input constraints.

The assumption A1 is standard practice in DOB-based control
systems. The assumption A2 means that the amplitude of the
disturbance may increase only to the extent that it can be
compensated for by the control hardware used that generates
the total control input. If the assumption A2 does not hold, we
cannot compensate for the disturbance regardless of whether
we use the disturbance observer, and the design problem
becomes ill-posed.
We next summarize a constrained MPC algorithm based
on the disturbance observer and time-variant input constraints
on the control input as follows:
Step 1. Compute the estimated disturbance d̂ (k) by using
the DOB (d̂ (k) = −udob (k)).
Step 2. Update the constraints on the amplitude of the
MPC output so that the optimal control trajectory
umpc (k + i) (i = 0, 1, . . . , Nc ) may lie in the following interval:
umin + d̂ (k)  umpc (k + i)  umax + d̂ (k) .

III. Model predictive control using the disturbance
observer and time-variant input constraints
When the disturbance observer is used in conjunction with
Model Predictive Control, the total control input to the plant
becomes the sum of the MPC output umpc and the DOB
output udob . Although the standard MPC algorithm can handle
constraints on umpc , the DOB output udob is not taken into
consideration. However, since the total control input is the total
sum of umpc and udob , it is desirable to impose a constraint on
the amplitude of umpc + udob from the practical point of view.
The disturbance d acting on the system as shown in
Fig. 2 is generally unknown, and we basically have no other
choice but to depend on a local feedback compensation to
reject such unknown disturbance immediately. This suggests
that we should prioritize the computation of the disturbance
compensation signal udob over that of the MPC output umpc ,
and that umpc should be computed so that the amplitude of the
total control input umpc + udob may satisfy given constraints.
That is, the constraint on umpc should be adjusted at every
sampling instant according to the current DOB output udob (k).
Now we make the following assumptions about the disturbance:
A1.
A2.

Fig. 4.

Disturbance is applied only at the plant input.
Disturbance can be compensatedfor by the total
control input within the interval umin , umax (i.e.,
umin < d < umax ).
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(22)

Step 3. Compute the optimal future control trajectory over
the control horizon so as to satisﬁes the inequality
condition in (22) and the constraints on y (k).
Step 4. Compute the total control input by subtracting the
estimated disturbance d̂ from the ﬁrst element of
the optimal future control trajectory (i.e., umpc (k)−
d̂ (k)), and apply this resulting control input to the
plant.
Step 5. At the next time step, set k + 1 → k and return to
Step 1.
In Step 2, the inequality condition in (22) represents the
allowable variation range of the MPC output on the assumption
that the disturbance can be considered to be constant over the
control horizon and that its accurate estimate d̂ (k) is subtracted
from umpc (k + i). Since the DOB output udob (k) is equal to
−d̂ (k), the constraints on the amplitude of the total control
input are fulﬁlled as long as the above-mentioned assumption
and the condition in (22) are satisﬁed.
According to the algorithm summarized above, we need
to modify the standard MPC formulation presented in the
previous subsection. More speciﬁcally, the elements of the
vectors U min and U max deﬁned in (18) are respectively changed
to umin + d̂ (k) and umax + d̂ (k) at every sampling instant, hence
the elements of the vector N1 in (17) must be updated.
Care should be exercised in computing the estimated
disturbance d̂ when we implement the proposed algorithm,

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

TABLE I.

Specifications of two-link manipulator.

Description
length of link 1 l1
length of link 2 l2
length between joint 1 and the center of gravity of link 1 lg1
length between joint 2 and the center of gravity of link 2 lg2

Value
190 mm
250 mm
124.3 mm
11.5 mm

actuators for the manipulator, and the rotation of those motors
is decelerated by two harmonic drives with the reduction ratio
1/50. The system is sampled with the interval of 0.01 s.
Fig. 5.

External view of two-link manipulator.

The dynamic model of a rigid link planar manipulator
combined with motor actuators is generally given by




  
M (θ) + G2κ J M θ̈ (t) + h θ̇, θ + D + G2κ D M θ̇ (t) = Gκ τ M (t) (24)

where θ ∈ Rn is a vector of joint angles, M (θ) ∈ Rn×n is a
positive deﬁnite matrix of inertia moments of the manipulator,
Gκ ∈ Rn×n is a diagonal matrix of gear ratios, J M ∈ Rn×n
 is a
diagonal matrix of inertia moments of the actuator, h θ̇, θ ∈ Rn
is a vector involving centrifugal and Coriolis, D ∈ Rn×n is a
diagonal matrix of viscous friction coeﬃcients of the joints,
D M ∈ Rn×n is a diagonal matrix of viscous friction coeﬃcients
of the actuator, and τ M ∈ Rn is a vector of actuator torques.
Fig. 6.

Schematic diagram of two-link manipulator.

since both MPC and the DOB are implemented in discretetime domain, and their computational order is essential. The
computation of d̂ (k) needs to be completed prior to that
of umpc (k); otherwise, an inconsistency arises such that, to
compute the current estimated disturbance d̂ (k), the current
MPC output umpc (k), which depends on d̂ (k), is required.
To avoid this inconsistency, we employ umpc (k − 1) instead
of umpc (k) to compute d̂ (k). Noting that, in the continuous
disturbance observer shown in Fig. 3, the signal ν at the output
of the (1 − Q (s))−1 block can be written as
ν (t) = u (t) − d̂ (t) ,

(23)

we construct a new structure suitable for the proposed MPC as
shown in Fig. 4. Notice that the estimated current disturbance
d̂ (k) is fed back to the MPC algorithm to update the constraints
on the amplitude of umpc (k).
Remark For the sake of simplicity, constraints on the diﬀerence of the control input Δu (k) are not taken into account
in the proposed MPC algorithm. Extension to the case where
both u (k) and Δu (k) are constrained is straightforward and
therefore omitted in this article.
IV. Experimental verification
A. Plant description and modeling
We experimentally verify the eﬀectiveness of the proposed
constrained model predictive control using the disturbance
observer and time-variant input constraints in this section.
The external view of the two-link planar manipulator used
in the following experiment and its schematic diagram are
respectively shown in Fig. 5 and Fig. 6. Also, the speciﬁcations
of the manipulator is shown in Table I. Two AC servo motors
respectively equipped with an optical encoder are employed as
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Since we drive the actuators using servo motor drivers
in the torque control mode, the actuator torque τ M can be
approximated by
τ M (t) = KS ea (t)
(25)
where ea ∈ Rn is a vector of command voltage to the motor
drivers, and KS ∈ Rn×n is a diagonal matrix of factors that
convert the command voltages into generated motor torques.
When reduction gear ratios are large and rotational angular
velocities are slow, we can approximate the inertia, viscous
friction and the centrifugal and Coriolis terms appeared in (24)
as
M (θ) + G2κ J M  G2κ J M ,
D + G2κ D M  G2κ D M ,
 
h θ̇, θ  0.

(26)
(27)
(28)

The dynamic model in (24) can be therefore written as
Gκ J M θ̈ (t) + Gκ D M θ̇ (t) = KS ea (t) .

(29)

In the case of our two-link manipulator, the matrices Gκ , J M ,
D M and KS in (29) are respectively given as

 ⎫


0
0 ⎪
G
J
⎪
Gκ = κ1
,
J M = M1
,⎪
⎪
0 Gκ2
0
J M2 ⎪
⎪
⎬

 ⎪


(30)
⎪
0
0 ⎪
D M1
KS 1
⎪
⎪
, KS =
.⎪
DM =
⎭
0
D M2
0
KS 2
According to (29), the dynamic model of our two-link manipulator is given by


 


θ̈1 (t)
θ̇1 (t)
0
0
G D
Gκ1 J M1
+ κ1 M1
0
Gκ2 J M2 θ̈2 (t)
0
Gκ2 D M2 θ̇2 (t)



0 ea1 (t)
K
. (31)
= S1
0
KS 2 ea2 (t)
The moment of inertias, J M1 and J M2 , and the viscous friction
coeﬃcients, D M1 and D M2 , in (31) can be determined by
using a standard system identiﬁcation technique. The physical
parameters and constants in (31) are summarized in Table II.
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TABLE II.

Physical parameters and constants.

Description

Value

moment of inertia J M1
moment of inertia J M2
viscous friction coeﬃcient D M1
viscous friction coeﬃcient D M2
conversion factor KS 1
conversion factor KS 2
gear ratio Gκ1 , Gκ2

1.81 × 10−4 kg m2
5.48 × 10−5 kg m2
0.0016 Nm/(rad/s)
0.0009 Nm/(rad/s)
0.0474 Nm/V
0.0482 Nm/V
50
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Next, we design an MPC controller. The design parameters
to be speciﬁed in MPC are the input-weight matrix R̄ in (10),
the constraint vectors Δumin , Δumax , umin , umax , ymin and ymax
in (18), the prediction horizon N p and the control horizon Nc .
The input-weight matrix is taken as
R̄ = diag (0.01, 0.01) .

(37)

Assume that constraints are imposed only on the amplitude of
the control input in this experiment. Hence, Δumin , Δumax , ymin
and ymax are not speciﬁed (i.e., their elements are regarded as
+∞ or −∞). We also suppose that the amplitude of the total
control input should be bounded within plus or minus 5 V.
In this instance, the constant vectors umin and umax appeared
in (18) are respectively given as


 
−5.0
5.0
min
max
u =
, u
=
.
(38)
−5.0
5.0
Fig. 7.

Block diagram of two-link manipulator with disturbance observer.

B. Design of disturbance observer and MPC controller
A continuous state-space model of the two-link manipulator can be derived from the diagonalized dynamic model
in (31) as follows:

ẋm (t) = Am xm (t) + Bm u (t) ,
(32)
y (t) = Cm xm (t)
where the matrices A, B, C and the state vector x are respectively given by
⎛0 0
⎛ 0
1
0 ⎞⎟⎟
0 ⎞⎟⎟
⎜⎜⎜
⎜⎜⎜
⎟
⎟
⎜⎜⎜0 0
⎜
0
1 ⎟⎟
0 ⎟⎟⎟⎟
⎜⎜⎜ 0
⎟⎟⎟
⎟⎟
⎜
⎜
KS 1
⎜
=
Am = ⎜⎜⎜⎜⎜0 0 − DM1
,
B
⎜⎜⎜
m
0 ⎟⎟⎟⎟
0 ⎟⎟⎟⎟⎟ ,
J M1
Gκ1 J M1
⎜⎜⎜
⎜
⎜⎜⎝
⎟⎠
⎟⎠ (33)
DM ⎟
KS 2 ⎟
⎝
0 0
0
− JM 2
0
G
J
κ
M
2
2
2


T

1 0 0 0
, xm = θ1 θ2 θ̇1 θ̇2 .
Cm =
0 1 0 0
This continuous-time model is discretized with the zero-order
holder, and its discrete-time model given in (1) is derived.
The approximation error which arises from (26), (27) and
(28) acts as disturbance on the system. Let d (t) be deﬁned by
 

d (t) := −KS−1G−1
M (θ) θ̈ (t) + Dθ̇ (t) + h θ̇, θ .
(34)
κ
Then the dynamic model in (24) can be rewritten as
Gκ J M θ̈ (t) + Gκ D M θ̇ (t) = KS {ea (t) + d (t)} .

(35)

By comparing (29) and (35), we can see that d (t) deﬁned
in (34) represents the equivalent input disturbance. To compensate for this disturbance, the DOB can be employed in
the velocity loop as shown in Fig. 7. In the ﬁgure, Q is a
2 × 2 diagonal transfer function matrix in which the diagonal
elements are appropriately designed LPFs. Each of them is
designed as a ﬁrst-order Butterworth low-pass ﬁlter in this
research, and their cut-oﬀ frequency are respectively 2.4 and
18.0 Hz. Thus, the transfer function of the Q-ﬁlter matrix is
given as follows:


15.0796
113.0973
Q (s) = diag
,
.
(36)
s + 15.0796 s + 113.0973
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Note that, in the case of DOB-based conventional MPC,
(38) requires the MPC output alone to be within the interval
[−5 V, 5 V], while it constrains the total control input (i.e.,
MPC output plus DOB output) to be within the interval in the
case of the proposed method. The prediction horizon N p and
the control horizon Nc are respectively speciﬁed as N p = 20
and Nc = 2. Lastly, the plant states are estimated by the
discrete-time steady-state Kalman ﬁlter.
C. Experimental results
In this section, the validity of the proposed DOB-based
constrained MPC scheme with time-variant input constraints
is evaluated through an experiment where the link angles θ1
and θ2 are controlled to achieve set-point tracking.
Fig. 8 and Fig. 9 show the experimental results by the
DOB-based conventional MPC scheme respectively for the
link 1 and link 2. Similarly, Fig. 10 and Fig. 11 show those
by the DOB-based MPC scheme with time-variant input constraints. These ﬁgures consist of four graphs as follows. The
ﬁrst graph displays the set-point signals and link angles. The
same square wave having an amplitude of 3 rad is employed as
the set-point for each link, and the two links are simultaneously
driven and controlled. The second graph shows the MPC
output umpc . The third graph displays the DOB output udob ,
which is equivalently the estimated disturbance d̂. The fourth
graph is the total control input umpc − d̂.
It can be seen from all of these ﬁgures that the set-point
tracking is successfully achieved in both cases. The behavior
of the respective control inputs is, however, quite diﬀerent
from each other. The DOB output is not taken into account
in the conventional MPC algorithm, and constraints on the
control input are simply regarded as those on umpc and are
invariant over the entire period of time. This can be conﬁrmed
from the second graph of Fig. 8 and Fig. 9 where the bound
constraints are always ±5 V, and the MPC output is kept within
the bounds. Without considering the outputs of the disturbance
observer d̂ shown in the third graph in each ﬁgure, we could
say that the control input umpc is certainly constrained. One of
the control purposes here is, however, to limit not the MPC
output umpc but the total control input umpc − d̂. Clearly, the
DOB-based conventional MPC scheme fails to limit the total
control input as shown in the fourth graph in Fig. 8 and Fig. 9
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Fig. 11. Experimental results by DOB-based MPC with time-variant input
constraints (link 2).

where the voltage command exceeds ±5 V both in the link 1
and link 2, thus, the constraints on the amplitude of the total
control input are violated.
On the other hand, the constrains on umpc change at every
sampling instant in the case of the DOB-based MPC using
time-variant input constraints, as shown in the second graph
in Fig. 10 and Fig. 11. We can see from the second graph in
Fig. 10 and Fig. 11 that, unlike the control trajectory shown
in the second graph in Fig. 8 and Fig. 9, the MPC output umpc
exceeds ±5 V both in link 1 and link 2, though it is strictly
bounded within the time-variant input constraints. This is not
surprising since the behavior of the constraints on umpc is due
to the procedure for updating the constraints in (22) and the
estimated disturbance d̂ shown in the third graph in Fig. 10 and
Fig. 11. As long as the time-variant input constraints are not
violated, it is ensured that the total control input is bounded.
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This can be easily conﬁrmed from the fourth graph in Fig. 10
and Fig. 11 where the total control input is actually bounded
within ±5 V, which is one of our control purposes in this
experiment.
The experimental results demonstrate the validity of the
proposed MPC scheme for the design and implementation of
mechatronic control systems.
V.

Conclusions

We have presented a practical constrained model predictive
control scheme suitable for mechatronic systems where the
disturbance observer is frequently utilized. Traditionally, the
conventional MPC scheme has been used without the DOB so
far, and additional compensation signals generated by the DOB
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cannot be taken into consideration when the optimal control
trajectory is computed in the conventional MPC algorithm.
The proposed method overcomes this drawback by updating
the constraints on the amplitude of the control inputs at
every sampling instant. To make this approach feasible, a new
structure of DOB-based MPC systems was also presented.
The proposed MPC design was implemented and tested on
a two-link planar manipulator. It was conﬁrmed that handling
the constraints on the total control inputs can be successfully
accomplished with the proposed control.
The stability issue in the proposed MPC is not taken into
account in the present paper. Ensuring the stability will be
needed for more reliable design.
Appendix
The optimal future control signals at the current sampling
instant can be obtained as the solution to the following primal
problem:
⎫
1
⎪
⎪
min
ΔU T EΔU + ΔU T F,⎪
⎬
ΔU
(39)
2
⎪
⎪
⎪
⎭
subject to MΔU  γ
where E ∈ RmNc ×lN p , F ∈ RmNc ×n1 +l , M ∈ R(4mNc +2lN p )×mNc and
γ ∈ R4mNc +2lN p are respectively deﬁned as follows:


⎫
E := 2 ΦT Φ + R̄ , F := −2ΦT (R s − F x (k)) ,⎪
⎪
⎪
⎪
⎪
⎛ ⎞
⎛ ⎞
⎪
⎬
⎜⎜⎜ M1 ⎟⎟⎟
⎜⎜⎜ N1 ⎟⎟⎟
(40)
⎪
⎪
⎟
⎟
⎜
⎜
⎪
⎟
⎟
⎜
⎜
⎪
M
N
M := ⎝⎜ 2 ⎠⎟ , γ := ⎝⎜ 2 ⎠⎟ .
⎪
⎪
⎭
M3
N3
Now deﬁne the following Lagrange function:
J (k) :=

1
ΔU T EΔU + ΔU T F + λ (MΔU − γ)
2

(41)

where the elements in the vector λ ∈ R4mNc +2lN p are called
Lagrange multipliers. The primal problem given in (39) can
be rewritten as the following dual problem:
min
λ0

1 T
1
λ Hλ + λT K + F T E −1 F
2
2

(42)

where H ∈ R(4mNc +2lN p )×(4mNc +2lN p ) and K ∈ R4mNc +2lN p are
respectively deﬁned as follows:
H := ME −1 M,

K := ME −1 F + γ.

(43)

Notice that the optimized variables are the Lagrange multipliers in the dual problem. The optimal future control input ΔU
is then obtained from the optimal solution to the dual problem
in (42) (i.e., the optimal vector λ∗ of the Langrange multipliers)
as


(44)
ΔU = −E −1 F + M T λ∗ .
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Abstract—For the detailed analysis of the machine dynamics
with respect to dynamic accuracy, this paper presents a measurement procedure, which consists of measuring sinusoidal
movements to analyze dynamic effects at the tool center point
(TCP). With these measurements, structural deformations can
be determined and linked directly to the distinct acceleration
states of the machine tool axes.
The mentioned deformations are mainly caused by the most
compliant mechanical components within the machine tool.
Dynamic loads like the drive force of a machine axis, the offset
between the centers of gravity and the force input position
cause torque acting on the machine tool structure and therefore
causing displacements at the TCP, which can be linked to dynamic straightness (EXZ, Cross-Talk e.g.) and positioning errors
(EXX, In-Talk e.g.). With sinusoidal measurement movements
providing low excitation frequencies on the machine tool, the
proportionality gain of the displacements at the TCP to the
acceleration of the considered machine axis can be evaluated.
The paper shows also a compensation of In- and Cross-Talk
based on these proportionality factors obtained by the presented
measurement procedure.

I. I NTRODUCTION
As presented and stated in [1], [2], [3] and [4], dynamic displacements are caused by the conﬁguration of the
machine structure and dynamic loads e.g. the drive force.
The conﬁguration of the mechanical structure depends
on various offsets. A offset is given by the drive force
input position to the center of gravity of the machine axis.
Another offset is given by the positions of the compliant
couplings to the center of gravity of the machine axis. An
acting drive force causes a tilting movement of the machine
structure. The effect of the tilting movement at the TCP
depends on the offset to the measurement systems. Taking
all the offsets into account, the drive force leads to dynamic
straightness (e.g. EYX) and position errors (e.g. EXX) at the
TCP, which can not be seen by the direct measurement
system and therefore can not be compensated by common
control systems. Figure 1 shows the dynamic straightness
and positioning errors at the TCP due to the various offsets
(Δy F , Δy T C P , Δx T C P , Δx k,i ), the stiffnesses (k x,i , k c,i ) and the
drive force (F ).
Neglecting friction, approximating the drive force with
F ≈ m· ẍ and assuming the stiffnesses in the couplings to be
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Fig. 1.

Determination of dynamic position errors EXX and EYX

linear and to be the dominant compliances of the machine
tool, the dynamic straightness and position errors can linearly be described to the actual machine axis acceleration:
E X X = ẍ 
i

EY X = ẍ 
i

mΔy F Δy T C P

2
k x,i Δx k,i
+ k c, j

(1)

mΔy F Δx T C P

2
k x,i Δx k,i
+ k c, j

(2)

j

j

With the mentioned assumptions, the right hand sides
of the equations (1) and (2) denote, that the dynamic
errors are proportional to the acceleration. Therefore the
proportional gain in (1) is outlined as E X Ẍ and called InTalk. The proportional gain in (2) is outlined as EY Ẍ and
called Cross-Talk. The previous works [1] and [2] proposed
measurement procedures based on circular movements of
the machine axes in order to determine the Cross- and InTalk parameters. For the determination of these parameters,
this work describes a measurement procedure based on
sinusoidal axes movements.
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II. S INUSOIDAL M OVEMENTS
Sinusoidal movements have similar properties as the
circular measurement movements proposed in [1] which
provide low excitation frequencies in combination with
signiﬁcant high acceleration rates. With this movement the
excitation of the machine, which may occur with linear
positioning movements e.g. used in [3] and [4], can be
avoided. The excitation frequency f is given by

ω
a 1
2
=
(3)
a =ω r ⇒ f =
2·π
r 2π

Fig. 2.

Gantry stage mechanical setup

TABLE I
M ECHANICAL STAGE SPECIFICATIONS

with acceleration amplitude a and sinusoidal amplitude
r . E.g. with a = 10 m
and r = 40 mm the excitation
s2
frequency yields f = 2.5 H z, which is obviously far below
the bandwidth of common stiff machine tool axes.

Movement Range [m]

0.385

2.7

Moving Mass [kg]

260.3

49.9

Axis height [mm]

107.2

107.2

A. Evaluation of sinusoidal movements

Axis width [mm]

325

325

The acceleration of a sinusoidal movement x in Xdirection is given by:

Vertical load capacity [kg]

140

70

Position accuracy [μm]

± 8.5

± 30

Repeatability [μm]

± 0.6

± 0.6

Straightness [μm]

± 3.5

± 16

x = r sin(ωt − φ) ⇒ ẍ = −r ω2 sin(ωt − φ) = −a sin(ωt − φ) (4)
with acceleration amplitude a, sinusoidal amplitude r ,
angular phase shift φ and the circular frequency ω. Based
on equations (1) and (2) assumed with linear stiffnesses
and constant offsets, the measurement at the TCP in the
2D case can be approximated by:
x T C P = x + E X Ẍ ẍ

(5)

y T C P = EY Ẍ ẍ

(6)

with the In-Talk and Cross-Talk parameters E X Ẍ and
EY Ẍ . The movement states x and ẍ have the same angular
phase shift as seen in equation (4). The ﬁtting of all the
parameters given by equations (4)-(6) are achieved by the
Gauss-Newton-Method [5]. This method is commonly used
for nonlinear ﬁtting, which in this work is given by the
ﬁtting of the parameters angular phase shift φ and the
circular frequency ω.
III. T EST B ED AND M EASUREMENT SETUP
For the test bed, a machine with two axes in X- and Ydirection in the machine coordinate system, was used to
apply the analysis presented here. The machine consists
of a base direction X, which contains two linear drives in
gantry conﬁguration and serially on this a Y-Axis with one
linear drive. This machine is called gantry stage will be
presented in section III-A in detail. This machine has the
ability to adapt and to test directly desired compensations
based on the proposed measurement procedure in this
paper. As introduced in section I and illustrated in ﬁgure 1,
measurements at the axis’ scales and the TCP have to be
carried out. The machine is capable to provide the internal
state values. Since the gantry is missing a vertical axis, the
crossgrid measurement system [6] was chosen, which allows
large measurement ranges in the XY-plane compared to the
R-Test measurements used in [1].
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X-Axis

Y-Axis

A. Gantry Stage
Figure 2 shows the mechanical stage setup. In Xdirection, the stage is driven by two identical motors in
gantry conﬁguration. In Y-direction, a third identical motor
drives a slide along the crossbeam connecting the two
gantry motors. Motor speciﬁcations are described in table
I. Most important motors and electronic speciﬁcations are
presented in table II.
The cascaded feedback control loop is implemented
using a P-controller for the position and a PI-controller
for the velocity loop. The control loop is executed at a
frequency of 20 kHz.
The gantry stage was chosen as basis for the accuracy and
compensation measurements presented in this paper due to
its signiﬁcantly compliant connection between the X-drives
and the crossbeam. This compliant conﬁguration causes
TABLE II
S PECIFICATIONS OF STAGE LINEAR DRIVES

Peak force [N]

2530

Continuous force [N]

947

Peak velocity [ m
s ]

3

Maximum acceleration (without load) â [ m2 ]

40

Force constant Kt [ N
A]
Induction constant Ku [ Vms ]
Electrical resistance R [Ω]
Electrical inductance L [mH]

s

156
89.1
3.8
50

Peak current [A]

31.1

Nominal input voltage Udc [V]

300

Maximum power dissipation [W]

308
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Position [mm]

50

0
X−Evaluation−Area
Y−Evaluation−Area
−50

10

CGM and gantry stage

signiﬁcant acceleration dependent position and straightness errors at the TCP.
In [3] an ofﬂine compensation procedure based on setpoint values is presented and will be used similar for the
gantry stage. The compensation strategy for the measured
In- and Cross-Talk effects is to adjust the position setpoint
values of the X and Y drives according to equations (5) and
(6).
B. Cross Grid Measurement (CGM)
As illustrated in ﬁgure 3 and presented in [6], the crossgrid-measuring system is an optical 2D measuring device
(KGM 182) with a circular measuring range of up to
260 mm. The physical resolution is 2 μm/m, the rectangularity is 1 μm/m and the accuracy is 2 μm/m.
IV. M EASUREMENT AND E VALUATION
Based on the conﬁguration of the system, the largest
deformations and the signiﬁcant displacements at the TCP
are expected by the movement of its X-Axis. Hence the
movement will be carried by the X-Axis, which will cause
the In-Talk in this direction and therefore the Cross-Talk
in Y-direction of the machine. The presented sinusoidal
movement and its measurement were carried out with an
sinusoidal amplitude of r = 40 mm and peak acceleration
a = 6 m/s 2 as seen in ﬁgure 4. Following equation (3), the
excitation frequency f of this movement yields 1.95 H z.
A. Measurement movement and Evaluation-area
The sinusoidal measurements have to be evaluated at
the steady state of the machine. In order to reach this
state sufﬁciently, the start of the movement has to be
continuous on velocity, acceleration and jerk level. The
proposed measurement movement is shown in ﬁgure 4. A
movement with low and constant velocity in Y-direction
during the sinusoidal movement of the X-Axis is added to
decrease slip-stick effects in the Y-Axis. The time of the
machine to reach steady state depends on the time in which
the sinusoidal movement reaches the set acceleration. The
evaluation area begins at steady state of the sinusoidal
movement in order to ﬁt the measurement. Since the start
of proposed movement is not a constant sinus over the
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12

14

Time [s]

Fig. 4.
Measurement at the TCP, sinusoidal movement in X-direction
with amplitude 40 mm and acceleration 6 m/s 2 , movement with constant
velocity in Y-Direction

TCP
50

Position [mm]

Fig. 3.

X−Measurement
X−Fit

0

−50
1.5

1.6

1.7

1.8
1.9
Time [s]

2

2.1

Fig. 5. Measurement and ﬁtting of sinusoidal movement in X-direction
at the TCP, one period of evaluation area as seen in ﬁgure 4

measured time, it is obvious that the phase shift has to be
ﬁtted according to equation (4).
B. In-Talk
In this section, measurements in X-direction will be
evaluated due to In-Talk. Figure 5 shows one period of the
sinus measured at the TCP.
1) Without Compensation: Figure 6 shows the augmentation of the deviations at the TCP. The evaluation of the
measurement yields:
μms 2
(7)
m
The span over the evaluation area in X-direction is
1.201 mm which is about twice of E X Ẍ T C P times the set
peak acceleration of 6 m/s 2 .
Figure 7 shows the augmentation of the deviations at
the internal measurement systems. The evaluation of the
measurement yields to:
E X Ẍ T C P = 104.51

E X Ẍ i nt = 5.29

μms 2
m

(8)
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X−Measurement
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Fig. 6. Measurement and ﬁtting of sinusoidal movement in X-direction
at the TCP, augmentation of the deviations (see ﬁgure 5)
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39.6
1.65

Fig. 8.
TCP-Measurement of In-Talk compensated axis according to
measurment in ﬁgure 6
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Fig. 7. Measurement and ﬁtting of sinusoidal movement at the internal
measurement systems, augmentation of the deviations

Fig. 9. Internal measurement of In-Talk compensated axis according to
in ﬁgure 7

The span over the evaluation area in X-direction is
53.8 μm which is similar to twice of E X Ẍ i nt times the set
peak acceleration of 6 m/s 2 .
2) With Compensation: The compensation of the set
points is based on the In-Talk value of equation (7), the
evaluation of the measurement according to ﬁgure 4 yields
to:

The span over the evaluation area in X-direction is
−1.140 mm which is similar to twice of E X Ẍ i nt times
the set acceleration of 6 m/s 2 . Due to the compensation,
the acceleration measured obtained by the internal values
decreased from 6 m/s 2 to 5.91 m/s 2 which is a small
decrease of dynamics of the movement compared to the
decrease of displacement due to In-Talk at the TCP.

μms 2
(9)
m
The span over the evaluation area in X-direction is
−40.61 μm which is higher than twice of E X Ẍ i nt times
the set acceleration of 6 m/s 2 . With the application of the
compensation the span of the deviation of the sinusoidal
movements at the TCP was decreased by 96.6 %. The
augmentation of the deviations is shown in ﬁgure 8.
Figure 9 shows the augmentation of the deviations at
the internal measurement systems. The evaluation of the
measurement with compensation yields:
E X Ẍ T C P = 0.35

E X Ẍ i nt = −94.50

μms 2
m

(10)
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C. Cross-Talk
Within the evaluation-area, the measurement in Ydirection has been ﬁtted to a straight line. Then the measurement is subtracted with the mentioned straight line.
With this calculation, force effects by the X-axis acceleration
become visible. This adjustment has not necessarily to be
done but it is useful if the machine has back-lash effects
which can overlap the Cross-Talk. After this adjustment, the
measurement can be ﬁtted according to equation (6).
1) Without Compensation: Figure 10 shows the CrossTalk in the evaluation area according to the measurement
shown in ﬁgure 4. The evaluation of the measurement at
the TCP yields to:
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Fig. 10. Measurement and ﬁtting of sinusoidal movement in Y-direction
at the TCP after adjustment

Fig. 12. Measurement of compensation of measurement according to
measurement in ﬁgure 10
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Fig. 11. Measurement and ﬁtting of sinusoidal movement in Y-direction
at the internal measurement systems after adjustment

EY Ẍ T C P

μms 2
= −7.75
m

(11)

Figure 11 shows the Cross-Talk in the evaluation area
according to the measurement shown in ﬁgure 4. The
evaluation of the measurement at the internal measurement
system yields to:
EY Ẍ i nt = −0.04

μms 2
m

(12)

2) With Compensation: The compensation of the set
points is based on the Cross-Talk at the TCP value of equation (11). Figure 12 shows the Cross-Talk in the evaluation
area according the measurement visible in ﬁgure 4. The
evaluation of the measurement at the TCP yields to:
EY Ẍ T C P = 0.96

μms 2
m

(13)

Figure 13 shows the Cross-Talk at the internal measurement systems in the evaluation area according the
measurement visible in ﬁgure 4. The evaluation of the
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1
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Time [s]

3

Fig. 13. Measurement of compensation of measurement according to
measurement in ﬁgure 11

measurement at the internal measurement system yields
to:
EY Ẍ i nt = 7.95

μms 2
m

(14)

The Cross-Talk compensation is visible on the internal
measurement system. The nonlinear effect visible in ﬁgure 12 does not allow to calculate real span caused solely
by the Cross-Talk.
D. Measurement Results
In addition to the measurement with set of acceleration
6 m/s 2 , further measurements over 1 m/s 2 to 5.5 m/s 2 have
been carried out and compensated with the In-Talk value
of equation (7) and the Cross-Talk value of equation (11).
Figure 14 shows linear behavior of the In-Talk value above
4 m/s 2 . Below the In-Talk value decreases and therefore
the error to be compensated increases. Therefore variable
compensation values depending on the set acceleration is
added, to decrease the In-Talk and the Cross-Talk signiﬁcantly.
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Fig. 14. Evaluation of sinusoidal movements in X-direction over acceleration; above: In-Talk; below: span of the measured sinusoidal movement
in X
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orders of magnitude, also at 2.5 m/s 2 slight improvements
have been reached. With lower accelerations, the orders of
geometric effects, as form and position deviation of the
gantry stage, and effects on velocity level, as stick-slip, have
the same order as the presented effects on acceleration
level. Therefore the In-Talk compensation is inﬂuenced not
only by acceleration. Nevertheless at lower acceleration the
error due to the In-Talk compensation stays in the same
order without compensation, because with lower acceleration the effect of the compensation decreases proportional.
Therefore the compensation of the In-Talk shows at higher
acceleration quite signiﬁcant effect to reduce the error over
75 % to 95 % with increasing dynamics, i. e. with increasing
acceleration. Taking nonlinear compliances into account,
the compensation with variable values at the correlating
set acceleration, the In-Talk and the Cross-Talk can be
compensated even more signiﬁcantly which is shown in
ﬁgure 14.
Due to the nonlinear effects shown in ﬁgure 12, which
have a more signiﬁcant inﬂuence on the erroneous movements than the linear cross-talk, direct statements of the
Cross-Talk evaluation and its compensation can not be
given. Figure 15 indicates that the ﬁtting of the measurement with applied compensation is consistent, therefore
the compensation-strategy on set-point level works quite
accurate and is therefore very effective. The investigation
of position dependency by measuring at different axis
positions and applying payload with signiﬁcant offset of
its center of its axis are planned.

SpanY

TCP

[μm]

R EFERENCES
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Constant Compensation
Variable Compensation

150
100
50
1

2

3
4
Acceleration [m/s²]
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6

Fig. 15. Evaluation of sinusoidal movements in X-direction over acceleration; above: Cross-Talk; below: span of the measured sinusoidal movement
in Y

Figure 15 shows linear or proportional behavior of the
Cross-Talk value above 4 m/s 2 . Below the linearity of the
Cross-Talk value is not given. The compensation turns
negative below 3.5 m/s 2 .
V. C ONCLUSION
As shown in ﬁgure 14 and 15 and according to the
equations (1) - (2) the test bed has nonlinear compliances
between and in the drives. Above 4 m/s 2 the test bed seems
to have linear acceleration proportional deviations. Therefore the displacements due to In-Talk can be over a few
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Abstract—We present a testbed for embedded industrial wireless sensor and actuator networks. It allows for the logging of
the behavior of all wireless nodes in long-term test runs, remote
incircuit debugging of the microcontroller ﬁrmware and analysis
of the performance of synchronization algorithms. Furthermore
the measurement of delay times between stimulation of a wireless
sensor and reaction of the corresponding actuators are possible.
We achieve this by accessing the on-chip debug module of
every microcontroller by means of gateway devices which are
connected to each sensor node. In parallel to the standard
Ethernet connection used as backchannel between the central
server and the gateway devices we operate an Industrial Real
Time Ethernet system for highly accurate evaluation of the
wireless nodes timing behavior, featuring a synchronization jitter
smaller than 100 ns.

I. I NTRODUCTION
Modern embedded industrial wireless sensor and actuator networks in automation technology require low energy
consumption to achieve long battery lifetime or to be able
to run from alternative energy resources such as an energy
harvester. At the same time, accurately synchronized high rate
sampling of distributed sensors, precise scheduling of RFpacket transmissions in energy efﬁcient TDMA-based channel access methods and synchronized actuation require highprecision clock synchronization among the wireless nodes.
The traditional approach for evaluating the energy consumption and the synchronization performance is to use network
simulator tools applying certain assumptions on the current
consumption, the local clock drift, all sources of packet
transmission latency and the communication protocol. For
many industrial wireless sensor networks (IWSN) [1],[2] this
kind of simulation may provide unreliable results compared to
real world behavior because of inaccurate simulation models
and simpliﬁed assumptions. Therefore, a testbed dedicated to
such investigations on real hardware is needed, which assists
the researcher not only in the early phase of selection of
suitable sensor node hardware and the design of a proper
communication protocol, but is also a valuable tool for running
long term tests in the last phase of product engineering on the
∗ Corresponding author

verge of releasing a product to the customer. Even existing
and working wireless sensor network solutions can beneﬁt
from being observed by a testbed to detect malfunctions of
certain nodes, symptoms of aging and damage, or just to
acquire operational characteristics if the system is unknown
or insufﬁciently classiﬁed.
Testbeds are known in literature for quite some time and reviews of existing solutions come up with a long list of testbeds
[3], [4]. The majority of the existing testbed solutions focus on
one of the following aspects: special applications or working
environments, selected hardware platforms, investigation of
certain technical parameters (energy consumption, RF [radio
frequency] parameters like RSSI [received signal strength
indicator], LQI [link quality indicator] and PER [packet error
rate], coexistence with other RF systems, statements about
transmission latency etc), security aspects, support of mobile
nodes, or simply the usability of operating the testbed when
running different test scenarios and how to acquire the measurement results in an convenient manner. Covering all these
aspects in a single testbed increases its complexity and is often
not necessary. In this paper, we present a testbed targeting the
investigation of embedded wireless sensor and actuator networks focused on industrial applications. Our testbed allows
for the logging of the behavior of all wireless nodes in longterm test runs, the analysis of the quality of the local clocks,
e.g. due to oscillator drifts or the use of different clock sources
like external crystals or internal oscillators and the effect of
applying timing synchronization algorithms. Furthermore the
measurement of delay times between stimulation of a wireless
sensor and reaction of the corresponding actuators are possible.
Our tool for precise timing measurements on each node in the
testbed is the operation of an Industrial Real Time Ethernet
system which offers highly accurate and deterministic timing
behavior. At the same time, the testbed is able to stimulate the
distributed wireless system by generating events with a high
timing resolution which emulates the occurrence of real world
sensor inputs. To the best of our knowledge the use of a RealTime Ethernet system as part of a testbed for wireless sensor
and actuator networks is a novel solution to obtain a highly
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accurate but still cost effective and scalable tool for research
and engineering of wireless networks.

•

A. Basic testbed requirements
References [1] and [2] give a good insight about the special
needs in industrial wireless sensor networks. Based on these
requirements for the network itself we identify the following
basic properties and services a testbed must offer to support
research on such kind of networks:
• Scalability – The performance of the testbed must not
decrease if the number of observed nodes grow. The
infrastructure must allow a subsequent expansion with
new nodes.
• Expandability – Wireless technologies change rapidly, the
testbed should enable the inclusion of new technologies
in the future.
• Maintainability – The aforementioned aspects must be
accompanied by a well-arranged structure and documentation of the testbed.
• Usability – The operation of the testbed should be selfexplanatory with no need for installation of special software (e.g., access via a web browser).
• Remote programming – The location of the wireless
network doesn’t have to be close to the operators position,
the testbed could be located, e.g., directly in an industrial
environment, where direct access is not possible due to
safety reasons.
• Parallelized programming of sensor nodes – The time
of traditional consecutive single-node programming rises
linearly with the number of nodes and becomes prohibitive for large-scale networks.
• Online monitoring – The testbed must provide services
for easy supervising the captured sensor data as well as
operating data of the node electronics itself (e.g., instantaneous power consumption, battery voltage, temperature,
radio signal parameters like RSSI, LQI and PER etc) .
• Efﬁcient data storage – Aforementioned data must be
retained for post processing and documentation after
long-term measurements.
• Stimulation of sensor inputs – The sensors must be
exposed to a controlled and repeatable excitation.
B. Advanced testbed requirements
To meet the special demands existing in modern high
performance embedded industrial wireless networks we further
identify a need for more advanced services and properties of
the testbed:
• Remote in-circuit debugging of embedded nodes – For
in-depth investigations of ﬁrmware-behavior and error
diagnostics in embedded systems this feature is essential
and often the only possibility if the traditional approach
of sending printf-debug-messages via serial interface
(UART) is unwanted due to timing and power reasons
or simply not possible if a customer-speciﬁc sensor node
does not support access to this interface.

•

•

•
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Synchronization performance evaluation of distributed
wireless nodes – The correct behavior of all time dependent actions of spatially distributed nodes (e.g., sampling
of sensors, driving of actuators in closed loop control
applications) must be accurately observable.
Power consumption measurement – For detailed power
proﬁling the current consumption of RF transceiver, microcontroller, and sensor and actuator electronic must be
synchronously logged with high resolution, high dynamic
and over a wide range.
Non-intrusive observation – The behavior of the wireless
nodes, in particular its timing characteristics and the energy consumption, should not be affected by the operation
within the testbed.
Independence of embedded operating systems – The
testbed should support sensor network ﬁrmware based on
popular operating systems like TinyOS [5] or Contiki [6]
but must not be limited to them.
II. R ELATED WORK

Surveys of testbeds for wireless sensor networks have been
published in [3] and [4]. One possible classiﬁcation is to distinguish between full-scale testbeds and miniaturized testbeds,
where full-scale testbeds provides propagation over the actual
distances and also consider multipath and other real world
effects, an important issue for investigation of the networks
operation at the physical layer. For research focused on topology control a miniaturized testbed can be suitable [7], where
the nodes are placed in close vicinity and links are realized
via a matrix of cabled RF switches. Other classiﬁcations could
be made based on the kind of sensor network applications or
wireless technology the testbed is targeted for, the location of
the testbed (indoor, outdoor, special industrial environments
e.g. in an oil reﬁnery [8], etc) or which specialized research
possibilities the testbed offers. Lot of testbeds cover more of
this categories, a fusion of different dedicated testbeds leads to
new research areas which could difﬁcult be achieved by using
only a single test environment. A good example for this is the
CREW project [9], which incorporates ﬁve individual wireless
testbeds for experimenting with cognitive radio networks,
amongst others including the popular TWIST [10] and wiLab.t [11] testbeds. A special focus on industrial networks
working in harsh radio channels is given by WINTer [12],
which includes a controllable electromagnetic interference
(EMI) attenuation source, a data generation source and a Radio
Harsh Environment (RHE) extreme multipath fading wireless
channel to simulate industrial environments.
An educational testbed helping students to gather experience
with industrial communication networks is presented in [13].
The following testbeds allow truly non-intrusive low-level
debugging and tracing events at runtime in an embedded
wireless node, without slowing down the application:
HINT [14] is a high-accuracy non-intrusive networking
testbed that can passively capture internal chip-level signals
with speciﬁcally designed FPGA-based auxiliary test boards.
The wireless node is not aware of being observed by the test
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board and the testbed user does not need to modify the binary
code for the testing purpose. This is suitable for black box
or product testing, where the source code of sensor nodes
are not available for reasons such as copyright or security.
The authors claim a time synchronization precision of below
10 μs within the test boards, based on the exchange of time
synchronization messages with the test server over TCP/IP
and the use of accurate timing relations when simultaneously
capturing all sending and receiving operations at every test
unit.
For cycle-accurate debugging of a single wireless node
the hardware-software approach Aveksha [15] uses a custombuilt FPGA-based debug board to interface with the on-chip
debug module of the MCU (microcontroller unit) through
JTAG, which provides signiﬁcant visibility into the internal
state of the processor. It provides watchpoints and program
counter polling for very detailed event tracing and logging
without the need for stopping the target processor. However,
this design is tied speciﬁcally to MSP430-based platforms.
Aveksha also supports power proﬁling as a complimentary
debugging method.
The most recent works are Flocklab [16] and Minerva [17].
Flocklab provides extensive features for distributed, synchronized tracing and proﬁling of wireless embedded networks
and supports various popular scientiﬁc hardware platforms by
use of custom designed Linux-based observer boards, which
form the backend infrastructure and connect via Ethernet or
Wi-Fi to the server. Several services are offered by the server,
among them an NTP server that synchronizes against a puls
per second output of a GPS receiver. All distributed observers
synchronize against this NTP server. Beside accurate tracing
and actuation of distributed GPIOs with average pairwise
errors smaller than 40 μs when using an Ethernet-connected
backbone it supports high-speed and high-resolution power
proﬁling.
Minerva combines the non-intrusive debugging feature over
the JTAG interface ﬁrst introduced by Aveksha with a testbed
structure similar to Flocklab. Synchronization among the observer boards is again established via NTP, a special designed
target debug board connects to the wireless node platform
Opal, a sensor node based on an 32 bit RISC ARM CortexM3 core. The software on the observer node is built around
the open on-chip debugger (OpenOCD)1 , a tool similar to
mspdebug used for MSP430 devices.
III. T ESTBED SYSTEM OVERVIEW
In this section we present an overview of our testbed.
According to the classiﬁcation in [3], our testbed implements a
hybrid architecture. A central server is used for hosting a website for easy interaction with the testbed via web browser and
also incorporates a database for storing all relevant information
that is necessary for a successful operation of the testbed. In
addition to this central management server separate Ethernetconnected gateway devices provide the back-end connectivity
1 http://http://openocd.sourceforge.net/
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Fig. 1. Overview of the testbed structure.

Fig. 2. Different MSP430 based wireless nodes connected to a Foxboard and
a BeagleBone.

to the nodes. To meet most of the requirements described
in section I-A and I-B we set up a complex system by
means of integration and interconnection of well established
components. The whole system layout can be seen in Fig. 1.
A. Hardware infrastructure
A major criterion when selecting the hardware structure
of our testbed was scalability and hardware costs. Similar
to other testbeds we choose standard Ethernet connection as
backchannel between the central server and the gateway devices. Therefore we can re-use the existing LAN-infrastructure
in our Lab and can easily enlarge the network coverage with
state-of-the-art Ethernet switches. This architecture provides
a highly scalable and cost-effective solution, as the gateway
devices are implemented as low-cost embedded Linux boards
and for the server a standard ofﬁce PC is sufﬁcient.
1) Embedded host nodes: In our testbed we call the gateway devices embedded host nodes (EHN). They provide the
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wireless transceivers for Bluetooth, Wiﬁ or proprietary communication etc.) and of course custom designed hardware.
For ﬁrmware update of the MSP430 MCU we use different
interfaces, supporting various protocols:
•
•

•

Fig. 3. The wireless sensor actuator node is interfaced to the embedded host
node and the Powerlink node.

connection between the wireless nodes and the wired testbed.
Currently three different embedded boards running a Linux
Debian distribution are applied for this purpose: the Foxboard
G202 , the BeagleBone3 and the BeagleBone Black4 , as can
be seen in Fig. 2. We also considered the popular Raspberry
Pi board, but due to limited interface possibilities we decided
against it. Each sensor node is connected via its own EHN to
the testbed. The costs of a EHN varies from 45 to 180 USD.
At least an Ethernet interface, UART, some GPIO pins and
one or better two USB Ports are required if an external JTAG
programmer/debugger is used for connecting the sensor nodes.
2) Wireless sensor actuator nodes: The basic components
of every wireless node are the MCU and the RF transceiver,
powered by any kind of energy source (e.g. battery, harvester
etc.) and complemented by optional sensors and actuators, as
can be seen in Fig. 3.
Currently our testbed supports all wireless sensor actuator
nodes based on any member of the MSP430 family of Texas
Instruments 16 bit ultra low power MCUs. Hence our testbed
supports the well established WSN nodes commonly used
in scientiﬁc research (e.g. TelosB, Zolertia Z1, WiSMote,
Eyes, Ubimote2, Epic motes, etc.) but also development platforms used in engineering (e.g. eZ430-RF25x0, the eZ430
chronos sport watch based on a CC430 System on Chip,
the MSP430 Launchpad Ecosystem combined with different
2 http://www.acmesystems.it/FOXG20

4 pin JTAG interface via external Flash Emulation Tool,
e.g. MSP-FET430UIF or Olimex MSP430-JTAG-TINY
2 pin SpyBiWire (SBW) interface, a serialised JTAG
protocol used e.g. by the eZ430 tools and the MSP430
Launchpads
MSP430 Bootstrap Loader (BSL) protocol for both the
UART and the USB interface

While the ﬁrst two interfaces allow in-circuit debugging during
runtime of an application with the help of a dedicated adapter
tool, the latter manages only writing and reading from ﬂash
memory but uses standard communication connection over
UART or USB and therefore needs no programming adapter.
For building large scale testbeds this is an important issue
regarding the costs of the hardware infrastructure. Furthermore
customized sensor nodes are often designed without the additional JTAG pins used only once for programming, for which
reason the BSL method is often the preferred one if debugging
is not necessary.
3) Real Time Ethernet system: Several Real Time Ethernet
(RTE) systems exit on the market. We choose the Powerlink
system because of its scalability, low cost, and the perspective
to integrate the Powerlink protocol in our own EHN by using
the openPOWERLINK protocol stack [18] at later time. A
detailed description of Powerlink can be found in [19]. A
comparison with other RTE solutions is given in [20]. For
an accurate and distributed measurement of time dependent
actions (e.g. synchronized sampling of sensors, assignment
to TDMA slots, driving of actuator outputs) we use the
X20DS43895 signal processing module, connected to the
BC00834 Powerlink Buscontroller, which acts as Controlled
Node (CN) in the Powerlink network and offers an integrated
2-Port Hub for easy daisy-chaining of the modules. The
managing node (MN) is a 600MHz ATOM based X20CP15844
Programmable Logic Controller (PLC), executing the upper
layers of the Powerlink protocol stack, where medium access control functionality (MAC) is performed by an FPGA.
Equipping the testbed with such an additional Powerlink node
amounts to about 380 USD.
Currently the Powerlink system works completely autonomous and parallel to the remaining infrastructure built
up by the EHNs. Since the Powerlink system has its own
network bus, a high load or breakdown in either of the two
networks does not affect the other one. Moreover a possible
migration to another RTE system does not provoke a change in
the remaining structure of EHNs. The drawback in the current
solution is a double wiring of CAT5 network cables.
To interface the common LVCMOS-level signals of MCUs
to the 24 V level of the PLC we use the galvanically-isolated
high speed digital coupler ISO150.

3 http://beagleboard.org/Products/BeagleBone
4 http://beagleboard.org/Products/BeagleBone

5 http://www.br-automation.com/en/products/io-systems/x20-system/
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B. Testbed operation processes
The server is hosting a dynamic website for user access
to operate the testbed, written in PHP and using AJAX. A
PostgreSQL database stores all information about the setup
of the network. Furthermore, the current and all previous
application ﬁrmware versions are stored and all timestamped
measurement data together with the debug outputs are logged.
1) Programming of nodes: To achieve remote and parallelized programming of all nodes we use the direct interface
of an EHN to each single node. This process is divided into
the following steps:
• Uploading of a new MSP430 executable ﬁle to the server
and update of the database.
• Selection of an existing executable ﬁle and the desired
target nodes.
• Automated transfer of this ﬁle to all belonging EHNs.
• Executing the mspdebug-tool for downloading the executable to the MCUs ﬂash memory if connected via
a programming adapter, or via direct connection using
the BSL protocol. If the download was successful the
database is updated to reﬂect the current ﬁrmware version
running at the wireless node now.
2) Remote source-level debugging: To the best of our
knowledge currently there is no stable commercial Integrated
Development Environment (IDE) for MSP430 MCUs available, that supports a complete toolchain for remote in-circuit
debugging. For this reason we use the special port for the
MSP430 architecture of the powerful GNU project debugger
gdb in combination with the free Eclipse IDE. The complete
toolchain with c-compiler, assembler, linker and debugger is
available as mspgcc-toolchain6 . This includes the msp430-gdb
source debugger, which can be used as a remote client for the
mspdebug tool7 running in server mode, which implements the
familiar GDB remote protocol and connects to the microcontroller hardware via a JTAG-adapter. This in-circuit debugging
feature allows to monitor and modify the current program
status during runtime and setting breakpoints or complex
watchpoints in hardware, which gives a detailed insight even
in time critical sections of the code (e.g. interrupt service
routines), where printing time consuming debug messages over
the serial port should be avoided.
3) Monitoring of UART output: For convenient observing
of a proper function of all nodes the traditional serial output of
printf debug messages is forwarded to a Terminal application
within the dynamic website hosted by the testbed server.
Therefore the user only needs a standard web browser without
any additional tool.
4) Evaluation of time critical events: The signal processor
module of the Powerlink system features an EdgeDetectmodus which we use for accurate timestamping of events
triggered by the wireless nodes, e.g. a puls per second (PPS)
which can be used for evaluation of the synchronization performance. The managing node collects the timestamps from all
6 http://sourceforge.net/apps/mediawiki/mspgcc
7 http://mspdebug.sourceforge.net/
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controlled nodes within the Powerlink network and provides
this data to the testbed server via a standard Ethernet TCP
socket connection. Analysis of this timestamps is currently
done ofﬂine in Matlab. In combination with the EdgeGeneration-modus it is possible to measure the delay time between the
stimulation of a sensor at one wireless node and the reaction
of a corresponding actuator on another wireless node. The
performance of the Powerlink system for use as a measurement
tool in a testbed for industrial WSN will be analyzed in detail
in section IV.
IV. P OWERLINK S YNCHRONIZATION P ERFORMANCE
The timing accuracy of the Real Time Ethernet part of our
testbed must be evaluated before it can be used to measure
time critical events of the WSN under test. Powerlink uses a
deterministic polling and timeslicing approach. The managing
node (MN) broadcasts the start-of-cycle (SoC) frame at the
beginning of each isochronous phase to synchronize the local
clocks of each controlled node (CN) in the network. A
X20DS43894 signal processing module (see Section III.A) is
attached to every CN, which uses this local clock as reference
for timestamping of rising or falling edge events on its input.
A. Measurement setup
To characterize the Powerlink synchronization accuracy
the impact of the cycle time at the MN (which equals the
synchronization interval by broadcasting the SoC) and the
network topology (daisy-chain and star) were investigated. The
resolution of the timestamps within the signal processing module was set to its most accurate value of 125 ns. Timestamping
of rising edge events on the input of all signal processing
modules in the network were triggered by connecting all
Powerlink nodes to the output of a microcontroller, which
generated a 20 Hz signal. Our measurement setup contained
four Powerlink nodes, each capturing 16800 timestamps within
a measurement duration of 14 minutes.
B. Measurement results
By computing the standard deviation of the pairwise time
differences, calculated from the timestamps, of all channels
ﬁrst information about synchronization within this system
can be obtained. Computing a linear regression on these
results enables the compensation of constant timing offsets and
clock skew differences. The standard deviation of the timing
differences after correction by this systematic errors can be
seen as the effective synchronization jitter of the Powerlink
system.
The Matlab-based analysis of the measurement scenarios
gave the following results: The variation of PLC cycle time
(400 μs or 1 ms) shows no noticeable inﬂuence on the synchronization accuracy of a Powerlink node. The topology of
the network however, has a big impact. Building a daisychain by using the integrated 2-port hub of the BC00834
Powerlink bus controller results in accumulating the jitter
of all hubs between the MN and the CN. Measurements
also show an average time offset of 0.66μs between two
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nodes connected via the internal hub. In our evaluations these
offsets were compensated by applying linear regression as
described above. Using a central multiport hub8 in a star
topology the accumulation of offset and jitter of the SoC is
signiﬁcantly reduced. Using a common switch instead of a hub
is not recommended by the Powerlink speciﬁcation to ﬁt the
requirements on the SoC jitter. Thus all further measurements
were performed using a star network with a central hub, which
shows a standard deviation of the pairwise synchronization
error between 72.7 ns and 76.7 ns. Thus the standard deviation
of the synchronization error is small enough to permit using
this system as measurement tool for evaluation of e.g. the
accuracy of distributed synchronization among IWSN nodes
which typically is in the order of one to several microseconds.
For a given Powerlink hardware the synchronization accuracy is mainly determined by the topology of the network.
Best results are obtained using only a central hub, but for use
in a testbed a mixed tree topology consisting of both external
multiport hubs and daisy-chaining of modules by using the
internal 2-port hub can be convenient. The synchronization
performance when using Powerlink as part of our testbed
exceeds by far the results of existing testbeds targeting the
investigation of embedded wireless systems. In [14] it is stated:
”The precision of the time synchronization in HINT is less than
10 μs. ”. FlockLab [16] reports ”it can timestamp distributed
events and power samples with an average pairwise error
below 40 μs”.

Fig. 4. Oscilloscop measurement of synchronization performance of four
wireless nodes. The rising edge represents the start of a 250 ms period.

this setup. Choosing another reference channel for the analysis
provides similar results.
TABLE I
S YNCHRONIZATION ERRORS OF THE WIRELESS NODES MEASURED WITH
P OWERLINK

Channel
2
3
4

V. R EAL - WORLD USE CASE : EXAMINATION OF WSN
SYNCHRONIZATION PERFORMANCE

We demonstrate the usability of our testbed by measuring
the synchronization jitter of a wireless network consisting
of four distributed battery-powered embedded nodes which
synchronize using a masterless consensus-based algorithm
[21]. Each node features an output pin on which a rising edge
represents the start of the a 250 ms period. This rising edge can
be used to assess the synchronization among the four nodes
in the network.

2
2
2
σtot
= σPL
+ σWSN

(1)

Considering the orders of magnitude of the standard deviation
σPL of Powerlink identiﬁed in section IV-B and of the total
standard deviation σtot we conclude that we can neglect the
synchronization jitter of the Powerlink system in that case.
VI. C ONCLUSION AND F UTURE WORK

The output pin of each wireless node was connected to the
signal processing module of the corresponding Powerlink node
(hereafter referred to as channel), as can be seen in Fig. 3.
The Powerlink system was conﬁgured with 400 μs cycle time,
250 ns timestamp resolution, edge detect modus capturing all
rising edges and networked by a central hub. The system
captured 2004 timestamps at each of the four modules within
500 seconds of measurement.
B. Testbed measurement results
Table I shows the timing analysis of the nodes 2, 3 and 4
with respect to channel 1, which allows a qualitative comparison with the results captured by the oscilloscope shown in Fig.
4, where node 1 was selected to trigger the measurement. Fig.
5 illustrates the distribution of the synchronization jitter for
ProCurve 10/100 Hub 24M HP J3289A

Synchronization error
in μs against reference channel 1
Min
Max
σtot
-9.375
9.875
3.109
-12.375
8.500
3.503
-20.375 18.500
3.750

The calculated total standard deviation σtot in our analysis
contains both, the synchronization jitter from the Powerlink
system and the one from the WSN.

A. Measurement setup

8 HP
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We presented a testbed targeted for the evaluation of embedded industrial wireless sensor and actuator networks, which
allows for the logging of the behavior of all wireless nodes
in long-term test runs and remote incircuit debugging of the
microcontroller ﬁrmware. Using a Real Time Ethernet system
as part of the testbed enables highly accurate analysis of synchronization performance and other distributed precise timing
measurements on each sensor actuator node. Currently our
testbed supports all wireless sensor actuator nodes based on
any member of the MSP430 family of Texas Instruments 16 bit
ultra low power microcontrollers. Each node is connected to an
embedded host node, which in turn is connected via Ethernet
to the server. The timing accuracy (standard deviation) of the
testbed using a Real Time Ethernet system was measured to be
below 100 ns, which, to our knowledge, is the most accurate
reported in literature.
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Fig. 5. Distribution of timing errors obtain by running a 4-node WSN with
a concensus-based synchronization algorithm in our testbed.

In future we will extend our testbed with further features
that assist in efﬁcient development of embedded industrial
wireless networks. An important part will be a distributed
and synchronized high resolution data acquisition system with
very high dynamic range and high sampling rate to accurately
and dynamically observe the energy consumption of wireless
sensor actuator nodes, which is of great interest for any lowpower design. An improvement compared to our current design
of the testbed will be a reduction of the cabling effort by
avoiding the second LAN-cable to each testbed point through
implementing the Powerlink-protocol inside the embedded
host node using the open source solution openPOWERLINK
[18]. Furthermore, other Real Time Ethernet systems like [22]
and [23] can be evaluated for the installation of a testbed.
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Abstract— Designing well-integrated mechatronic systems is
challenging. The design team needs to take multiple engineering
domains into account concurrently to design the product
properly. Most traditional design methods rely on treating the
involved engineering domains separately and thus only
integrating them in a late design phase. It’s easy to see how this
can lead to a suboptimal final product.
The authors have previously proposed a novel design method,
which can treat the system in a concurrent, integrated manner
in an unusually early design phase, i.e. at concept level. This
requires time-efficient methods. The method allows the design
team to find, otherwise difficult to find, synergetic effects
between domains at reasonable cost. To achieve this, the method
relies on static dimensioning models, which describes relations
between static properties such as maximum allowed torque and
size, as well as dynamic models describing the behavior of the
system. The method is supported by a software tool, which
optimizes the system based on the mentioned models and on the
specifications given by the user.
This paper presents a case study in which a haptic steering
wheel is designed according to the proposed method as well as
manufactured and tested. The haptic steering wheel has been
designed for use with a drive by wire car with both four-wheel
drive and four-wheel steering.
The results show, considering the simplifications used,
surprisingly good correlation between optimization result and
physical system. This further confirms the method’s usefulness
while designing mechatronic systems.

I.

INTRODUCTION

Through mechatronics design it’s possible to create new
innovative products, which utilize synergies between
engineering domains. For instance, Isermann [1] writes that
“according to manufacturer’s statements, about 90% of all
innovations for automobiles are due to electronics and
mechatronics” and Budinger et al. [2] claims that the use of
electromechanical systems instead of conventional hydraulic

ones in aircraft is considered by manufacturers as one of the
most promising means to make aircraft more competitive,
greener, and safer. It is, however, difficult to find the effects of
these synergies at an early design stage, where most of the
design parameters are usually chosen, hence most mechatronic
design methodologies, for instance the VDI V-model [3] , rely
on iterations, i.e. backtracking from later design stages if
needed.
Innovative design by itself does not guarantee a successful,
profitable product. Numerous factors affect the success of a
product, but if development time and cost can be kept low it
considerably increases the chance of product profitability. Due
to this, there is a demand for design methodologies that can
eliminate as many of the previously mentioned iterations as
possible, hence shortening development time and lowering
cost.
This paper builds upon a previously published
methodology developed by the authors, [4]. This methodology
tries to reduce iterations in the product development cycle by
front-loading certain design activities to an earlier design
phase, i.e. concept phase. A multi-objective, multi-disciplinary
approach is used to do a rough optimization of different
concepts, generated by for instance some form of
brainstorming. This allows the design engineers to get an early
sense of what synergetic effects, and performance they can
expect from their concepts as well as providing a design base
from which detailed design can start. The hypothesis of the
authors research is that doing so will allow the design
engineers to make the right decisions earlier, hence, as
mentioned, reduce iterations between design stages.
The front-loading of these design activities requires
simplified models that sufficiently approximate important
design parameters in relation to both behavior and static
properties since very little is usually known about the design
at this early stage. These models also need to be time efficient
since many different concepts need to be evaluated. Due to
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process is regarded as too costly in terms of how much time it
takes.
Coelingh et al. [8] describe a method for assessing the
dynamic performance of mechatronic systems at an early stage
with minimal information about the plant. This is done by
treating the dynamic system as a simplified fourth order massspring-damper model. They describe the different possible
dominant behavior types and how to handle them at an early
stage. The paper focuses on control performance, and not on
the design of the physical components.

Figure 1. CAD-rendering showing crucial components of the vehicle.

this, time-expensive
methodology.

simulations

are

avoided

in

the

A design case is presented in this paper, with the intention
to further evaluate the feasibility of the methodology. The
presented case is about the design of a haptic steering wheel
for a revolutionary vehicle concept, based on the Autonomous
Corner Module concept by Zetterström [5], which
incorporates both electric four-wheel steering and electric
four-wheel drive through drive-by-wire control. The vehicle
uses separate actuators for steering, camber adjustment, and
drive for each individual wheel. See Fig. 1 for a partial
rendering of the vehicle. Due to the nature of drive-by-wire
vehicles, i.e. no mechanical connection between driver and
wheels, there is a need to artificially add steering feedback by
e.g. use of a haptic steering wheel. Two conceptual designs of
the steering wheel are considered, one with a servo based on
harmonic drives, and one with a servo based on planetary
gears. One of the concepts is chosen based on the concept
evaluation method and developed into a working prototype.
The authors have previously published [6] a design case
about harmonic drive based haptic steering wheels, in which
scalable models for harmonic drives are presented. Although
the results in relation to conventional methods showed good
potential for using the presented method for this kind of
systems, the design is only evaluated at conceptual level.
The paper is organized as follows. This first introductory
part is followed by a section about related research, the third
section describes the authors’ design methodology and is
followed by a fourth section describing the design case. The
paper is concluded with a combined discussion, conclusions,
and future work section.
II.

RELATED WORK

As mentioned, one of the major challenges of mechatronic
design is to treat the different engineering domains in an
integrated manner. Not only does the designer have to treat the
static dimensioning of the system, but also the dynamic
behavior of the system.
Pil and Asada [7] discuss the fundamental need for
accurate and appropriate dynamic models of the structural
system in order to design an appropriate controller. They
developed a design method based on experimental
optimization. It can be argued that this approach is no longer
fully applicable in today’s fast development cycles since
conducting experiments early on in the product development

Messine et al. [9] suggest using a global optimization
method based on a deterministic Branch and Bound method to
design a slot-less permanent-magnet DC-motor. Their results
show that using global optimization methods, such as genetic
algorithms, or the Branch and Bound method they describe, is
superior to conventional convex optimization methods. They
are able to find a solution of their design case which is
significantly better compared to previous work. They also
conclude that the optimum can be found after a relatively short
time, i.e. less than five minutes.
Roos [10] describes a methodology with which a
mechatronic servo system can be dimensioned through
optimization, given a specified load profile. The methodology
seeks to optimize the system in terms of various aspects such
as volume, weight, and cost. Static component properties such
as e.g. dimension and torque handling capability are modeled
with scalable parameters, such that given a real component
range, the properties of an arbitrary, non-existing, component
can be determined. The dynamics are optimized through time
expensive simulation and the methodology is limited to one
specific servo system configuration, i.e. motor amplifier, DCmotor, and planetary gear.
Budinger [2] discusses preliminary design of
electromechanical actuators in the aerospace industry. They
take an approach similar to Roos [10], where scaling models
are used for geometrical, power, thermal, reliability, and
dynamic properties. Just like Roos they verify the models
against existing product lines with good results, with the
assumption that products from the same product range have
similar properties. The paper discusses different types of
electromechanical components such as gearboxes, motors,
bearings, electromagnetic brakes and clutches. While
comparing different reducers they conclude that “all the three
types of reducers studied have comparable torque/mass ratios
although the harmonic drives show the best characteristics”.
The methodology used in this paper is described briefly in
the next chapter, and in more detail in [4]. The method builds
upon and extends the, previously mentioned, work by Roos
[10]. By using the models developed by Roos for electric
permanent-magnet DC-motors and planetary gears, which are
based on the same scaling idea as in [2], and global
optimization, like in [9] and [2], mechatronic systems can be
optimized. Single or multiple optimization criteria such as
size, weight or cost can be used. To avoid costly simulations,
dynamics are evaluated by sampling the frequency domain
response of the differential equations governing the system’s
components.
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Figure 2. Generic design process.

III.

METHOD

A.
Methodology / Software tool
The method suggested by the authors relies on evaluating
both behavioral and static properties of mechatronic systems
in an efficient manner. This is achieved using simplified
models and avoiding simulation since it would drastically
increase the time it takes to evaluate a system. As mentioned
in the introduction the method focuses on early stages of
development, i.e. concept evaluation; Fig. 2 shows a generic
product development process with this area of focus
highlighted.
Two different types of models are used for system
components, i.e. static models that are used to describe the
relationship between properties such as load handling
capability and size, and dynamic models describing the
behavior.
The method can roughly be divided into the following four
steps:
Specification, Preparation for optimization,
Optimization, and Post processing.
Four different types of specifications are used to describe
the concept. The developers create a system specification by
combining various components, such as gears, motors, motor
amplifiers, etc., from a library to describe the structure and
parameters of the conceptual system. Any component
parameter can be used as a design variable in the later
optimization step. A load is specified by describing a load
profile, e.g. the position profile the given system is required to
follow, and a linearized load model, which could for instance
be based on an inertia, or a spring and an inertia. A dynamic
specification is used to describe controllers and dynamic
constraints. The developer can for instance specify a position
controller which uses position from one component as sensed
variable and the current into the motor as output variable.
Dynamic constraints are used to define for instance maximum
allowed controller error or difference in angular position on
one side of a shaft compared to the other. The fourth type of
specification is used to define optimization objective. Single
or multiple objectives can be used for the optimization and
they are usually defined as an expression combining different
component model outputs or parameters, such as for instance
the sum of the components’ volumes.
The second step, preparation for optimization is where the
software framework runs preparatory functions defined for
each component. These are used to for instance load large data
sets into memory. If dynamics are to be taken into account in
the optimization, the software framework calculates the
needed transfer functions symbolically. These tasks are carried
out to reduce overall optimization time.
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The next step is the actual optimization. Any non-gradient
based global optimization method should be usable, and the
current version of the software framework implements a
genetic optimization algorithm. During the optimization, the
objective values are determined for each generated solution
and the dynamic constraints are evaluated to determine if they
are satisfied for the solution. The dynamics are evaluated in a
simplified, non-simulation based, manner by calculating the
transfer function response as a sum of responses from a
limited set of sinusoidal inputs, determined from a Fourier
transform of the load profile. This allows us to get a fairly
good approximation of the time domain performance by
conducting frequency domain calculations. The end result of
the optimization is either, in the case of a single objective, the
optimized system, or in the case of multiple objectives, the
generated pareto front.
The final step, post-processing, is used to for instance
visualize or conduct further processing of the optimization
results.
B.
Models
Models for several different component types have been
developed. The ones detailed in this section are the ones that
are of relevance to the design case described later in this
paper
1) DC-Motor
The motor models used in this paper were adapted from
the models developed by Roos et al. [11]. The following
expression describes the relation between motor dimensions
and its nominal torque capability, i.e. maximum allowed RMS
torque:
ఛ

ଶ

ܥ ݈ ݎଶǤହ ൌ න ቀ൫ܥ ݈ ݎସ  ܬ ൯߮ሷ   ܶǡ௨௧ ቁ ݀ݐ

(1)



where Cm is a constant for a specific motor type and cooling
condition, lm is the rotor length, rm is the radius of the stator, τ
is the cycle time of the load profile, Cmj is a constant for a
specific machine type, Jm is the rotor inertia, φm is the angular
position of the output shaft, and Tm,out is the output torque. By
using motor type constants determined from an existing
motor, arbitrary new motors’ properties can be determined
through scaling.
The motor dynamics are modeled simplistically as
ܭ௧ ݅ ൌ ܶǡ௨௧  ܬ ߮ሷ 

(2)

where Kt is the motor torque constant, and i is electric current.
2) Planetary gear
The planetary gear models used in this paper were
originally developed by Roos et al. and are described in detail
in [10]. In contrast to the motor, the planetary gear is
dimensioned based on maximum permissible peak torque.
The volume of the gearbox is approximated as
ଶ
ܸ ൌ ߨݎ
ܾ

(3)

where rpg is the outer gear radius and bpg is the total width of
the gearing. The following dimensioning model is based on
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design guidelines for spur gears [12], [13]. The following
constraint must be fulfilled for every teeth surface in contact
ଶ
ݎ
ܾ

ଵ

ൌ Ͷ ή ͳͲ

ଶ
ܥ

ܶǡ௨௧ ሺ݊ െ ͳሻଶ
ଶ
ሺ݊ െ ʹሻߪுǡ௫

shaft’s properties:
య

ݎ௦ ൌ  ඨ

(4)

The planetary gear dynamic model used in this paper only
takes inertia and efficiency into account and is defined as
൫ܶǡ െ ܬ ߮ሷ ǡ ൯ߟ݊ ൌ ܶǡ௨௧ 

(5)

߮ǡ  ൌ ݊߮ǡ௨௧

(6)

where Tpg,in is the input torque, Jpg is the inertia as seen on the
input side, φpg,in is the input angular position, η is efficiency, n
is the gear ratio, Tpg,out is the output torque, and φpg,out is the
output angular position.
3) Harmonic Drive
The harmonic drive is a type of gear that allows for very
high gear ratios in a single stage as well as close to zero
backlash. The harmonic drive models used in this paper were
developed by the authors and are described in detail in [6].
The models are similar to the motor models in the sense that
they rely on scaling an existing drive. The equation
݀ൌඨ

ܥௗ ܶௗǡ௨௧  ڄሺͳ  ͲǤͲͲͳ݊ሻ
ξ݊ሻ

(7)

describes the relation between gear diameter, torque handling
capability, and gear ratio where d is diameter, Chd is a constant
for a specific drive type, and Thd,out is the output torque. As
shown in [6], this approximation is very good. All outside
dimensions can be scaled from this diameter.
The drive’s friction is approximated as
ܶ ൌ ݂ ݊݃ݏ ڄሺ߱ሻ  ݂ଵ ߮ ڄሶ ௗǡ௨௧

ܬ௦ ൌ

݇௦ ൌ

The dynamics are approximated as
൫ܶௗǡ െ ܬௗ ߮ሷ ǡ ൯ߟ݊ ൌ ܶௗǡ௨௧ 

(9)

߮ௗǡ  ൌ ݊߮ௗǡ௨௧

(10)

4) Shaft
The dimensioning model used for shafts are derived from
classic solid mechanics. The following equations describe the

(12)
(13)
(14)

The dynamics are approximated as a lumped mass-springdamper model, i.e.
ͳ
߮ ܬሷ
ൌ  ܶ௦ǡ െ ݇௦ ൫߮௦ǡ െ ߮௦ǡ௨௧ ൯
ʹ ௦ ௦ǡ
െ ݀௦ ൫߮ሶ ௦ǡ െ ߮ሶ ௦ǡ௨௧ ൯
ͳ
߮ ܬሷ
ൌ ݇௦ ൫߮௦ǡ െ ߮௦ǡ௨௧ ൯  ݀௦ ൫߮ሶ ௦ǡ െ ߮ሶ ௦ǡ௨௧ ൯
ʹ ௦ ௦ǡ௨௧
െ ܶ௦ǡ௨௧

(15)
(16)

where φs,in,is input angular position, Ts,in is the input torque,
φs,out,is output angular position, ds is damping (constant value
is used as an approximation), and Ts,out is the output torque.
5) Load
The load component is used to approximate a load profile
based on for instance a position profile. In a general rotational
case the load model might, for instance, be approximated by a
just an inertia, while in the somewhat more complex case
described later in this paper it is approximated by an inertia
and a torsional spring, i.e.:
ܬ ߮ሷ ǡ ൌ ܶǡ െ ݇ ߮ሶ ǡ

(17)

߮ǡ ൌ ߮ǡ௨௧

(18)

where Jl is the load inertia, φl,in is the input angular position,
Tl,in is the input torque, kl is the spring constant, and φl,out is the
output angular position.
IV.

where Thd,in is the input torque, Jhd is the inertia as seen on the
input side, and φhd,in is the input angular position. The average
efficiency, η, can be approximated from the friction model for
a specific load case.

ܬܩ௦

݈௦

(11)

where rs is shaft radius, ܶs,out is the peak transferred torque,
τs,max is the maximum permissible shear stress, Js is the shaft’s
inertia, G is shear modulus, E is Young’s module, υ is
Poisson’s ratio, ks is the shaft’s stiffness, and ls is the shaft’s
length.

(8)

where Tf is friction torque, ƒ0 constitutes a Coulomb friction
torque, ƒ1 is the viscous friction coefficient, and φhd,out is
output angular position.

ʹܶ௦ǡ௨௧
߬௦ǡ௫ ߨ

ߨݎ௦ସ

ʹ
ܧ
ܩൌ
ʹሺͳ  ߭ሻ

where σH,max is the maximum allowed flank pressure, which
can be determined for specific gear materials. The constant
Cgr represents the relation between the outer gear radius and
the gear’s pitch radius, n is the gear ratio, and ܶǡ௨௧ is the
peak torque the gear is subject to.

య
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DESIGN CASE

A.
Case introduction
The case presented here is the design of a haptic steering
wheel for the previously mentioned steer-by-wire vehicle.
Due to the nature of steer-by-wire technology there is no
direct feedback from wheels to driver, hence important
information present to drivers of conventional cars goes
missing. Liu and Chang[14], for instance, demonstrated that
having steering torque feedback results in better curve
negotiation and skid recovery by the driver. This kind of
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Figure 3. Cross-section of planetary gear based servo.

Figure 4. Cross-section of harmonic drive based servo.

Figure 6. Overview of the servo dynamics.

Figure 5. Overview of steer-by-wire dynamics.

feedback information therefor needs to be recreated
artificially, for instance through a kinesthetic haptic steering
device.
The haptic steering wheel concept is modeled in the
software framework with a brushless DC-motor, a gearing, a
shaft, and an inertia (representing the steering wheel itself).
Two different types of gearing are compared: planetary gears
and harmonic drives. See Fig. 3 for a figure of a planetary gear
based system and Fig. 4 for a harmonic drive based system.
In the real vehicle, the dynamics of the steer-by-wire
system not only includes the steering wheel, but also corner
modules, high-level controllers, and additional sensors such as
accelerometers, see Fig. 5 for an overview. During the steering
wheel design case, however, the dynamics of the system were
simplified by replacing the rest of the steer by wire system
with a spring based feedback model and treating the torque
controller as ideal. The proposed design has the position
sensor placed at the DC-motor; hence an observer is needed
for estimating the steering wheel position. The observer treats
the shaft as stiff. A compensator is used to compensate for
inertia in the system. See Fig. 6 for an overview of the haptic
device’s dynamics. The dynamic equations of the servo
system components are automatically generated by the
optimization framework, but the additional dynamics
(compensator, observer, ideal torque controller, and feedback
model) currently needs to be added manually and are given as:
ܶ ൌ െ݇௧ ߮ כ௦௪ǡ௦
ܶ ൌ ߮ሷ  ൬ܬ  ܬ 
߮௦௪ǡ௦ ൌ

߮
݊

ܬ௦  ܬ
൰
ߟ݊ଶ
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݅ൌ

ܶ  ߟ݊ܶ
ߟ݊ܭ௧

(22)

where Tfb is the feedback torque, kret is the spring constant
used to approximate the feedback model, φsw,obs is the observed
steering wheel angle, and Tcomp is the compensation torque.
High stiffness and low mass are competing goals for most
kinesthetic haptic devices. Mass is considered in the
optimization of the concept by using the total volume of the
device as minimization objective and the stiffness is
considered by adding a constraint on the dynamics. The
dynamic constraint used in this case is based on the fact that
the static model does not take shaft stiffness into account
whereas the dynamic models do. The constrained variable is
determined by taking the maximum difference between
observed angular position with and without taking stiffness
into account. I.e. this constrains the dimensioning of the shaft.

(19)
(20)
(21)

Figure 7. Load position profile and generated torque profile.
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As seen in Fig. 7, the load position profile used is a
combination of two different steering maneuvers: a fast but
low amplitude sine, and a slower but higher amplitude sine. A
spring constant of 1.06 Nm/rad, i.e. a feedback of 10 Nm at
540°, was used for the feedback model.
B.
Optimization
Two design variables/optimization parameters were used:
gear ratio and shaft radius. As mentioned in the previous
section, the total volume of the system was used as
minimization objective. The maximum allowed observer
error was defined as 0.05 rad. The motors used as reference
for scaling were of the type Maxon EC4-pole, and the
harmonic drives reference used for scaling were of the type
Harmonic Drive System Mini-CSF.
The framework’s optimizer repeatedly found the same
minimum for the harmonic drive based system: gear ratio at
about 48, and shaft radius of about 0.005 m resulting in a total
volume of about 1e-4 m3. The optimizer was also able to
repeatedly find the same minimum for the planetary gear
based system: gear ratio of about 48 and shaft radius of about
0.005 m resulting in a total system volume of about 5e-4 m3,
i.e. same design parameter values as for the harmonic drive.
The limiting factor causing the gear ratio being the same is
the maximum allowed angular rate for the gearboxes and
motor. The limiting factor for the shaft size is the dynamic
constraint limiting the maximum observer error. See Fig. 8
and 9 for plots of the design spaces.

Figure 10. Picture of the steering weel in a test rig.

to optimization results can be seen in Table 2.
The resulting design, mounted in a test rig can be seen in
Fig. 10. Several of the components included in the detailed
design were not taken into account during optimization, e.g.
the bearing house (generally low velocity radial loads),
adapter flange between motor and drive, as well as the
mounting for the servo. These, however, would most likely
be very similar for both analyzed systems and would
therefore not have any major effect on the results.

C.
Detailed design
Since the harmonic drive based servo design gave the best
result during optimization it was chosen for further
development. Fortunately, both the motor and harmonic drive
manufacturers produce drives with specifications close to the
optimization result. The specifications of the chosen motor
compared to the optimization results can be seen in Table 1,
and the specifications of the chosen harmonic drive compared

A simple test rig was designed for evaluating the
performance of the design compared to the optimization
results. The servo is fixed directly to the test rig on one side
and through a spring to the test rig on the other side. The
spring has the same spring constant as the artificial spring in
the dynamic model. The test rig was used to evaluate the
fidelity of the dynamic models used by the optimizer. Instead
of having a user apply the position profile and the servo
responding with the modeled feedback a position controller
was used to apply the profile while the physical spring in the

Figure 8. The harmonic drive based system’s design space.

Figure 9. The planetary gear based system’s design space..
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TABLE I.

Property
Length [m]

TABLE II.

COMPARISON OF MOTOR PROPERTIES FROM
OPTIMIZATION AND REAL MOTOR
Optimization result

Real motor

0,051

0,064
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COMPARISON OF HARMONIC DRIVE PROPERTIES FROM
OPTIMIZATION AND REAL DRIVE

Property

Optimization result

Real drive

Length [m]

0,04

0,05

0,04

0,04

48

50

50·10-6

63·10-6

Diameter [m]

0,034

0,030

Diameter [m]

Volume [m3]

46 ·10-6

45·10-6

Gear ratio
Volume [m3]

test rig was used to emulate the feedback model.
D. Results
As can be seen in Table 1 and 2, the components of the
system resulting from the detailed design are close in
specification to the results of the optimizer.
The results from the test rig experiment can be seen in Fig.
11. The results show that the model fidelity is relatively good
and should be enough for concept evaluation. The largest
discrepancy is at around t=5s and is most likely due to the
fairly simple friction model used for the harmonic drive. The
sample rate of the measurement instrument was fairly low
and this could be causing some aliasing, resulting in a
smoother signal compared to the real value and calculated
data.
At the time of writing, the optimizations take around 65 s to
complete on an average four-core desktop computer with
hyper threading, hence running eight parallel workers. The
optimization time scales horizontally, extremely well with the
amount of cores of a computer due to the design of the
framework and the parallel nature of genetic optimization.
For instance, running the same optimization on a twelve-core
workstation takes about 29 s to complete.

V.

DISCUSSION, CONCLUSIONS, AND FUTURE WORK

The design case clearly shows that it’s possible to evaluate
different concepts time efficiently at an early stage using the
authors’ methodology. The detailed design resulted in a
system with the main servo components being very close to
the results of the optimization. The bearing house and
structural components of the servo system are fairly large, but
are not modeled in the case described here. This could cause
problems for cases where the goal is to compare more
concepts than the ones in this paper. Due to this it would be
useful to investigate and create models for these components
in the future.
The fact that the harmonic drive based system gave a great
deal better result than the planetary gear based system goes
well in line with the earlier mentioned statement from
Budinger [2] that out of several reduction devices studied the
harmonic drive showed the best characteristics.
The results also show that the fidelity of both dynamic and
static models is sufficient for early concept analysis. More in
general, it shows that the design methodology is a powerful
tool while designing mechatronic systems.
It can also be seen that the general design of the software
framework, with a high level of scalability, allows for time
efficient analysis.
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Abstract — In this contribution, guidelines and methods for the
model based design of an industrial gantry robot using the
hierarchical modeling approach are presented. Gantry robots
can be used for the feeding and sampling of workpieces which
are processed in machine tools. The aim of the modeling is to
verify the deflection of the gantry arm in consideration of the
robots whole system with all of its mechatronics influences. The
goal of this investigation was the identification of the weak
points of the structure, resulting in large deflections of the
gantry arm. This builds the basis for a further structural
improvement of the system. The first part of the paper provides
an overview on the methods of the hierarchical modeling
approach. After that, the models which were created for each
component of the robot are explained and the simulation results
are discussed. In the following chapter the creation and
simulation of the behavior of the system model is shown step by
step. At the end, conclusions and future prospects for the
hierarchical modeling approach are made.

I.
INTRODUCTION
During the last years mechatronic systems are growing
significantly in functionality and complexity. Therefore, the
design of such systems represents more and more a big
challenge. In order to meet these challenges, each discipline
(mechanical engineering, electrical engineering, information
technology, etc.), which is involved in the development, uses
its own highly detailed specific models. These models quickly
become very complex, forcing engineers to face problems like
how to validate and understand the results of such complex
models. Although we have the computing power to solve
models with a high complexity in these days, Chwif et al. [1]
showed that “there is a consensus amongst the simulation
community that a simple model is mostly preferable to a
complex one”. This is because simpler models have a lot of
advantages like that they are easier to implement, validate,

calculate and to analyze. In the different design phases during
the engineering process usually adjustments and changes to
certain design parameters have to be made in order to meet the
design goals. These changes have to be reflected in the used
models. Here it is much easier to change a simple model than
a very complex one. Another advantage is that the required
simulation time of simple models is usually shorter. Chwif et
al. [1] also pointed out that “it is much easier to “throw away”
a simpler model if it is wrong or not reliable, because it is
much harder to admit the failure of a million dollar system
than a thousand dollar one”. Complex models are generating a
multitude of parameters with a high level of detail. However,
for a holistic view on the mechatronic system highly detailed
parameters might have only little relevance. So these models
can overshadow the basic behavior of the system. On the other
hand simple models have exactly the focus on that.
All these advantages are pointing towards the usage of
simpler models during the design process of mechatronic
systems. But how can we avoid the generation of too complex
models? How can simple models for a mechatronic system,
like an industrial gantry robot for example, be created? One
possible opportunity represents the usage of the hierarchical
modeling approach. This approach will be presented in the
following chapters of this paper.
II.

RELATED WORK

Luna [2] pointed out “that hierarchical modeling is a
powerful means to handle simulation model complexity”. The
author showed that with the usage of the hierarchical
modeling approach many different advantages will come
along, like that the system under consideration can be
partitioned into more usable parts. Models for each part can
then be easier created and independently manipulated. Luna
discussed that these models can also be split into simple
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models. Then the models can be grouped by levels. Each level
stands in a hierarchical relationship to each level “up” and
“down” and has its own entities – the different models
assigned to this certain level. But there are also other
hierarchical relationships between these models than only the
“parent – child” one. They can be distinguished between four
different types: representation, composition, substitution and
specification. Luna explained that “in the representation
relation, the higher level does not have its own being per se,
but is a representation of the lower level.” The author showed
this relation on the example of the U.S. government which is a
composition of the Executive, Congressional and Judicial
branches. Each lower level branch is represented on the higher
level by the government even if there is no autonomous entity
which itself is the U.S. government. So the higher levels
existence is created by the lower level entities. The
composition relation can be described that it “is one in which
the higher level has its own being and employs the lower level
in its behavior”. The substitution relation describes the
substitution of the lower level by the higher level. Luna
pointed out that “this relation encompasses both abstractions
by reduction and morphic reduction as a means of simplifying
the model”. The “abstraction by reduction” contains the
reduction of the complexity of the lower level models by
simplifying them. After that these models can be used on a
higher level. With the help of “morphic reduction” a large
system can be divided into smaller systems which have a
simpler behavior. The author showed that “overall, the basic
idea in the hierarchical substitution relation is that by
substituting the higher level for the lower level, the model is
simplified with respect to some complexity measure”. The last
type of the four listed relations – the specification relation – is
one in which the lower and the higher level are related by
type, but the lower level is more specific. A good example is
the specification of an object as “a moving object with
wheels” on a higher level. On a lower level this object can be
for example a car, a truck, etc. This specification from the
higher level to the lower level is called specialization, the
other way around it is called generalization. In conclusion
Luna pointed out that “the combination of hierarchical
relations in the representation and organization model aspects
would significantly ease and enhance the simulation model
design and construction process”.
In the first chapter of their book Bucalem and Bathe [3]
discussed the modeling and analysis of structures with the
help of the hierarchical modeling approach. They pointed out
that this approach is also applicable to the analysis of fluid
flows, to the solution of multi physics problems and to the
analysis of almost any engineering problem. As a
demonstrative modeling example they chose the modeling of a
carabiner. The magnitude of the load which can be transferred
by the carabiner should be determined. For a first estimation
the carabiner was modeled by an assemblage of straight bars.
Then Bucalem and Bathe asked the question how accurate the
simulation results are, which they get from this kind of model?
Beside the influence of the simplifications of the loading and
the displacement boundary conditions, which were made, the
strongest influence has the assumption that the carabiner is
modeled as an assemblage of bars. So in a next step they built
up a more accurate model based on the first one. For the
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second model the bars does not need to be straight, they also
can be represented by a curve. Surely using the curved bar
structural theory brings more complexity into the modeling
and simulation, but on the other hand it improves the
simulation results. Bucalem and Bathe showed that there is
always more than one model to represent an engineering
problem, but the number of the physical effects they consider
is different. So these models are in a hierarchical order to each
other, starting with the simplest and ending with a verycomprehensive model. The authors pleaded for the usage of
simple models at the start of each analysis of an engineering
problem and then using the hierarchical modeling approach to
come to the needed level of accuracy.
Noor et al. [4] used a hierarchical adaptive modeling
approach for the system modeling of structural sandwiches
and multilayered composite panels. In their work they showed
the advantages gained by the usage of such a modeling
strategy during modeling of large complex problems. They
divided the whole sandwich or composite structure into
regions and used mathematical models to describe each of
these regions. The adaptive modeling strategy allows the
engineer to start with a simple model for each region. After
the first simulation run these models can be easily tuned as
long as they finally match the expected response. So they
ensured that they used the simplest model for each region, but
not a too simple one. In their paper Noor et al. gave guidance
for an effective hierarchical adaptive strategy and underpinned
this with numerical studies.
Miatliuk [5] explained the usage of symbol construction
and coordination technology of hierarchical systems (HSapproach) to create conceptual models for the mechatronic
design. He pointed out that for a proper definition and
description of a mechatronic system in addition to the
system’s structure, its process, the dynamic representation, the
system’s environment and the control structure the connected
descriptions of the mechatronic object’s subsystems should
also be described and taken into account. The author meant
that “various models and methods of mathematics and
artificial intelligence do not allow describing mechatronic
subsystems with their specific characteristic features in
common formal basis and at the same time describe the
mechanism of interlevel dynamics of the mechatronic object
being designed”. In order to find a remedy Miatliuk chose the
HS-approach as the informational basis which allows also an
easy transfer of models from the conceptual level to a more
detailed design level. The author proofed his concept on the
example of an active magnetic bearing system.
In Gausemeier [6] [7] an approach for the holistic
description of a multi-disciplinary system with the
consideration of the essential operating modes and the desired
behaviour is presented. According to this approach, aspects
such as the environment, application scenarios, requirements,
the system of objectives, functions, etc. should be considered
in a certain specification technique. Furthermore, a procedure
model for the conceptual design phase (which includes four
sub phases) is developed there as well as the software tool
“Mechatronic Modeller“ that is based on the suggested
specification technique for the modelling of mechatronic
systems.
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A concept for a software prototype supporting the
development of mechatronic systems is presented in Stark [8].
The software prototype called “Connection-Modeller“ allows
for various views on the system under design, e.g., on
requirements, functions, structure. These views are called
partial models and can be developed using proprietary
software-tools. The Connection-Modeller provides means to
define cross-discipline connections between various partial
models which can be used, e.g., for the propagation of design
changes.
Barbieri et al. [9] proposed in their paper a methodology
for linking a conceptual design with executable simple models
to be able to validate the design by simulation in the early
design stages. The authors also suggested a hierarchical design
approach with the application of the W model to reduce
complexity. In this approach the system under consideration is
decomposed into three levels: the system, the modules and the
component level. In a first step the simulation of the high level
system model roughly determines the network parameter. This
first simulation allows the engineer to get a first holistic view
of the system and to gain a deeper understanding of the effects
which have to be considered in the next design phases. After
that first simulation the models for the second and third
hierarchical level can be set up. During the simulation of these
models the parameters can be refined and the system design
can be improved step by step.
Moore et al. [10] focused in their paper on concepts and
implementation techniques for integrating simulation
environments and distributed control system environments. A
four layer manufactory machine system model was developed
to ensure the seamless totality in analysis, design and
implementation of designing machines and their control
system. The authors decompose the system under
consideration into four hierarchical levels: the machine system
level, the modular machine level, the composite component
level and the device component level. They also pointed out
the advantages of the use of the simulation models created
with the integrated approach, like the opportunity to verify the
runtime even before the real machine is commissioned.
III.
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We chose a simple system – a table - as an example to
illustrate our considerations.
A. Structure
For a proper and good understanding of the mechatronic
system to build it is important for any engineer to know the
structure of the system under consideration. With the
knowledge of the system’s structure it can be determined
among other things which disciplines should be integrated in
the development process and which models likely have to be
built. Most systems can be decomposed into parts, like a car –
metaphorically speaking – into four wheels and a chassis.
Hehenberger et al. [12] – for example - showed that a
mechatronic system can be split into four hierarchal levels,
namely: the overall mechatronic system, mechatronic systems,
the mechatronic modules and the domain specific components.
So the overall mechatronic system is on top of the different
levels. It can be decomposed into several mechatronic systems
which consist of mechatronic modules. These modules only
can be decomposed further into domain – specific
components. So the lowest hierarchical levels reflect in this
relation the structure of the mechatronic modules (Fig. 1).
Using hierarchical system modeling, engineers can get a
basic insight to a complex system, its underlying structure,
modules and subcomponents [11] [13]. The decomposition of
our proposed system – the table – is very straight forward - the
table represents the overall system which consists of the table
top and four table legs.

HIERARCHICAL MODELS

As already mentioned today an engineer who is
developing a complex mechatronic system has a variety of
computer aided methods and systems (CAx-systems) - for the
modeling of the system - to choose from. The quality of the
results gained from these models depends heavily on the
assumptions which were made during the modeling process
and the adequate interpretations of the model results. Also
today’s mechatronic systems mostly consist of a variety of
sub-systems from different disciplines and a lot of confusing
interconnections and sophisticated relations. In order to master
this complexity and to simplify the interpretation of the
simulation results the use of models with different
“granularity” for different hierarchical levels of abstraction are
a promising approach. In the previous section, especially with
[2], we showed that there is a wide range of hierarchical
relations between different design models and the system
under consideration. In the following we will focus on the, in
our opinion, most important and helpful ones from an
engineering point of view.

Figure 1. Hierarchical structure of a mechatronic system

B. Design Parameters
So far, we only have information about the structure of the
system under consideration, but how and in which way are the
different levels linked? For each level and for each system,
module or component, a model can be created. At the top level
this is a so called system model which allows a holistic view
on the overall mechatronic system. Which view the system
model represents depends on the required information which
is needed in the development process. Possible views for
example are a dynamic view or the costs view on the overall
system. It also extracts the main system characteristics and
their relationships. The models at the levels below the top
examine more detailed and specific questions. Every model,
no matter at which hierarchical level, consists of a set of
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parameters. These parameters can be divided into two groups.
On the one hand there are parameters which are only
interesting for the model on the viewed level. On the other
hand some parameters are also needed by other models on
other levels. The first group is called “internal design
parameters”, the second one “external design parameters”.
The external design parameters represents the external links
between the various models on the different levels. For
example, we want to know the total mass of our table. So the
purpose of the system model is to provide a view on a
structural property of the table. To calculate the total specific
mass, we have to know the mass of the table top and of each
table leg. In order to get these values we create one
hierarchical level below, models for each component. In this
case there are simple mathematical models which are only
calculating the mass. Therefore the mass is the external design
parameter, because it is needed by the system model. All other
parameters, like the dimensions of the table leg, the density of
the used material, etc., are internal design parameters of the
model at the second hierarchical level. With that approach, we
can keep the system model simple and do not overload it with
information which is not needed at that level. For example we
cannot make a statement on the system level which kind of
table legs we use, because we see only the mass of it and not
their dimensions. If we want to change the type of the used
table leg we have to go to the models on the second level and
change their dimensions there, calculate the mass and transfer
it again to the system model (Fig. 2). So it is very important to
know which model on which level provides which parameter
in which accuracy.
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representation of the complex system. Each individual model
by itself, even at a higher hierarchical level, might cover only
a few physical problems. However, when these models at
higher hierarchical levels are combined, they are able to
represent the system as a whole (system model). In this way,
very complex design and development tasks can be partitioned
and structured, according to the principle “Divide et Impera”.
It is also possible to detail each model, without losing the view
on the whole system, if the physical problem is not adequate
covered. So it is very helpful to begin with very simple models
which give you a first impression on the system behavior and
the physical effects which should be taken into account. In the
course of the design task these models can then be refined step
by step. Fig.3 shows these different levels of detail of the
models, with the system model at the top. All models at the
underlying levels provide more detail but have the same
system structure (selfsimilarity).

Figure 3. Self-Similarity, Levels of detail

In this section we discussed in general the structuring of a
complex mechatronic system and the releationships of design
parameters within design models and between models on
different hierarchical levels. We also pointed out that by
dividing the mechatronic system into simple models the
complexity can be handled very well. In the next section we
apply these methods for the system modeling of a gantry
robot.
IV.

Figure 2. Parameter transfer “system table”

C. Models
An issue that we also would like to address is, that for each
physical problem or phenomena there is more than one model
to represent it. One possible difference between them is the
degree of abstraction and with that, the number of considered
physical effects. The modeling approach of hierarchical
models at low fidelity levels uses low-order models for the

SYSTEM DESCRIPTION OF THE GANTRY
ROBOT

Gantry robots belong to the group of linear robots. A
standard version consists of an overhead system on which the
three principal axes are mounted. These axes are all linear and
controllable. The overhead system provides a movement
across a horizontal plane. A manipulator, which is mounted
onto an axis - mostly on the axis which is responsible for the
vertical movement - provides the opportunity to handle
workpieces or tools. Gantry robots are often used for “pick
and place” applications. They are characterized by their good
positioning accuracy and their large work space. Also
workshop floor limitations have only little influence on their
usability, due to their overhead operating principle.
The gantry robot, which is shown in this paper, was the
system under consideration in an industrial project between
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the Institute of Mechatronic Design and Production at the JKU
and PROMOT Automation GmbH. PROMOT designs and
manufactures gantry robots which can be used for the feeding
and sampling of workpieces which are processed in machine
tools. The aim of the project was the modeling and the
simulation of the gantry robot to verify the deflection of the
gantry arm, taking the overall system structure into
consideration. With the simulation results, the weak points of
the structure, resulting in large deflections of the gantry arm,
should be identified. These investigations build the basis for
significant improvements of the system.
The main components and their dimensions are shown in
Fig. 4 and Table 1. They are the gantry arm, the four z-posts,
the two y-posts and the rail system. The gantry robot
considered for this paper has only one horizontal beam,
namely the front one.

A.
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Model purpose, system boundaries and load cases
With the help of the models it should be determined:
•

The deflection of the gantry arm at the point where the
manipulator is mounted, measured in the y-axis.

•

The amount to the total deflection caused by each
component.

In principle, the main components (Table 1) of the gantry
robot consist of different profiles which are assembled through
bolted joints. For the movement of the axis and the gantry arm
electric drives with trailing cables and rail systems are used.
At the end of the gantry arm, the manipulator is mounted. The
system boundaries are defined as follows:
•

Each z – post is fixed to the ground (fixed bearing).

•

The trailing cables are not modeled.

•

The manipulator itself is not modeled. Only the point,
at which it is mounted, is used as the point for the
force application.

As a load case, a force Fp = 200 N is acting on the lower
end of the gantry arm in the direction of the y-axis.
The range of validity for this investigation is defined as
follows:

Figure 4. Gantry robot ©PROMOT

V.
TABLE I.

SYSTEM MODELING

Dimensions of the gantry robot
Value

Unit

gantry arm

1,5

[m]

horizontal beam

6,0

[m]

z - post

3,0

[m]

y - post

2,5

[m]

The models used, are only valid during linear, elastic
material behaviors. That means that Hook’s law can
be used.

•

All material characteristics are depending on the
temperature. With strong rising temperatures for
example the Young’s modulus is changing extremely.
So the created models are only valid around room
temperature.

•

A moderate environment is assumed. Corrosive
mediums would affect the simulation results.

B. Structure of the gantry robot
For a better understanding and to know which models we
have to build, we structured the whole gantry robot in the
following way (Fig. 5).

DIMENSIONS OF THE GANTRY ROBOT

Component

•

Figure 5. Structure of the gantry robot

Before starting modeling, the purpose of each model and
the aim of the simulation have to be defined. In addition, the
system boundaries, the load cases and the boundary conditions
have also to be determined. For each modeling task, the range
of validity has to be set up.

During the next steps for each component models are built.
We will begin with the creation of a finite element model for
the deflection of the gantry arm in the y-axis. In order to have
a comparison, we also build a mathematical model. After that,
the model for the horizontal beam will be created. Then the
model of the gantry arm, the horizontal beam and the model of
the rail system are merged. In a next step the models of the zpost, the y-post and the bolted joints will be added.
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C.

Model of the gantry arm
For a first estimation of the deflection of the gantry arm
we consider it as a one-sided fixed beam. The material of the
beam is S235 and it has a u-shaped cross section. The finite
element model shows a deflection of w = 0.69 mm. The
mathematical model of the deflection w can be set up as
follows

w=

3
1 Fp l p
.
3 Ep J p

(1)

Whereby lp is the length of the gantry arm, Ep the Young’s
modulus and Jp the moment of inertia of area. This results in a
deflection w of 0.73 mm. So the divergence between these two
models is about 5.7 % which means that the finite element
model can be considered as adequate. Since the FE-models
used in this case are modeled in an early design phase, the
parameters which are used contain a certain inaccuracy, so
that – in our opinion – a difference up to 10% would be
acceptable. With these results we have also a first indicator for
the order of the magnitude of the deflection.
D. Model of the horizontal beam and Model of the z- and ypost
The horizontal beam has a rectangular hollow section and
is made out of S235. The z- and y-post have rectangular-cross
section and are made also out of S235.Because the geometry
of these sections is very simple, modelling it is straightforward
and thus, not discussed in more detail here.
E. Model of the rail system
The rail system will be assumed as a rigid body in the
finite element simulation. It is modeled as a rectangular solid
with the length l, the height h and the width b. Since the
amount of the total deflection should be the result of the
simulation the value of the stiffness of the rail system has to
be added to the rigid body. This can be performed over the
Young’s modulus which can be assigned to the body in the
finite element simulation. The manufacturer of the rail system
provides values of the stiffness (cr) which can be converted
into the Young’s modulus (Ers) in the following way
E rs =

cr h
.
lb

(2)

Figure 6. Simplified FE-model of the gantry arm, the horizontal beam
and the rail system

G. Model of the bolted joints
The bolted joints consist of four M12 – bolts which are
arranged in a parallel connection to each other. For each bolt a
replacement-stiffness cb can be determined in the following
way
cb =

E b As
.
lc

(3)

Whereby lc is the clamp length, Eb the Young’s modulus and
As the stress area of one bolt. The total replacement-stiffness
cba of all four bolts can be calculated with

cba = 4 cb .

(4)

As a finite model for the bolted joints we use a rigid
rectangular - with the dimensions l, b and h - and assign the
above calculated replacement-stiffness with the help of the
Young’s modulus (ES) to it.
ES =

cba h
.
lb

(5)

H. Overall model of the gantry robot
In the overall model, the models of each component are
brought together (Fig. 7) and the value of the deflection of the
whole gantry robot can be calculated. The bolted joints are
inserted between the z post and the horizontal beam. The

F.

Model of the gantry arm, the horizontal beam and the
rail system
In the next step, the model of the gantry arm, the model of
the horizontal beam and the model of the rail system are
merged (Fig. 6).
For the simulation, the ends of the horizontal beam are
assumed as fixed bearings. The value of the deflection is about
w = 2.5 mm. When we built this model without the model of
the rail system the deflection is only w = 0.77 mm. This results
shows that the rail system has a big impact on the total
stiffness of the system. So, attention has to be paid on the
modeling of the rail system. Every simplification has to be
under review if it is acceptable or not.
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model shows a deflection w = 2.7 mm.
I. Discussion
The models formed above should help to answer the
questions which we have defined at the beginning of this
chapter. First, the simulation results show that the deflection
of the gantry arm, in consideration of the whole system, is
about w = 2.7 mm. Second, the amount to the total deflection
of each component could be determined. It is noticeable that
the rail system and the gantry arm have the largest impacts on
the stiffness of this gantry robot. So in order to improve the
overall system these two components should be analyzed first.
Possibilities to enhance the stiffness of the gantry arm could
be the change of the used cross section or the usage of another
material for example. In the case of the rail system another
kind could be installed. There is a wide range of rail systems
which have, as one possible distinguishing factor, different
kinds of rolling elements and with those different amounts of
stiffness.
With the help of the hierarchical modeling of this
industrial gantry robot we have showed that it is not always
necessary to build highly detailed and complex models at the
start of an engineering task. For a first evaluation of the
system under consideration, and to know which physical
effects have to be taken into account, simple hierarchical
models are a very useful mean. They provide a first insight
into the values range of the different effects and point to the
critical areas of the system. As a result a good overview of the
systems structure is provided to every engineer. Naturally the
system model and the models for each component could be
built by using the elastic beam theory - we have shown that
exemplary for the model of the gantry arm under V.C. – but
our intention was to show that in the conceptual phase a
simple model is sufficient. This model can be mapped in the
same tool which is also used in the later design phases in
which the model is then more detailed. The design engineer
doesn’t have to switch tools to build the simple models and
the detailed models. He can work seamless with one tool from
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Abstract— Model Based Systems Engineering (MBSE) has
gained in importance, starting with the early life-cycle phases of
complex products and services. This approach enables the linking of internal and external stakeholders with the emerging
system architecture, as well as the functional system behavior
with the means of solution-independent system descriptions. The
Systems Modeling Language (SysML) is a standardized (OMG)
set of classes, supported by methods and tools, to describe a
product model based on requirements, functions, behavior and
logical building blocks. Nevertheless the vast number of generated partial models raises the need for a standardized, from a
semantic point of view well-defined, terminology to trace certain
aspects to system and process level, especially for the emerging
highly-connected cyber-physical systems. Therefore the managing of information in product development processes needs to be
uplifted from the traditional document-oriented approach to a
business & engineering object-oriented lifecycle management.
This paper focusses on the applicability of the so-called System
Lifecycle Management (SysLM) as a cornerstone for the future
development of cyber-physical or mechatronic systems. This
includes the integration of modeling techniques (prescriptive,
descriptive) and early verification & validation based on e. g. Xin-the-Loop technologies as well as the satisfaction of related
process demands, e. g. safety aspects (cf. ISO 26262).

I.

INTRODUCTION

Statistics from recent years show the constant change of
the product development process (PDP). This change is a
result of differing market conditions due to new customer
needs, and therefore new product requirements. On the one
hand, the vast number of product derivatives and variants
gives reason for the increase in product complexity. On the
other hand, product complexity is caused from the steady
increase of in-product-mechatronics, namely electronic and
embedded software components. The contribution of electronics and software to the product has risen steadily in recent
years. For vehicles, this contribution can be currently assumed

to approx. 40 percent. If products are able to communicate
with each other, depending on the industry, the term cyberphysical systems [3] or Internet of Things is used nowadays.
This change has created the need to derive new actions to
adapt process models for the interdisciplinary product development. Engineering activities along the whole product lifecycle (from requirements elicitation to the product’s disposal)
have to be integrated and supported along the value-added
network by organizational and technical means.
II. DISCIPLINE-SPECIFIC

DESIGN METHODS AND
PROCESS MODELS FOR PRODUCT DEVELOPMENT

There is a lack of well-established, industrially-adopted
design methods and process models for the interdisciplinary
development of products and systems. Nevertheless, since the
1970s Europeans introduced function-oriented design methods
with derived development processes. These design methods
are not based on formal languages and focused on singular
disciplines solely.
Design Methods and Process Models for Mechanical
Engineering
Almost all established mechanical design methods and
process models (Andreasen [1]; Pugh [22]; Cross [4]; Ehrlenspiel [6]; Pahl, Beitz [19]; French [10]; Malmqvist [18]; Eder,
Hosnedl [5]) assume four main phases for a generic PDP (Figure 1).
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1)

Clarify system requirements and tasks to do.

2)

Develop the system’s concept.

3)

Design and elaborate the system.

4)

Detail the system.
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Figure 2. Example of a Electronical Design Method: the GajskiKuhn Y-Diagram [12]
Figure 1: Example of a mechanical Design Method and Process
from Andreasen [1]

All mentioned design methods process models emphasize
uniformly functions and their implementation for feasibility as
the central role within concept phase. E.g. the approach of
VDI guideline 2221 [28], which was elaborated by German
product design scientists amongst others, had become the
common understanding in the German-speaking countries in
those days. A different approach, the so-called Münchener
Produktkonkretisierungsmodell, has been taken by Ponn &
Lindemann [21]. Requirements play an important role in this
approach, as they influence the functional, effect and construction layer.
Design Methods and Process Models for Electrics and
Electronics
In the field of electrics and electronics (E/E) the design
methods and processes show a broader range. This has been
caused by the fast changes in technology. The VDI/VDE
guideline 2422 [29] for the design of electrical devices is
derived from the VDI guideline 2221 for mechanical design
[28]. In the application field of digital circuit design many
models of the design process distinguish only little in terms of
the classic abstraction levels. An important classification
characteristic for each design model is the level of technology
independence. These models include, for example, the topdown and bottom-up design [19] [17] as well as the Jo-Jo
model, which emerged from both. The Y-diagram was
developed by Daniel D. Gajski and Robert Kuhn in 1983, and
describes the perspectives in the hardware design, especially
for developing integrated circuits [12]. Gajski distinguishes
for hardware design three different domains: behavior,
structure, and geometry. The three domains are represented as
the Y axis in the model (figure 2). Principle of the Y-Model is
that no process model is predicted. Another pragmatic
approach for a design process of integrated circuits has been
developed by Lienig [15].

Design Methods and Process Models for Software
Engineering
Software engineering has become a detailed and comprehensive development method for software products. As in the
field of E/E, software engineering focuses on the functional
and behavioral aspects, which is a distinguishing characteristic
compared to the approaches from mechanical design [25].
From software development, the first V-model [2] originates.
Because of the high costs for creating and maintaining complex software the development is set on structured, strictly
phase-oriented, and highly formal process models (figure 3).
These include, for example, the phase model, the waterfall
model, the iterative prototype model and also the document
and product model (V-model of software development) [2,
16]. With advancement of object-orientation, the Unified
Modeling Language (UML) for software development as well
as process models such as the Unified Software Development
Process (USDP) has been developed [24]. UML enables the
modeling of behavioral, functional and structural aspects of
software systems. From the USDP, IBM derived the Rational
Unified Process (RUP).

Figure 3: The Waterfall Model from Boehm [2]
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Agile or lightweight software development is the collective term for the use of agility and flexibility in software development [31].
III. INTERDISCIPLINARY DESIGN
PROCESS MODELS IN
SYSTEMS ENGINEERING

METHODS
MECHATRONICS

Eds. Leo J De Vin and Jorge Solis

systems nowadays. SE is based on the assumption that a system is more than the sum of its subsystems or components.
For this reason the total correlations have to be taken into
consideration. As elaborated by the International Council on
Systems Engineering (INCOSE), SE is a discipline whose

AND
AND

In 1969 the Japanese used the term mechatronics for the
first time [13]. This term is a combination of mechanics and
electronics. At first, it had been characterizing the electrical
and electronic functional enhancement of mechanical components and equipment [25]. The importance of software as a
valuable part of mechatronics has increased years later. From
the beginnings as a combination of words mechatronics have
become worldwide respected scientific engineering work area,
which focuses on the interdisciplinary systems approach at the
heart of product development [14]. In Chapter II it was shown,
that engineering in education and industry was dominated by
discipline oriented culture and behavior. Even the few approaches to establish mechatronic design methods or design
process models were mostly influenced by their initial discipline. A potential solution may be the X-Model derived from
the Y-model of Gajski-Kuhn is shown in Figure 4 [7].

Figure 5: Model-Based Systems Engineering according to
Friedenthal [11]

responsibility is to create and execute an interdisciplinary
process to guarantee, that customer and stakeholder requirements are fulfilled in high quality, in a reliable, cost-effective
manner and in a given time over the entire product life cycle
[26]. The conventional application of systems engineering is
paper- or document-based, while Model-Based Systems Engineering (MBSE) can be seen as a transition from a documentto a model-based design process model [11]. MBSE is a multidisciplinary approach and is based on developmental stagespecific, digital system models, which are integrated throughout the product development process, as shown in figure 5.
MBSE models from the USA emphasize very strongly the
system modeling approach. The administration of the arising
information is not considered. PLM solutions provide for this

Figure 4: The X-Model as an approach for a potential
interdisciplinary Design Method [7]

This method could potentially form a common approach of
a design method for all three mechatronic disciplines. By
eliminating one each axis, the various disciplines can be represented:
x

Mechanics: elimination behavior (the mechanics describes the behavior not detailed as part of requirements modeling, but behavior is a typical result from
the simulation).

x

Electronics (possibly eliminating the function).

x

Software (elimination of the geometry).

Since the early 1960s, systems engineering (SE) has been
defined as an interdisciplinary, document-driven approach for
the development and implementation of complex technical
systems, particularly in the American aerospace and defense
industry. Within the software and electronics industry, this
approach has been adopted and extended. It provides support
for modeling and simulation of complex, highly networked

Figure 6: System Model must be administrated by PLM (based
on discussions with Chris Paredis [20])

purpose, in which key product information from the entire
development process of all persons involved in the process are
supported and administered together. The presented MBSE
process model is therefore based on two solution levels, the
system modeling level and the administrative PLM level, as
shown in figure 6 structural information derived out of the
system models is propagated to the PLM backbone. Links
between requirements, system elements and engineering BOM
parts enable traceability on the PLM level. Since the PLM
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data models must be expanded extremely to the systemtechnical elements, the idea of System Lifecycle Management
(SysLM) as an extension of the former PLM approach has
been formed for this purpose [7, 27].
Integration problems of the components during the late development stages can be addressed upfront by using capable
modeling languages as early as possible. The evolving system
models support designing the system’s architecture by defining the correlations between system requirements, functions,
behavior, and structure. The integrated model-based development is of central importance in virtual product development
and therefore, it can be seen as a major challenge for the optimization of the product development process for mechatronic
and especially for cyber-physical products and/or systems.
IV. ADVANCED MBSE PROCESS MODEL
Model-based systems engineering as design process may
contribute to describe a multidisciplinary product in an abstract way and can be used for example together with the design method of the X-Model (figure 4). An extended VModell based on VDI 2206 [30] defines a systematic approach
for the development of mechatronic systems. The focus is on
the left side of the "V" and expanded it using tools of modelbased Systems Engineering, as shown in figure 7.
Three levels of modeling can be identified:
x

Modeling and specification: A system is described by
qualitative models. These include requirement, functional, logical or behavioral system structures. The
models are descriptive and cannot be simulated. The
authoring tools are graphical editors for description
languages such as SysML.

x

Modeling and first simulation: At this level quantitative executable models are usually created as multiphysical simulation models that involve multiple disciplines. Simulation editors serve as authoring tools,
such as Modelica, Matlab/Simulink or Verilog,
VHDL and SystemC in electronics.

x

Discipline-specific modeling: At this level, for example, geometry or CAE models are created which have
a very discipline-specific character. CAD systems or

Eds. Leo J De Vin and Jorge Solis

discipline-specific calculation and simulation software
serve as authoring tools.
Until now there is no consistent data or information exchange from the model-based specification of the first simulations to the corresponding disciplines. Exactly an incremental
and integrated review of properties with virtual testing requires the development of requirements and defined test scenarios. A full definition of all requirements, functions and
logical system elements is difficult to achieve at the beginning. Hence the development process of the introduced Vmodel should proceed in incremental loops and further refine
all aspects. The iterations start with the smallest V until it
moves over the virtual test iterations with detailed simulation
models for physical examination. Every iteration loop represents an increase of knowledge about the product.
Transformation of the MBSE Approach During the Early
Stage with SysLM
The management of functional and behavioral description
models in SysLM can be the medium for traceability of
changes to requirements, functions and behavior, logical and
physical elements throughout the product life cycle in the
early planning phases. An example of this is the possibility to
create an assignment by the functional description which requirements affect a change of the product structure and vice
versa (traceability). This also means that the so-called affected
items of the change process will increase and that already the
early design phase is concerned. The functional product description describes the system from a function-oriented perspective. These include the requirements, the functional and
logic elements of the system as well as at logic-driven solutions and even the behavior of the proposed product/system.
SysML is suitable for the modeling of these aspects, because it
is a standardized modeling language and many graphical tools
for modeling exist.

Figure 7. Advanced V-model of Model Based Systems Engineering [8]
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SysML Data Model for MBSE
Figure 8 illustrates a configuration for the integration of
requirements (R), functional (F) and/or behavior (B) product
definition with logical breakdown structures (L), crossreferences between specific model elements based on matrices
and the internal connections. It is assumed that the requirements and the BOM structure (bill of material) in the PLM
system already exist. The functional product description integrates between requirements and the BOM structure. Functions may be modelled hierarchically as a functional breakdown structure, e.g. in a SysML block definition diagram.
Logical system elements represent the realization of functions
with a physical effect and define system characteristics and
properties. A system element may reference external models
as binary files. A logical system element is connected with
technical master data and the E-BOM that reference M-CAD
or E-CAD files as well as software sources and binaries. The
simplified data schema is shown in figure 9.

Eds. Leo J De Vin and Jorge Solis

oriented Team Data Management to PLM/SysLM is shown in
figure 10. With the SysML data modeling and its mapping to
SysLM, a bridge is placed between requirements, specific
BOM and master data management. Thus, an important prerequisite for fulfilment of various standards (ISO 26262,
EN50128, 178B) can be achieved: the traceability of changes.
A first prototypical implementation of system models in a
SysLM/PLM environment based on the extended V-Model
(figure 7) is realized as part of the German research project
mecPro². The following customizing extensions have been
made to the PLM/SysLM solution:

The connection of a graphical editor for SysML as an authoring tools and the mapping of SysLM elements via a file

x

Adding new object classes Requirement (R), Function
(F) and Logic (L) including their structures, relations,
attributes, and user interfaces.

x

Integration to the existing PLM element E-BOM (P).

x

Transfer of existing methods, such as Insert, Modify
and Delete.

x

Integration into an adapted release and change processes.

Figure 8: VPE Research Project mecPro²
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Figure 9: SysML Profile for MBSE

x

Integration of the SysML Authoring Tool with
SysML/PLM

In Figure 11 it can be seen that similar to the integration of
CAD to PLM that PLM commands are integrated into the
command structure of SysLM/PLM (load and store). In Figure
12 the new object classes RFL were included into the data
model and in the command structure of the PLM/SysLM solution. By linking with the design master data and parts lists
included in the original scope of a PLM -end integration of
requirements, functions , logical blocks and the development
of BOM has been reached (E -BOM) .

possible with relatively low effort by modern SOA-based
architecture, the openness of the interfaces and the simplicity
of customizing a repository-based approach of both systems.
Because this is an integration based on propriety interfaces of
the SysML tool as well as the PLM/SysLM solution, further
effort will be invested in a neutral OSLC (Open Services for
Lifecycle Collaboration) based integration.

Figure 13 shows a special developed viewer, which gives a
representation of the RFLP elements. This integration is made

Figure 10: Integration of a SysML authoring tool with PLM/SysLM
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Figure 11: Authoring system – PLM Connector

Figure 12: System Model in SysLM Backbone

Figure 13: VPE Viewer for RFLP
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Abstract— This paper discusses the development of a walking
assist machine for supporting daily mobility of persons with
hemiplegia. First of all, the composition of the entire mechanism
including a leg motion generator, a crutch unit and a turning
mechanism was figured out to achieve a prompt support with
necessary minimum degrees-of-freedom of each unit. Next,
design of the leg motion generator mechanism was mainly
discussed. By using a slider-crank mechanism as a linear
actuator together with two mechanical brakes, the mechanism
achieves gait cycle while achieving minimal constraint of user’s
joint. A kinetostatic analysis was formulated in order to evaluate
the effectiveness of the slider-crank mechanism on the reduction
of driving energy, and to determine the desired trajectory for
the actuator and brakes together with the result of motion
analysis experiments of healthy subjects. Validity of the
proposed methodology was experimentally demonstrated by
using prototype walking assist machine.

I.

INTRODUCTION

In order to establish sustainable aged society, engineering
solution for providing daily mobility assistance is important.
In case of Japan, there are 0.83 million people[1] who have
disability issue in their lower limbs and most of them are
relying on wheel chairs. Although wheel chair is stable and
easy to use, it also has many considerable disadvantages such
as restriction in range of activity due to large footprint and
difficulty of step climbing, lower field of vision and range of
reach, and lower visibility from other people. In order to
solve these problems and support such people to establish
independent daily lives, upright-type walking assist machine
is strongly required.
In the field of walking assist of people having lower-limb
disability, many research works have already done.
Application of robotic devices such as powered suit HAL[2],
walking chair using biped robot[3] etc. are the most popular
approaches. However, such devices tend to become
complicated and expensive. Although specially designed
spatial parallel link mechanisms have also been developed[4],[5],
such mechanisms tend to become complicated. In order to
figure out simple and light-weight walking assist machine, a

Graduated student of Dept. of Mechanical Sciences and Eng.
Tokyo Institute of Technology
Tokyo, Japan

fact that many paraplegics are maintaining upper-limb
function as same as able-bodied people is worthy to be
considered. In such case, assist device using crutch will be a
practical solution[6],[7]. From this point of view, the authors
have designed a device called walking assist machine using
crutches (WAMC), illustrated in Fig.1, which utilizes user’s
upper limb ability to support and handle the body mass using
crutches. This design provides many benefits such as simple
and light-weight design, establishment of stable standing, low
energy consumption and enhancement of user’s health.
However, since this machine was designed for paraplegics, it
was not fit for the use of hemiplegics. In this paper, the
authors will propose a novel walking assist machine with
crutch for hemiplegics (H-WAMC). In case of hemiplegics,
there are many problems that are not considered in case of
WAMC. For example, the machine should assist not only the
user’s leg but also one’s arm to support the user’s body at any
time since both of them are disabled in case of hemiplegics.
In the following sections, composition of the H-WAMC
will firstly be discussed. After that, detailed design of the leg
motion generator, one of the important components, will be
proposed to achieve simple composition with necessary
minimum number of actuators. In order to achieve energy
saving and safeness, a slider-crank mechanism will be
employed as a linear actuator, and its effectiveness will be
evaluated based on a kinetostatic analysis.
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(a)Conceptual drawing

(b) Kinetostatic model

Figure 1. Overview and schematic of WAMC
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By the characteristics of input/output relationship of the
slider-crank mechanism, reasonable design and actuator input
trajectory will be determined, and validity of them will be
demonstrated through the result of motion control experiment.
II.

COMPOSITION OF H-WAMC

A basic composition of H-WAMC can be illustrated as
shown in Fig. 2. In this concept, the machine consists of three
main units, Leg Motion Generator, Body Attachment unit and
Crutch unit. Concept of each unit is as followings.
A body attachment unit connects all the devices and parts
together and supports the weight of the H-WAMC. The unit
is attached to the user's upper body to fix the device firmly so
that it will not rotate or slip during an operation. The unit
holds batteries and electric control circuits. In between the
body attachment unit and leg motion generator, there is a
turning mechanism constituted in the lumbar support base to
make a pivot turn of user’s body.
A leg motion generator is attached to user’s hip joint and
foot on disabled side to assist the user to walk like healthy
people. This unit has an input by a linear actuator which
varies the distance between one’s hip and foot. This structure
aims to minimize the constraints on user’s joint and to
achieve a safe, simple and lightweight structure.
A crutch unit also plays an important part of H-WAMC to
guarantee the safety during a gait of the leg motion generator
by supporting the user’s body instead of one’s arm. The unit
consists of at least one actuator that controls the movement of
the support link synchronously to the leg motion generator to
grants the stability of user by maintaining a three-point
suspension together with the user’s leg and crutch on healthy
side while the leg motion generator performs a swing gait.

the energy consumption. In order to solve this problem, a
slider-crank mechanism is employed as it can generate a
reciprocal motion of a slider while an input crank keeps
rotating in a same direction.
In order to verify the above concept, a motion analysis of
healthy subjects was conducted using an optical 3D motion
capture system (MAC3D, Motion Analysis Corp). Measured
joint trajectories of 4 subjects were normalized by gait cycle
time, and principal component analysis (PCA) was applied to
extract 1st and 2nd main components to calculate a reference
trajectory plotted in Fig.4. By comparing this trajectory with
motion of the proposed mechanism, a suitable pattern of
brake switching with respect to a slider’s motion generated by
a continuum crank input was discovered. Figure 5 illustrates
the motion of type-I and III mechanisms to reproduce the
reference trajectory, and both of them could achieve gait
transitions as shown in the figure.
B. Evaluation of Energy Saving of the Linear Actuator
Effect of the slider crank mechanism on the reduction of
energy consumption is validated with dynamic analysis.
Body attachment unit and harness

Battery and contol unit
Turning unit

Control interface with
Ordinary crutch

Leg motion
generator

DESIGN OF THE LEG MOTION GENERATOR

Crutch unit
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Figure 2. Composition of H-WAMC
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A. Synthesis of the Mechanism
To achieve a simple composition and essentially minimal
constraint of user’s joint, four types of mechanisms were
figured out as illustrated in Fig.3. All of these mechanisms
use a single linear actuator between joints (U) and (L), and
two mechanical brakes on knee joint (K) and ankle joint (A).
Indeed each type of (a)-(d) has different arrangement of the
linear actuator and brakes, but all of them can achieve a gait
by driving them synchronously. By selecting one of the
brakes on knee or ankle to hold, the other joint can be driven
by the actuator. Since the hip joint (P) is passive, it swings
like a pendulum during swing phase after kicking off the
ground under the assistance of the mechanism, and rotates
according to the motion of healthy leg, crutch unit and crutch
on health side while keeping a three point contact during
stance phase. During this cycle, the linear actuator should
achieve reciprocating motion since a leg once extends to kick
the ground and then contract to avoid the interference
between the foot and the ground, and finally extends again to
touch down. When that motion is generated by a computer
controlled servo motor, there will be remarkably large peaks
of acceleration and deceleration since the motion should be
accomplished within a short moment, and that will increase

T [deg]

III.
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Figure 6. Static model of the two linear actuators

(4)

TABLE I.

PARAMETER SETTING FOR DYNAMIC MODEL ANALYSIS

Length [m] Mass [kg] Inertia [kg m2]

"a 0.043 ma 0.052 I a 3.525 10-5
"b 0.135 mb 0.135 I b 2.770 10-4
"c N.A. mc 0.425 I c
N.A.

(5)

where Ta, Tpmax, Tu , Fa, l and K are the necessary driving
torque when the ball screw is rotated at a constant velocity, Z,
the maximum friction torque, friction torque of the supporting
bearings, friction force on a linear guide, pitch of the screw
and driving efficiency. In this case, values of the parameters
were given as l=0.01m and K=1.0 are used. Finally, driving
torque of the motor to accelerate/decelerate is determined as

W

) (

K

K

50mm

Clearance btw. the foot
and ground < 50mm

Free

Lock

K

mc

(6)

where J is the equivalent inertia of the system which includes
the inertia of the ball screw, coupling, rotor of the motor etc.
Finally, the driving power of the motor is obtained just same
as eq.(4) as

Driving power |P| [W] Output Disp. [m]

Ta  Tpmax  Tu

A

Hip joint passes over
the ankle joint

WA "a
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WTA .
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90
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In case of ball screw, the driving torque is calculated as

W1

Flexion region

Figure 5. Relationship between the state of two brakes, stroke of the linear
actuator and gait transition (in case of Type-I mechanism)

Finally, driving power of the mechanism is determined as
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where rTB = XB/(XB XC), rGa = [YGa, XGa]T, rGb = [YB (YGb
YB)rTb, XB+(XGb XB)rTb]T and rGc = YB+[(YC YB)/(XC
XB)]XB. Subsequently, driving torque,W$ is obtained as
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Where Ga, Gb, Gc are the position of each center of mass, and
they can be calculated as functions of crank input, TA. Eq. (1)
thus can be written as

b

Free
Enabled

H

T

c

Enabled
Free

Time

WTA  (mag  maGa )T G a  ( I aTA )TA

c

Free
Enabled

Phase#1

Actuator stroke

Theoretical model of the slider crank and ball screw
mechanism as a reference are illustrated in Fig.6. In the
calculation, the actuator assumed to move a mass of 15kg,
which is same to the weight of typical adult male’s lower leg,
reciprocally in vertical axis within a stroke of approximately
0.1m according to the trajectory shown in the upper side of
Fig. 7. This trajectory is required to achieve a suitable walking
assist as it will be discussed in the following section. In case
of slider crank mechanism, values of the design parameters are
determined as shown in Table I. By using those parameters
and crank input angle, the following equation can be written
under the consideration of D'Alembert's principle,
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PBallscrew

W 2Z .

where

(7)

The amplitude profiles of the driving power by the eqs.(4)
and (7) , |PSliderCrank| and |PBallscrew|, are plotted in the bottom of
Fig.7. It can be seen that the power of slider crank is always
lower than that of ball screw, and when they are compared by
their accumulation in normalized time which is determined as
1

Ȇ

³ | P | dt ,

Eds. Leo J De Vin and Jorge Solis

(8)

~
t 0

3SliderCrank is 14% lower than 3Ballscrew. From this result, it was
proofed that the linear actuator using slider crank mechanism
is efficient for energy saving.

KT 2

KA 2  AT 2  2KA  ATcos(T A,#3 ),

T A ,# 2

T A ,# 2 , PT#2

PD  0.05.

4) State #4 and #5
Since the angle of ankle joint at the state #4 and #5 are
common, and that of knee joint is also same to the state #3. In
addition, the state #5 is same as #1. Desired joint angles in the
state #4 thus can be determined as TK,#4 = TK,#3, TA,#4 = TA,#1,
and that in the state #5 can be determined as TK,#5 = TK,#1, and
TA,#5 = TA,#1.

D. Determination of design parameter and actuator input
A suitable design of H-WAMC was figured out by a
systematic procedure as followings. Firstly, six-design
parameters, lPK, lKA, lATH, lTH, lKU and lAL, were defined as
shown in Fig.8. Four of them, length of thigh lPK, lower limb
1) State #1
lKA, and foot lTH, and height of foot lATH are given from the
In the initial state, angle of each joint, Tknee and Tankle, are averaged human body dimension as lPK=0.4m, lKA=0.4m,
determined as 165 degrees and 75 degrees, respectively, lTH=0.26 and lATH=0.1m. The residual two that determine the
according to the human gait analysis result shown in Fig.4 (b). location of knee and ankle joint were investigated in a domain;
Position of the ankle joint on healthy side, TD,#1, is determined [-0.1m <= lKU, lAL <= 0.2m]. Among this domain, distance
since the distance between P and D is considered as a constant. between the link KA and joint U, and the link UL and joints K
and A are calculated to check whether they were interfering
2) State #2
with each other or not. Figure 9 illustrates the region of the
two
parameters that have no interference in case of Type-I
The end of the first phase is the moment to kick off the
mechanism,
and the number in the figure indicates the
ground by H-WAMC. Since the configuration of the
amplitude
of
the linear actuator stroke within a cycle of gait.
mechanism at this moment is dominated by the supporting leg
In
this
research,
value of the two parameters was determined
as TD,#2=90 [deg], and the angle of knee joint, TK, is assumed
according
to
the
point
located by the filled circle in the figure,
to be same to that in the state #1, the angle of the ankle joint is
[l
KU, lAL]=[-0.153, 0.180] for Type-I mechanism and [lKU,
determined as
lAL]=[0.125, 0.180] for Type-III mechanism. These
configurations
are selected so that common linkage parts can
2
2
2
§  PT  PA  AT ·
be used to construct prototype apparatuses of both Type-I and
¸¸
T A,#2 cos 1 ¨¨
2PA  AT
III mechanism.
©
¹
(9)
2
2
2
By using the above mentioned desired configuration at
§  PA  PK  KA ·
¸¸,
 cos 1 ¨¨
each
state and the design parameters of link length and joint
2PK  KA
©
¹
location, dynamical simulation was performed to calculate a
suitable actuator input to achieve walking motion of Hwhere
WAMC. Figure 10 illustrates the free body diagram. In this
figure, not only the links of H-WAMC but also the thigh and
PA 2 PK 2  KA 2  2PK  ATcos(T A,#2 ),
lower leg of a human user drawn by dashed line are also
PT 2 PD 2  DT 2  2PD  DT cos(S  T D,#2 ),
included. Supporting leg on the healthy side is considered as a
rigid beam PD. Physical property of each link was given as
T K , # 2 T K , #1 .
shown in Table II, in case of Type-I mechanism. Among the
forces and torques in Fig.10, TK and TA becomes reciprocal,
3) State #3
since they are the brake torques at knee and ankle joints. In the
At the end of the second phase, H-WAMC is swinging dynamical analysis, the phase #1 with double-stance condition
forward through the supporting leg. At this moment, a and the phase #2 with single-support condition are considered.
minimum distance between the toe and ground is determined In the phase #1, unknown factors are F , F , F , F , F , F ,
D
P
K
A
Ph
Kh
as 0.05m. A desired knee joint angle is determined as
FAh, FU, FM, FL, FT, TK, and TM. Since each F vector contains
two components in x and y axes, total number of unknown
2
2
2
·
§
1  PT#2  PK  KT
parameters is 24. They can be obtained by solving
¸
T K,#3 cos ¨¨
¸
simultaneous equations based on the balance of forces and
2
PK
KT

¹
©
(10)
torques among the 8 links while considering the linear
2
2
2
actuator’s displacement, velocity and acceleration as input. In
·
§
AT
KA
KT



¸¸,
 cos 1 ¨¨
the phase #2, unknown factors are FD, FP, FK, FA, FPh, FKh,
C. Desired configuration in each state
Each 5-periodic state among a gait cycle shown in Fig.5
are determined as followings.

©

2KA  KT

¹
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DESIGN OF THE CRUTCH UNIT

As explained in the section-II, the crutch unit should
support the user’s body while the leg motion generator is
performing a swinging motion. In order to establish a stable
support, user’s hip joint should be kept at a suitable height
against the ground while going forward synchronously to the
leg motion generator. Since the crutch unit has a long rod
contacting to the ground, it is required to adjust the length of
the rod and its inclination angle against the ground as shown
in Fig.12.
In order to acquire a desired motion of the crutch unit,
human motion analysis using a mock-up crutch unit
composed of a passive spherical joint at the hip joint and a
sliding link capable of changing its length while adapting to
subjects’ gait was carried out with two healthy male subjects,
whose details are shown in Table III. In this experiment,
length and orientation of the slider link and amplitude of the
ground reaction force at the end-point of the crutch were
measured. The obtained results are summarized in Table IV.
In this table, minimum/maximum length of the slider link and
amplitude of ground reaction force are normalized by the
height and body weight of each subject. From these results, it
can be seen that changes of slider link of two subjects were
close, 8.6% and 5.9% of each subject’s height, and the
trajectories of the slider link’s end were almost same as
shown in Fig.13. The width of the trajectory was
approximately 400mm and its height was 50mm.
In order to provide proper support, a novel single DOF 6-bar
mechanism shown in Fig.14 was figured out. The mechanism
is composed of a four-bar mechanism module, J1-J2-J4-J5, and
a slider crank mechanism module, J1-J3-J6-P. Since the output
point, P, is driven by both of the four bar mechanism and
slider crank mechanism, the orientation and length of the
slider link part, J5-J6-P, are dominated by each of those
modules, and profiles of them can be adjusted independently,
yet the whole mechanism is driven by a single rotary actuator.

0.20

0.20

0.18 100

0.18

8590

0.16

70

80

90

0.16

lAL [m]

IV.

Kinematic analysis of the mechanism was performed to
find a suitable parameter configuration by carrying out
iterative trials while manually changing certain parameters,
length of l1, l2, l3, l4 and angle I1, formed by J2, J1, and J3 and
rotation of the entire unit, ), while determining residual
parameters to fit to the physique of typical adult male subject.

lAL [m]

FAh, FU, FM, FL, [TK / TA], TM, TPD , and TPK , and the number
of unknown parameters is again 24. They can be obtained by
solving the simultaneous equation as same as the phase #1.
Figure 11 illustrates the gait motion achieved by obtained
input trajectory in case of Type-I and III mechanisms.
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Figure 9. Parameter domain for Type-I and III mechanisms
PHYSICAL PROPERTIES OF EACH LINK (TYPE-I)

TABLE II.
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Figure 8. Definition of kinematic parameters

Figure 11. Resulting gait motion of the dynamical simulation
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The obtained parameters are shown in Table V. These
parameters provided the closest result to the reference tip
trajectory of the slider link obtained by the previous human
motion analysis. A result from the simulation program
calculated using these parameters is shown in Fig.15. From
the closed-loop indicating the tip trajectory, the swing range
of the crutch unit in this design is approximately 0.5m and the
change in height of the crutch unit is 0.055m while the
requirements are 0.4m and 0.05m respectively. We can see
that the required range of the crutch unit for average adult
users is well covered in this result.
The velocity and acceleration of the tip of the slider link
are also obtained from the simulation program. Figure 16
plots the velocity and acceleration of the crutch unit against
the input angle on joint J0. From this figure, it can be seen
that the velocity of the tip in X-axis plotted by the solid line
has a straight slope section at one period of time, which
means the slider link has constant acceleration while the user
is pushed to frontward. On the other hand, velocity and
acceleration in Y-axis plotted by the dashed line is close to
zero in entire region. Those characteristics are suitable for
using the unit in an actual walking assist machine.
Swing phase of supported leg

V.
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EXPERIMENTAL VALIDATION

A prototype H-WAMC was fabricated to demonstrate the
validity of the proposed design and control scheme. Figure
17 shows the 3D-CAD drawing of the apparatus including the
leg-motion generator and crutch unit on the left side, and the
Y

T

)

(O)

"
M1 2

X

J1
"1

J2

J5 "4

T3

J3

J4 "3

M2

"5

"6

J6

"7

Leg on healthy side,
Crutch on healthy side, and
Crutch unit swing one-by-one

Motion of the crutch unit
Contraction

Expansion

P

(Output trajectory)

Figure 14. Schematic diagram of the crutch unit
Leg motion
generator

Crutch unit

TABLE V. DESIGN PARAMETERS OF THE CRUTCH UNIT

Link length [m]
Forward
swing

"1
0.02

"2
0.09

"3
0.04







"4
"5
0.03 0.08


Angle [deg]
(Tri-stance)

(Quad-stance)

(Quad-stance)

(Tri-stance)

Figure 12. Motion sequence of the crutch unit and leg motion generator
TABLE III. DETAILS OF SUBJECTS

Subject No.

#1

Age [yrs old]

23

Height [cm]
Weight [kg]

M1

M2

35

50



"6
0.30


Cycle time [s]
T
10

TABLE IV. MOTION ANALYSIS RESULTS

#2

No.

#1

#2

23

Min len. [%]

43.5

49.4

156

183

Max len. [%]

52.0

55.2

65

80

||GRF|| [%]

16.4

23.1

0.1

Xm

Subject #1

Subject #2

0
0

0.1

0.2

Zm

0.3

0.4

Figure 13. Trajectory of crutch tip against hip joint
Figure 15. Result of the kinematic analysis
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Figure 16. Velocity and acceleration trajectory of the output point

VI.

(a) 3D-CAD drawing

Figure 17. Experimental setup
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Figure 18. Ground reaction force during a walking with the prototype
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Abstract—Mechatronic design optimization is a complex process characterized by an important number of requirements,
design variables, constraints and objectives. Therefore, it is very
important to decompose efﬁciently the system design problem
into a set of sub-problems to minimize the computational cost
while proﬁting from the spatial distribution of design tools,
working teams and expertise. However, coordinating design
optimization of a distributed design is a real issue to overcome.
In this study, a new efﬁcient collaborative optimization approach
based on multi-agent paradigm is proposed for mechatronic
design optimization. The proposed method is applied to the
preliminary design case of an electric vehicle to demonstrate
its validity and effectiveness.

I. I NTRODUCTION
Mechatronic design is a complex engineering activity
that requires difﬁcult decision making to achieve a trade-off
between competing objectives such as performance, cost,
reliability and safety. A typical mechatronic design involves
multidisciplinary teams to work together on the design of
a mechatronic system. Several modeling paradigms and
design tools are required for mechatronic design activities to
develop all the needed models with their relevant abstraction
levels. Complex mechatronic systems should be decomposed
into hierarchical structure of mechatronic modules [1]. The
hierarchical structuring allows designers to recognize and
describe internal interactions and also the integration of
all mechatronic coupling levels. Challenges associated to
collaborative mechatronic design require dividing the work
into smaller design problems easier to manage. However,
appropriate mechatronic system design decomposition and
efﬁcient coordination have to be developed to achieve
successful mechatronic design optimization.
In this study we present a new approach for mechatronic
design optimization based on multi-agent technologies. This
approach takes into consideration the various mechatronic
design issues previously presented to achieve an integrated
mechatronic design optimization. We describe the framework
supporting this approach and we apply the approach to the
case of optimization of an electric vehicle.
∗ Corresponding author: moncef.hammadi@supmeca.fr

of Mechatronic Design and Production
Johannes Kepler Universität
Altenberger Straße 69, 4040 Linz, Austria

The paper is therefore organized as following: in section
II, we present an overview about the most employed methods
in system design optimization. In section III, we give a
description of our methodology based on agent paradigm. An
application of the presented methodology to the case of an
electric vehicle optimization is given in section IV. Results
of this application are discussed in section V. Finally, a
conclusion is given in section VI.
II. R ELATED WORKS
Several methods have been developed to address system
design optimization. Multidisciplinary design optimization
(MDO) seems to be the most promising solution. MDO is
an approach that includes a considerable number of methods
for decomposition-based design optimization. Cramer et al.
[2] presented several MDO formulations. A review of MDO
methods was provided by Sobieski and Haftka [3]. To reduce
computing time, MDO methods include statistical techniques
to build approximations of expensive computer analysis.
These approximations, called Meta-models or Surrogate
Models, are used to replace the actual expensive computer
analysis.
The most used surrogate modeling techniques are: response
surfaces with polynomial approximations, neural networks of
radial basis functions and Kriging models. Simpson et al. [4]
presented a comparison between response surface and Kriging
models. Meta-modeling techniques have been used in several
previous works to simulate and optimize electric vehicles
(e.g. [5] and [6]) in order to reduce the cost of computation.
A survey with recommendations on the use of Meta-models
in engineering design was also provided by Simpson et al. [7].
However, for the choice of MDO methods, designers must
make a trade-off between accuracy, computing cost and
portability for distributed analysis. Indeed, in a comparison
of ﬁve representative MDO methods, Chen et al. [8]
demonstrated that the most accurate MDO methods are
the full disciplinary analysis, but they are computationally
expensive for complex systems; while the appropriate MDO
methods for distributed analysis are less accurate and they
are also computationally expensive for complex systems.
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Therefore, decomposition-based design optimization requires
the deﬁnition of a system partition and the construction of an
efﬁcient strategy for coordinating the solution of the resulting
sub-problems [9].
Coordination is one of the research topics addressed by
multi-agent technologies. The Multi-agent approach can be
seen as an emergent development of a combination of trends
including artiﬁcial intelligence, object-oriented programming
and concurrent object-based systems [10]. Multi-agent
systems have been applied in many industrial domains
such as: software developing, intelligent manufacturing and
intelligent transportation systems [11]. Several past studies
were interested in multi-agent technologies for addressing
the problems of distributed analysis and collaborative design.
Hao et al. [12] developed a framework for engineering
design and optimization based on agents. Distributed
decision-making is among the main services of the developed
application. La Rocca and Tooren [13] proposed a new
knowledge-based application for aircraft multidisciplinary
design and optimization. The authors in [13] argued that
the use of knowledge-based approach offers more ﬂexibility
and automation, which provides solutions to the urgent
problems hampering the exploitation of MDO approach
in large distributed design frameworks. Ren et al. [14]
elaborated a comparison study between MDO and multi-agent
technology for construction design optimization. Authors in
[14] concluded that agent-based systems could be adopted
into the collaboration process in the MDO to make the
process more efﬁcient.
To conclude this section, MDO is an advanced approach
in collaborative optimization of complex systems. However,
implementing MDO approaches for mechatronic design
optimization is a complicated task, since in most of cases
sub-models are geographically distributed and belonging to
different professionals. On the other hand, several multi-agent
methodologies have been developed in the last few years.
Nevertheless, most of them are designated to speciﬁc systems
or architectures, and until today none of them was addressed
to mechatronic design optimization. Therefore, a multi-agent
methodology for the optimization of mechatronic design
needs to be correctly speciﬁed and properly applied in
order to improve the design integration and collaboration,
while reducing optimization complexity and computation cost.
III. DESCRIPTION OF THE MULTIAGENT
APPROACH FOR MECHATRONIC DESIGN
OPTIMIZATION
Tasks required in cooperative multidisciplinary design
are related to organization, collaboration, cooperation,
coordination, communication and design. Therefore, we
choose to affect these tasks to three types of agents, namely:
the Organizational Agent, Collaboration/ Cooperation/
Coordination and Communication (4C) Agent and one or
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more Design Agents.
Figure 1 shows the structure of the multi-agent approach
and the activities performed by every agent. Figure 2 shows
a diagram of a typical agent structure.
An agent is affected to an engineering team and a
development platform. The engineering team can be
composed of system engineers and engineers from different
disciplines. A development platform is composed of different
tools for modeling, simulation and optimization. Every agent
is deﬁned by three categories of models: Analysis Model,
Knowledge Model and 4C Model.
We deﬁne the Organizational Agent as a workﬂow
management system using rule-based models for automated
architecture selections and system-level optimizer controls.
Therefore, the Knowledge model associated to the
organizational agent is composed of a set of rules deﬁning
the possible decompositions of the mechatronic system. The
automatic selection between possible system architectures
during the optimization process is deﬁned according to the
system level modeling rules. Consistency of the possible
conﬁgurations is veriﬁed using the system level checking
rules. The analysis model of the organizational agent is
an inference engine that applies logical rules for deducing
the knowledge related to the organizational tasks. The
logical rules used by the inference engine are the ways of
achievements of the decomposition deﬁned in the knowledge
model of the organizational agent. The system level optimizer
of the organizational agent is controlled according to the
design criteria deﬁned with the system level constrains and
objectives associated to the agent context.
A Design Agent is the component designated to solve
a sub-problem of the overall system design. The analysis
models of the design agent are computing models such as
CAD models, ﬁnite element models, etc., which are used for
the optimization process associated to one discipline. These
analysis models are deﬁned with the proper design tools. The
knowledge model of the design agent contains the modeling
rules, checking rules and ways of achievements of tasks
affected to the design agent. The design agent optimizer is set
up according to the knowledge base context containing the
design requirements, optimization constrains and optimization
objectives.
The 4C Agent shares a collaboration model with the
Organizational Agent to facilitate multi-level optimization.
The 4C Agent also shares cooperation models with the
different design agents. The one-to-one coordination tasks
between design agents are deﬁned using the 4C models
affected to every Design Agent. The communication models
deﬁne the strategies of communication and types of messages
exchanged between the different agents used for the multilevel optimization. The 4C Agent deﬁnes also the strategies
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Fig. 1. Multi-Agent optimization approach: Agents, Models and Tasks

Fig. 2. Agent structure for mechatronic design optimization
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of negotiations for solving design conﬂicts during the
optimization process.
The proposed collaborative framework for mechatronic
design is interacting with the three kinds of engineering
teams: the organizational team, the 4C team and the design
teams.
The organizational team analyzes the system design
requirements for formulating the overall optimization
problem. Techniques used for multi-level MDO such as
collaborative design (CO) [15] and the bi-level integrated
system synthesis (BLISS) [16] can be used. The difference,
however, is that several decompositions can be analyzed
during the optimization process and they are controlled
by the rule-based model affected to organizational agent.
Organizational team implements the knowledge-based model
related to the organizational tasks, such as conditions to
switch between decompositions. Therefore, the knowledgebased models can assist the organizational team in making
decisions.
Collaboration between organizational team and 4C team is
required to deﬁne the 4C models which share conﬂicting
variables between the organizational agent and design agents.
The objective of the 4C models is to minimize the gap
between the conﬂicting objectives affected to the different
design agents and the global objectives of the organizational
agent. The 4C team elaborates therefore the negotiation
models between agents and the negotiation plans to be
executed during the optimization process.
Coordination between the design teams is performed through
the 4C agent that allows the exchange of knowledge between
all the teams participating in the design.
Thus, knowledge-based models help the design teams in
decision making steps by providing them with the required
information while keeping concentrated on the local area of
design.
IV. APPLICATION OF THE MULTI-AGENT
APPROACH TO A CASE OF PRELIMINAARY
DESIGN OF AN ELECTRIC VEHICLE
A. Introduction
We consider the case of a preliminary design of an electric
vehicle. The objective of this study is to optimize the electric
motor and a one-ratio gear box to fulﬁll the performance
requirements related to the maximum velocity, gradeability
and acceleration test.
B. Mathematical modeling
The total resistive force applied on the vehicle is deﬁned
with:
Ft = Fa + F r + F p .

(1)

Fa is the resistive aerodynamic drag force deﬁned with:
1
Fa = .ρ.Cx .S.v 2 .
(2)
2
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Where ρ is the air density, Cx is the aerodynamic drag
coefﬁcient, S is the vehicle frontal area and v is the vehicle
velocity.
Fr is the rolling resistive force deﬁned with:
Fr = fr .M.g.cos(α).

(3)

Where fr is rolling coefﬁcient, M is the vehicle mass, g is the
gravitational acceleration constant and α is the grade angle.
Fp is the resistive force due to the grade angle of the road
deﬁned with:
Fp = M.g.sin(α).
(4)
The vehicle velocity is calculated using the dynamic equation:
dv
= F − Ft .
(5)
dt
F is the tractive force due to the electric motor that can be
calculated with:
rg
F = Cm . .
(6)
rw
M.

Cm is the resultant torque, rg is the gearbox ratio and rw is
the wheel radius. The electric motor torque is calculated with
the dynamic equations of the electric motor:
dωm
.
dt
= Km .i.

Cm − Cr = Je .
Cm

(7)
(8)

di
= Km .ωm .
(9)
dt
Where Cr is the equivalent torque of the resistive forces,
Je is the equivalent moment of inertia of the vehicle, Km
is the electric constant of back-electromotive-force (EMF), i
is the electric current, E is the input electric voltage, R the
internal resistance of the electric motor, L is the electric motor
inductance and ωm is the electric motor speed, which is related
to the vehicle velocity with:
rg
ωm = v. .
(10)
rw
E − R.i − L.

C. Modeling the electric vehicle with Modelica
After developing the mathematical models of the electric
vehicle, the system has been modeled using Modelica
language [17]. Figure (3) shows the developed analysis
model.
The model is composed of an input deﬁning the required
velocity (in km/h). The input is deﬁned with a table
containing the European Driving Cycle (NEDC). This input
could be modiﬁed according to the test cases. Two PID
controllers have been used to estimate the required electric
power. The ﬁrst (PID Current) is used to calculate the
required electric current and the second (PID Voltage) is
for calculating the required voltage. The PID controllers
calculate therefore the required electric power to meet a
need for vehicle speed deﬁned by a velocity proﬁle given
in the input. The signal voltage component is a voltage
source for simplifying the battery model. The propulsion
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Fig. 3. Electric vehicle model developed with Modelica

system is composed of a simple direct current (DC) motor
connected to a one-ratio gear box, a wheel component and a
translating mass representing the vehicle mass. This mass is
supporting resistive forces due to air drag, rolling resistance
of the wheels and grade angle resistance. A power sensor, a
current sensor, a torque sensor and a speed sensor are used to
measure respectively the electric power, the electric current,
the torque generated by the electric motor and the vehicle
velocity.
The objective of this study is to optimize the electric constant of back-electromotive-force (Km ) of the electric motor
and the gearbox ratio (Rg ).
D. Simulation of the NEDC proﬁle
To simulate the NEDC proﬁle the parameters given in table
I have been used. The default values of the gear ratio (Rg )
and EMF (Km ) are respectively 2 and 1.6.
TABLE I
E LECTRIC VEHICLE PARAMETERS
M
r
S
fr
Cx
a
g
rw
R
L
Jm
Rg
Km

Description
Vehicle mass
Air density
Vehicle frontal area
Rolling coefﬁcient
Aerodynamic drag coefﬁcient
Grade angle
Gravitational acceleration constant
Wheel radius
Internal resistance of the motor
Internal inductance of the motor
Moment of inertia of the motor
Gearbox ratio
Back-electromotive-force

value
1540
1.2
1.8
0.013
0.2
0
9.81
0.28
0.2
0.06
0.1
1 ≤ Rg ≤ 15
0.2 ≤ Km ≤ 4

unit
kg
kg.m3
m2
rad
m.s−2
m
H
Kg.m2
–
N.m.A−1

We need also to set the PID parameters in order to reduce
to the minimum the error between the input driving cycle
(required by the driver) and the output vehicle velocity

calculated by the model. For this, we used the trial and error
process to ﬁnd the best PID parameters. For both PID, we
found that the best parameters are 100 for PID gain, 0.5
seconds for both integration and derivation time parameters.
Results of simulation shown in ﬁgure 4, conﬁrm the good
agreement between the input driving cycle and the output
vehicle velocity. By modifying the input to constant speed,
we can simulate different other performance test cases, such
as the vehicle velocity at 10 seconds, the maximum velocity
and the velocity in a grade road. For instance, the pick power
given by simulation for a test of maximum velocity equal to
130 km/h is 192 kW and a maximum torque is equal to 802
N.m. These results need to be optimized to reduce the torque
and the electric power consumption.
Using a classic optimization approach, by deﬁning one
simulation model for the three test cases, is a complex task and
computationally expensive. Therefore we will use the multiagent approach for this purpose.
E. Use of Multi-Agent approach
We consider the optimization of an electric vehicle with two
objective functions and three design constraints:
• Objective1: minimizing the maximum torque.
• Objective2: minimizing the maximum electric power.
• Constraint1: Vehicle velocity on a 0% grade road after
10 seconds of start-up (V10@0% ) shall be equal to 100 ±
2km/h.
• Constraint2: Vehicle velocity in a road with a grade
equal to 30% after 10 seconds of start-up (V10@30% ) shall
be equal to 15 ± 2km/h.
• Constraint3: Vehicle maximum velocity on a horizontal
road (Vmax@0% ) shall be equal to 130 ± 2km/h.
Here we choose the same margin (±2km/h) for the three
constraints, as a default value.
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The ﬁrst task of the organizational agent is to ﬁnd the
possible conﬁgurations for partitioning the optimization
problem.
One important metric to be used is the degree of coupling
between objective functions, constraints and design variables.
In our example, the two objective functions Torque and
Electric Power are strongly coupled, so they should belong to
the same partition. However, the degree of coupling between
constraints is not as strong as the case of objective functions.
Therefore we can divide the optimization problem up to three
partitions as shown in ﬁgure 4.

Fig. 4. Three possible partitioning conﬁgurations

The three possible cases are: one partition which corresponds
to all-in-one case, two partitions and three partitions.
In the conﬁguration with two partitions, we can associate two
constraints to one partition and a constraint to the second
partition. In our example, Constraint1 and Constraint3 can
be associated to the same partition because they can be
evaluated by the same analysis model (computing model). In
this case Constraint2 will be associated to the other partition.
In the conﬁguration with three partitions, each constraint is
associated to one partition.
The second task of the organizational agent is to ﬁnd the
best conﬁguration to be used for solving the optimization
problem. A metric that can be used here is the computing
time of the overall solution for each conﬁguration. Another
criterion that could also be considered is the number of
partitions that should be minimized. In our case the choice is
trivial since the two selection criteria (number of partitions
and computing time) are in favor of the conﬁguration with
two partitions. However, we will consider the case with three
partitions which allows us to better explain the 4C agent tasks.
For the solution with three partitions, we will therefore
consider three design agents. Every design agent has to
solve a sub-problem of optimization with the same objective
functions (Objective1 and Objective2) and with the same
design variables (Km and Rg ). Every design agent has one
optimization constraint and one Modelica model to evaluate
the constraints and objectives. We also affect the same
algorithm of optimization Non-dominated Sorting Genetic
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Algorithm II (NSGA II) with ModelCenterT M 2 to each agent.
NSGA II is a multi-objective optimization technique that uses
a non-dominated sorting genetic algorithm. A design is said
to be dominated if there is another design that is superior
to the design in all objectives. NSGA II is a fast sorting
algorithm to compute Pareto set [18].
The 4C agent has therefore to coordinate the optimization
process with three design agents (DA1 , DA2 and DA3 ). In
our case, the linking variable y shown in ﬁgure 4 represents
the two design variables Km and Rg . These variables can
have 6 states during the optimization process deﬁned with yij
; i and j ∈ {1, 2, 3} with the convention yij is the linking
variable returned by DAj to DAi . The 4C agent deﬁnes the
order in which the design agents solve the local optimizations.
In our case, the choice is arbitrary and we suppose that it
begins with DA1 then DA2 and terminates with DA3 . In the
ﬁrst iteration of optimization, DA1 uses the default values of
(Km = 1.6 and Rg = 2). These two values represent the
initial values of vectors of y12 and y13 , which are equal in our
case but they can be different in general cases. After the local
optimization of DA1 , y21 and y31 are generated which are a
list of optimal solutions (Pareto fronts). Then AD2 performs
a local optimization to generate y12 and y32 using y21 . The
4C agent compares the two optimal Pareto fronts generated
by DA1 and DA2 and keeps the common solution for both
design agents. The same process will be repeated with DA3
which uses y31 and y32 to deﬁne the initial values for the local
optimization and to generate y13 and y23 . Again the 4C agent
computes the new common Pareto front and the process can
be repeated until convergence. If the problem has no solution
an empty Pareto front will be returned by the 4C agent.
V. R ESULTS AND DISCUSSION
After the ﬁrst iteration of optimization and the
generation of Pareto fronts, the best design solutions
returned by the design agents are summarized as following:
(0.242 ≤ Km ≤ 0.431; 8.32 ≤ Rg ≤ 14.28) for Agent1,
(0.285 ≤ Km ≤ 3.258; 5.82 ≤ Rg ≤ 14.68) for Agent2 and
(0.233 ≤ Km ≤ 0.584; 5.56 ≤ Rg ≤ 9.87) for Agent3. The
simple design rule used by the 4C agent to determine the new
Pareto front consists in determining the minimum of interval
maximums and the maximum of interval minimums. In our
case, this gives (0.285 ≤ Km ≤ 0.431; 8.32 ≤ Rg ≤ 9.87).
By running a second optimization iteration for every agent
with the new design intervals, the new synthesized results
are (0.385 ≤ Km ≤ 0.420; 8.75 ≤ Rg ≤ 9.25). To illustrate
optimal results in these intervals, ﬁgure 5 shows the response
surface representing the analysis model concerning the
optimal electric vehicle velocity after 10 seconds from startup. The vehicle speed is between 97.9 and 103.3 km /h. One
optimal design is chosen for Km = 0.41 and Rg = 8.85, for
which we have V10@0% = 101.4km/h, V10@30% = 15km/h
and Vmax@0% = 128.3km/h. The maximum pick of the
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Fig. 5. Response surface of optimal electric vehicle velocity after 10 seconds from start-up

required electric power is 191kW and the maximum torque
is 204N.m. Comparing these results to those obtained before
optimization, we can deduce an important reduction in the
maximum torque, however the required maximum electric
power is almost the same.

In the case where no solution is found, the negotiation
between the 4C agent and the Design Agents can be
performed to modify the optimization constraints. For this,
one simple design rule that could be applied by every Design
Agent is the following: if there is a request to run a new
optimization, then increases the previous constraint margin.
The value of the new margin can be deﬁned in advance by
designers in the rule-based models, according to the design
requirements.
This process continues with allowable constrain margins until
a solution is found by the 4C Agent. If no solution is found,
the 4C Agent can propose a compromise that can partially
fulﬁll the constraints. Another possibility is to modify the
design objectives, which requires revising the optimization
formulation.

Through the case of optimization of an electric vehicle, we
showed how the organizational agent determines the possible
partitioning conﬁgurations and how to chose the best solution.
We also showed how the 4C agent coordinates the optimization process. The advantage of this approach is to simplify the
optimization process by affecting the required objectives and
constraints to every Design Agent, which reduces the design
complexity and computation time.

VI. C ONCLUSION
In this paper we have presented a new methodology
for optimizing mechatronic systems based on multi-agent
technology. We described our methodology and we presented
an example on how to deal with the optimization of an
electric vehicle. Instead of integrating all models relative
to all test cases, we have decomposed the design process
to three design agents and we have affected to each agent
its objectives and constraints. Our main contribution in this
study is to propose an agent approach that allows designers
to determine optimal mechatronic design by decomposing the
complex problem and by coordinating the local optimizations
performed by design agents.
However, the automation of this process requires implementing and structuring the design rules in a framework. It
also requires deﬁning the communication strategies to transfer
obtained results between Design Agents and 4C Agent. The
development of such platform is among the forthcoming
works.
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Abstract—The early results in the development of a platform
for experimental underwater robotics research are presented in
this work. This platform consists of an Unmanned Underwater Vehicle (UUV) and a Mission Monitoring/Control System
(MMCS) unit to teleoperate and to supervise the underwater
vehicle. Following the initial phases of a product design methodology, a conceptual model for the platform was obtained. This
model and the design process are analyzed here. The ﬁrst results
in the implementation of a prototype are also presented.

I.

I NTRODUCTION

Underwater Unmanned Vehicles (UUV) are fundamental
for submersed operations. This stimulates research in several
different areas such as energy, communications, control, sensors, localization, motion planning and hydrodynamics. Autonomous operation of such vehicles, in particular, is considered a major challenge for underwater robotics [1]. However,
many research results are theoretical or veriﬁed by simulation.
So, experimental validation is needed [2]. There are many
difﬁculties to execute experimental research in this area, due
to the complexity of operation in a real environment and
the costs involved. The robotic platform has high acquisition
costs, especially in Brazil, where this research area is mainly
motivated by the need of national technology development for
the offshore gas/oil exploration industry [3], [4]. Also, several
commercial platforms have closed, proprietary architectures
which difﬁcult access to the hardware/software in order to
implement the experiments.
In order to stimulate and to increase experimental research/validation in this area, a project to develop an open
source, relative low-cost hardware/software platform for underwater robotics was proposed. This work presents the initial results of this project, consisting in the design phase
aspects and initial software development of the platform. This
platform is composed by an Unmanned Underwater Vehicle
and a Mission Monitoring/Control System (MMCS) unit to
teleoperate/supervise the vehicle. Thus, the complete platform
will allow researchers to conduct different types of experiments
both in teleoperated and autonomous modes, when completed.
∗ Corresponding author
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Although the several research challenges in underwater
robotics are sufﬁcient to justify such a project, the initial
motivation was the need to experimentally validate the work of
Rocha [5], where a methodology to develop motion planning
strategies for UUV was proposed. The methodology was based
on Screw Theory and related tools [6], concerning different
UUV conﬁgurations and possible cooperation between them.
To sistematically implement the motion planning strategies,
computational frameworks were developed [7]. These frameworks formed the KAST library (Kinematic Analysis by Screw
Theory). It was tested in computer simulations, where its
functionality and ﬂexibility were veriﬁed. However, the lack of
an experimental platform restrained the analysis of the KAST
library performance in a real scenario.
A design process was made to identify the requirements
and feasible conceptual models for an UUV aimed for experimentation in underwater robotics [8]. Further analysis
indicated that a supervisory/operation interface to interact with
the UUV would be useful to test the vehicle in teleoperation
and to gradually implement autonomous features, including
motion planning strategies. So, a study of human-machine
interface was conducted, resulting in the development and
implementation of a mission supervisory software prototype,
which would be used in an UUV to be build [9].
These previous work led to the present project, where a
broader vision for an experimental platform was devised, concerning a MMCS with open software architecture and a basic
model of an UUV. This could be evolved into more complex
models, but always maintaning its open hardware/software
architecture characteristic. Cooperation between UUV was of
interest, so the vehicle should be of relative easy construction
and low cost.
A workgroup was created, consisting of two researchers
from the Automation and Systems Research Group of the
Federal Institute of Education, Science and Technology of
Rio Grande do Sul - Rio Grande Campus (IFRS-Rio Grande),
undergraduate students from the Systems Analysis and Development course of the Federal University of Rio Grande
(FURG) and high school students from the Industrial Automation technical course of IFRS-Rio Grande.
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The platform design followed a product development process model. This will be introduced in the next section. The
results of the design process initial phases will be analyzed
afterwards. The following section will present the conceptual
model adopted for the platform. Finally, some of the early
results in the implementation of a prototype will be described,
and perspectives of future work will be addressed in conclusion.
II.

In order to sistematize the design process, the Integrated Process of Product Development (PRODIP) model
was adopted. It was proposed by the Nucleus of Integrated
Product Development of Federal University of Santa Catarina
(NEDIP-UFSC). It combines the results of several research
conducted by NEDIP in a reference model to systematize and
to formalize the product development process [10]. The model
was formalized and described initially in [11] and its structure
is depicted in Fig. 1.
Product Development Process
, Planning

,

,

, Informational
Design

Project
Planning

Design
, Conceptual
Design

,
, Preliminar
Design

, Detailed
Design

Implementation

, Production
Preparation

, Product
Launching

industrial production, this also comprises ﬁnancial revisions,
production manuals and other documentation necessary to
implement the production line [11].
The next sections describe the results of the informational
and conceptual design phases, which are currently completed,
in order to explain the platform conceptual model adopted in
this project.
III.

T HE P RODUCT D ESIGN M ETHODOLOGY

, Product
Validation

Figure 1. Graphic representation of the PRODIP model (adapted from [11])

The three macrophases in the PRODIP model are Planning,
where the project plan is deﬁned; Design, where a technical
solution for the product and its manufacture is developed; and
Implementation, where the design solution is produced and
validated.
Since the platform is not to be manufactured in an industrial production line, the Design macrophase was the main
concern in the design process. It is composed by four phases:
informational design, conceptual design, preliminar design and
detailed design.
Informational design is the initial phase of the design
process, where the product features must be identiﬁed and
understood. It is formed by a series of activities which aim to
produce design speciﬁcations from the user needs and desires
for the product [12].
Conceptual design uses the informational design results
to create product conceptions and to select the one that best
complies with the project demands. To do so, the product functional structure is detailed and from this, solution principles
are generated. The possible combinations of these solutions
generate the conceptions that are compared to determine the
one that best attends the system requirements and other desired
objectives [10].
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I NFORMATIONAL D ESIGN P HASE

To start the design process, a planning activity was executed to clearly deﬁne the design problem. It consisted in a
survey of the state of the art of underwater systems used in
industry and research. Applications and usual features were
identiﬁed from the industrial systems survey. The research
platform survey provided insights in the construction process,
possible architectures, desired features and enviroments where
experimentation occurs.
Among the commercial/industrial systems, the Cybernetix
ALIVE [13] autonomous intervention system, the Seabotix
[14] and the Videoray [15] mini inspection Remotely Operated
Vehicles (ROV) were studied.
In the research/academic platform survey, different UUV
conﬁgurations were identiﬁed, according to the type of research. The MIT SeaPerch [16] was created as a introductory platform for ROV building, where the low-cost and
assembly simplicity were the primary concern. The Cornell
University AUV (CUAUV) [17] is an autonomous vehicle
used in academic competitions, where several different sensors
are used to navigation in structured environments as tanks
or pools, being a relatively complex example of academic
platform. The SAUVIM [18] and the RAUVI [19] intervention
systems have manipulators attached to the vehicle in order
to execute intervention tasks, both being used to develop
autonomy features to this kind of UUV, which is usually
teleoperated due to the complexity of interaction between
the UUV/manipulators and the environment [20]. Regarding
brazilian projects, the pioneering works of Hsu et al. [21] and
Barros/Soares [22] were considered, and recent projects such
as the Pirajuba Autonomous Underwater Vehicle (AUV) [23]
and the ROVFURG [24], [25] were analyzed. The Pirajuba is
used to study control and autonomy of survey systems, while
the ROVFURG is an UUV which is gradually evolving from
a pure teleoperated device to an autonomous vehicle, using an
open architecture architecture.

Preliminar design is where the ﬁnal product layout is produced from the results produced in the conceptual design. This
layout comprises detailing of form, dimensions, speciﬁcations
and behaviors. Eventually, virtual models and prototypes are
used to this end. The results of these activities are analyzed,
in order to optimize the proposed solution [10].

The survey led to the design problem deﬁnition: An UUV
system similar to the ROV (Remotely Operated Vehicles)
used in the offshore oil industry, composed by a vehicle
and a base station. The vehicle should operate in low depths
(max. 20m) in low current environments (such as tanks or
ponds). A prototype should be built to study the underwater
vehicle construction process and its inherent problems. Initially, the vehicle should be teleoperated, in order to study
its kinematic/dynamic behavior. As the project evolves, and
experience is acquired, autonomy features will be gradually
implemented, using the theoretical results previously obtained.

Detailed design is the ﬁnal design phase, where the product
solution is revised and further detailed. Usually, the ﬁnal product documentation is the result of this phase. When considering

Underwater robotics, control and automation researchers
were considered the primary potential users of the platform.
Since the platform would initially be used for a small group,
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it was assumed that the production would be limited. So,
industrial production, marketing and commercial aspects were
not considered. Assembly, maintenance, transportability, usability and storage were the aspects taken into account. Also,
user requirements were produced from the needs identiﬁed in
literature for such systems.
Design tools such as sort matrices and quality function
deployment method were used to combine and to ponder
these information [8]. This resulted in the following design
speciﬁcations:
•

•

•

•

•

Relative low cost: despite similarities with industrial
systems, the platform should be affordable to research
groups with limited funds. Cooperation between UUV
is of interest, so more than one vehicle could be built,
which means that costs should be as low as possible.
This speciﬁcation takes precedence over the others,
even if it means simpliﬁcation or exclusion of some
desired features;
Open/extensible architecture: hardware and software
features must be fully accessible to researchers. This
means that they should be able to adapt/modify the
platform to comply with their experiments. New sensors and actuators could be added to the existing hardware, as manipulators, for instance. Software should
be easily extended to deal with the hardware modiﬁcations and also modiﬁable to implement new features
to be experimented. A communication interface could
be used to interact with other software;
Basic sensor set: unlike other low cost platforms,
the vehicle should have a basic set of sensors to
estimate its attitude and depth. Also, it should have
enough processing power to deal with sensor data and
images provided by a camera. This would be useful to
implement experiments in control (such as automatic
attitude/depth) and localization using pattern recognition;
Full mobility: independent motion in six degrees-offreedom (DOF) is a common feature of industrial
systems (usually ROV). So, the vehicle should be able
to translate and rotate in the three spatial directions,
as shown in Fig. 2. Roll and pitch are usually limited,
being mostly used to level the UUV when it is not
balanced. This could happen when manipulators are
used in intervention systems [26];
Portable/Conﬁgurable MMCS: The monitoring/control
system should be easily transported into the experimentation sites. So, a portable hardware with enough
power source is required. The MMCS software could
be executed in a laptop or some dedicated station, customized to teleoperation. Regarding this software, it
should be portable, extensible, and its GUI (Graphical
User Interface) must have easy conﬁgurability to be
adapted for the experiment needs.

It must be observed that the six DOF motion for the platform was adopted in order to establish similarity to industrial
intervention/inspection systems, where autonomy is considered
an open problem [20]. This differs from the commonly format
of survey/cruise UUV, which are designed to be propelled in
320
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one direction, while motion in other directions are obtained
by the use of surface controls (rudders or ﬁns). This kind of
UUV is beyond the scope of this project, although it is the
conﬁguration of most AUV (Autonomous Underwater Vehicle)
[26].
IV.

C ONCEPTUAL D ESIGN P HASE

Following the informational design phase conclusion, the
conceptual design activities aimed to produce a conceptual
model that satisﬁed the design speciﬁcations previously obtained. This design phase was composed of analysis and
synthesis activities. In the ﬁrst, the design problem was divided
into smaller ones and partial possible solutions for each
subproblem were enumerated. In the latter, these partial solutions were combined to produce different design conceptions,
and one was chosen by evaluating their compliance to the
speciﬁcations and other aspects such as assembly, maintenance
and knowledge base availability.
In the analysis activity, the design problem was decomposed into the UUV systems and subsystems analyzed by
Rocha [5], as depicted in Fig. 3. For each subsystem, different solutions were listed, and the most viable ones were
maintained. Among the criteria used to ﬁlter the viable partial
solutions were cost, availability and knowledge/experience. In
some cases, these partial solutions were tested by the research
group. In other cases, it was observed the development of
similar projects.
To illustrate this activity, for the vehicle processing hardware (in Systems Architecture subsystem) were considered PC
compatible motherboards (netbook and industrial ones), Android tablet, Arduino [27], Raspberry Pi [28] and Beagleboard
[29]. From these, the Android tablet (due to the difﬁculty of
interfacing with another hardware) and the Arduino (because
of its very low processing power) were discarted.
A set of product conceptions was produced in the synthesis
activity, combining the different partial solutions for each
subsystem. Using a Pugh matrix [8], these conceptions were
evaluated against each other considering several comparison
criteria, weighted according to their relevance to the design
speciﬁcations. From this process, it was selected the conception that was most adequated to the design speciﬁcations
and the user requirements. The conception choices are brieﬂy
presented in the following.
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perature. In case of abnormal functioning, the vehicle
can be automatically deactivated. Since it will have
slightly positive bouyancy, it is expected that it will
surface in order to be recovered;

Subsystems
are of class

System Architecture

Command

as

MMCS software

•

Navigation/Sensors
Fault tolerance

Actuators

Execution

as

Communication
Manipulation

Structure

as

Structural components

•

Python [30] was chosen as the development platform
for the MMCS and the vehicle software. This was
due to its open source/object-oriented/scientiﬁc nature.
Also, Python has a large knowledge base composed
by literature, web pages and user groups. Finally,
it has several different libraries useful for scientiﬁc
computation and is multiplataform. C++ will be also
used for Arduino programming.
V.

Energy

Figure 3.
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T HE P LATFORM C ONCEPTUAL M ODEL

A general view of the platform hardware structure is
depicted in Fig. 4. It is formed by two distinct units, the vehicle
and the MMCS, which are connected by an Ethernet network
cable. Both units are detailed in the following.

UUV subsystems (adapted from [5])

For the structural components subsystem, composed
by the structural frame and vessels to hold the vehicle
electronics, PVC pipes and joints were the selected
materials. An acrylic glass dome is to be used for
the camera part in the electronics holdings. These can
be easily found in construction material stores and
have low cost compared to other candidates such as
aluminum frames;

•

Energy is to be provided by an external power source
(a computer or surveillance systems one). A shielded
ﬂexible cable will be used to supply energy (12VDC)
to the UUV;

•

The propulsion system will be composed by bilge
pumps adapted as thrusters (with helices instead of
the pump system). They are designed to operate underwater and have low cost. Also, they are easy to
install and to vary its speed using PWM (Pulse Width
Modulation) drivers;

•

Raspberry Pi will be used as processing hardware for
the vehicle. These boards have excellent beneﬁt-cost
ratio and are open source, which is of essence to
the project open architecture characteristic. Arduino
boards will be used to acquire sensor information and
to command actuators;

•

Communication will use Ethernet cables. Since the
processing hardware support TCP/IP networking, this
protocol will be used to connect the vehicle to the
MMCS station. So, the tether (or umbilical cable)
will be composed of an shielded power cable and an
Ethernet network cable tied together;

•

The navigation subsystem will use MEMS (MicroElectronic-Mechanical System) sensors. An IMU (Inertial Measuring System) will provide attitude information, while an absolute pressure sensor will determine the vehicle depth. A 5MPixel CCD camera
designed for the Raspberry Pi will be used to capture
images;

•

For the fault tolerance system, internal sensors will
detect humidity/leakages and measure internal tem321

A. The Unmanned Underwater Vehicle
The UUV hardware is composed by the actuator, the
sensor and the processing blocks.
The actuator block is formed by thrusters and their drivers.
As previously stated, bilge pumps are modiﬁed by replacing
their pump parts for helices to serve as thrusters. These are
driven by an Arduino Nano board [27] connected to H-bridges.
Up to six thrusters can be driven by the board, having their
speed deﬁned by the Arduino Nano PWM features. L298N
integrated circuits are used as H-Bridges. The Arduino board
also reads leakage and temperature sensors in order to monitor
the electronics operational condition.
The sensor block uses another Arduino Nano board to
process sensor information. A MEMS IMU composed by
three-axis accelerometer, gyroscope and compass generate data
that is processed by a sensor fusion software running in the
Arduino (such as the FreeIMU [31]) to produce attitude and
heading information. An absolute pressure MEMS sensor is
used to determine depth, since there is a linear relationship
between this information and pressure (it increases 1atm for
each 10m of depth). The sensor maximum reading is 700
KPa, which is far beyond the pressure in the UUV maximum
operation depth.
A Raspberry Pi [28] is the processing block CPU. It is
connected to both Arduino boards by USB cables. This unit
sends commands to the driver board to activate the thrusters in
the way that the desired motion is produced. It also receives
information from the sensor block preprocessed by its Arduino
board, which is used to determine its attitude/heading/depth.
The processing block communicates with the MMCS unit by
the Ethernet network embedded in the Raspberry Pi. Sensor
information are sent and high-level commands are received
by this block. Also, there is enough processing power to
implement further features, such as automatic depth or attitude
control, following objects, etc.
Although it could be considered part of the sensor block,
the 5MPx camera is directly connected to the Raspberry
Pi GPU (Graphical Processing Unit), which provides fast
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UUV system

board/mouse interface. It consists of an Arduino Nano board
which processes information from a joystick and other analog
components, as potentiometers. The joystick has a three axis
accelerometer in order to deﬁne its attitude, along with a 2axis analog command and 2 digital buttons. The module also
has status leds to indicate operational conditions/faults.

Arduino

H-Bridge

Arduino
Thruster

IMU

Internal sensors

Pressure
sensor

Although this module could be easily attached to a computer by its USB interface, it was noted that a portable
dedicated unit would be easier to handle. So, the MMCS
portable unit shown in Fig. 4 was created. The CPU used is
a Raspberry Pi, where a integrated keyboad/trackball and the
analog module are connected using the USB interface. A 10inch, 1200x800 pixel LCD display is connected by the HDMI
port, providing high-quality visualization. This portable unit
is encased in an adapted rigid plastic toolbox. The Raspberry
Pi network interface will provide the data connection with the
UUV.

5MPx
camera

Ethernet link

CPU (Raspberry Pi)

MMCS
CPU (Raspberry Pi)

LCD Display

C. The Platform Software
As previously stated, Python was the software development
platform chosen. Due to its multiplataform and open source
characteristics, it best suited the platform needs. Also, its large
knowledge base facilitates its learning and use.
In order to meet the platform requirements of modiﬁability,
extensibility and adaptation to the experiments, an objectoriented approach was adopted to the software modeling process. Since Python is a object-oriented language, implementing
the modelled software would be a straightforward process.
Several interfaces were deﬁned, and concrete classes were also
deﬁned to implement the functionalities according to speciﬁc
hardware components behaviors. The class diagram in Fig. 6
shows the basic structure from where the software must be
developed and evolved.

Joystick
Keyboard
Analog controls

Arduino

Figure 4.
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General view of the platform hardware components

video processing (up to 30 fps - frames per second) in 720p
resolution.
The sensor and processing blocks will be housed into a
110mm diameter PVC pipe, where one end will have an acrylic
glass dome for camera visualization. The actuator block will
be housed into another 110mm diameter PVC pipe, in order
to better distribute the load and to minimize electrical noise to
the processing block.
The frame structure is still being analyzed. It should have
avaliable space to future additions to the platform, such as a
manipulator (which is a feature essential to intervention task
research), and to hold some cargo. Also, there is the concern
to the thruster disposition to be taken into account. To this
moment, the best suited geometric arrangement to the platform
characteristics is similar to the one shown in Fig. 5.

Since a TCP/IP network stack was established as the
communication medium between the UUV and the MMCS,
a socket interface was chosen to exchange messages between
the components of the two softwares. These will be most
textual, although camera images will also be transmitted this
way. This communication complexity will be encapsulated into
the data provider components represented by the InputDevice
and OutputDevice interfaces present in the class diagram.
Sensors, actuators and camera access classes descend from
these interfaces.
For the graphical user interface, different kind of widgets
were also included in the software modeling. These graphical
components will be linked to the data providers in order to

B. The Mission Monitoring/Control System
The MMCS is essentially a processing unit where the
monitoring/control software will run. Since it usually will be
used near the experiment sites, it would be of interest to use a
portable device, such as a laptop running Linux, Windows or
MacOS operating systems.
To increase the operator interaction with the platform,
an analog module was devised to complement the key322

Figure 5.

Seafox ROV frame [32]
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Figure 6.

Eds. Leo J De Vin and Jorge Solis

Platform software class diagram

display information in an intuitive way to the UUV operator.
The Pyside library is the base for the GUI development, which
rely on the Qt cross-platform application framework [33].
This complies with the multiplataform feature desired for the
software. Also, the Qt already implemented widgets attend
several user interface needs and turn easier to implement new
widgets from them.
VI.

E ARLY I MPLEMENTATION R ESULTS

To this moment, the prototype construction is in its initial
stage, and the research team is focusing in the development
of the UUV actuator block, the frame construction and in the
implementation of the MMCS software and the portable unit.
Multiplatform tests of the user interface are being conducted, in Windows and Linux computers and in a Raspberry
Pi running the Raspbian Linux distribution. From the initial
implementations, it is observed that it is possible to run the
MMCS software without modiﬁcation in all tested hardware.
The initial GUI implementation is illustrated in Fig. 7. This is
a screenshot of the tests in the Raspberry Pi hardware.
In this ﬁgure, it is possible to observe some of the widgets
implemented, such as textual displays, gauges, status indicators, compass and attitude indicator (or artiﬁcial horizon). Most
of them were implemented based on the QWT library [34],
which is being used to complement Pyside.
A camera visualization widget, not shown in the ﬁgure
is being ﬁnalized. The Raspberry Pi of the vehicle uses the
TCP/IP network to stream the camera images to the MMCS
processing unit. The main problem of this streaming is to obtain a balance between the image quality and the lowest latency
possible. Also, the OpenCV library is being tested to process
the camera images to identify objects in the environment [35].
323

The Pyro library [36] is being used in to implement the
communication between the MMCS and the vehicle. This
library uses a remote objects interface to encapsulate the network communication complexity. This allows to use the dataaware classes created in the KAST framework to deal with the
sensor data(in the UUV) - widgets(in the MMCS) relationship.
These classes implement the listener/subject design pattern to
automatically notify the software components(widgets) when
an event occurs in an object of interest(sensor data providers),
which could be as simple as a change of value in an analog sensor. So, the display components can be automatically
updated.
Several isolated implementations are being made to create
and to use the different sensor/actuators in the platform.
The analog command module to be used in the MMCS is
functional, although it was tested only in computers, for
the moment. The IMU and the pressure sensors are being
tested and calibrated, along with the implementation of the
components to encapsulate their use to the UUV software.
VII.

C ONCLUSION

The present paper presented the design aspects of a platform for experimentation in underwater robotics, which is
composed by an unmanned underwater vehicle and a mission
monitoring/control system unit. The main requisites of the
project identiﬁed were the relative low cost and an open software/hardware architecture. In the conceptual model, this was
achieved by adopting open hardware/software and materials
found in any construction shop. In particular, the software
development platform chosen was mainly Python and its
scientiﬁc libraries, although C++ was also of use due to the
hardware design choices.
This project is a work in progress. Following the conceptual
design phase, a prototype is being constructed. Initial tests of
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Figure 7.

MMCS graphical user interface

the vehicle and its telecommanded operation are planned for
the ﬁrst semester of 2014. From these tests, the conceptual
model and the prototype behavior will be analyzed for further
improvements. When ﬁnished, the main contribution of this
project will be to provide an platform for experimental underwater robotics research which, although being a low cost
one, has the essential features that are present in its production
counterparts. Also, the open source characteristic of the project
will ease the implementation of the experiments and further
development of the platform.
Several future work are devised from this initial platform.
These can be of two types. The ﬁrst one is to add features
similar to current production systems, such as an underwater
robotic manipulator, adoption of different sensors (e.g. Doppler
Velocity Log) and propulsion systems. The second type concerns the gradual implementation of autonomy features, where
a kinematics/dynamics model is needed (using identiﬁcation
methods), along with automatic attitude/depth control and
localization using sensor fusion/computational vision.
This platform will also be of use to experimentally validate
the screw-based motion planning methodology, which was a
major motivation for the development of this project. In this
case, two or more UUV may be used to cooperative task
execution.
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Abstract—The paper shows the development of the finger
rehabilitation device for pinching motion using pneumatic
rubber actuator. It is a low cost, lightweight and portable device
to assist the index finger movement for people with limited or no
ability to use their hands. The mechanical system consists of the
actuator system and the glove. The distal joints are actuated
simultaneously by a single air muscle while a second air muscle
acts on the metacarpophalangeal (MCP) joints with a minor
positive effect on the distal joints. The rehabilitation device is
used by very low air pressure of 0.15 MPa. Therefore, it does not
require the large compressor system. The developed device was
able to conduct the pinching motion. In this paper, we report the
mechanism, design and basic characteristics of the developed
rehabilitation device.

I.

INTRODUCTION

In recent years, stroke patients are increasing due to the
aging of society in Japan, many of these patients have
developed a movement disorder such as hemiplegia. In
hemiplegia, the therapist helps the rehabilitation, but the
number of therapists is much smaller than that of patients. For
these reasons, robots which support rehabilitation have been
developed [1-10]. These robots move the patient’s limbs with
paralysis to prevent the contracture of joint.
In a recent study, functional recovery by reconstruction of
the neural network and plastic changes in the central neuron is
shown in animal experiments of neuroscience and
neuroimaging in hemiplegia [11]. Rehabilitation based on the
plastic changes of the brain is neuro-rehabilitation. In neurorehabilitation, it is important to moving the limbs with
paralysis in time the patient intended. In the hand
rehabilitation robot that has been developed, these provide
only grasp motion because these robots are to prevent the

contracture [10]. However, it is also important to do pinching
motion to perform activity of daily living.
For this reason, we developed the rehabilitation device
which provides pinching motion by index finger and thumb
for subject of hand hemiplegia. This device consists of glove,
tendon-driven system and tension spring. The tendon-driven
system is pneumatic actuator which is lightweight and lowpressure driven [12]. In this paper, we report the construction
and driving mechanisms of the developed rehabilitation device.
II.

TENDON-DRIVEN BALLOON ACTUATOR

A. Driving Mechanism
The pneumatic tendon-driven balloon actuator (balloon
actuator) is shown in Fig. 1. The balloon actuator has high
power-to-weight ratio and stroke-to-weight ratio [12].
Therefore, it can generate sufficient stroke and force for the
driving rehabilitation device. The balloon actuator is driven by
compressed air. This actuator consists of a silicone tube
(balloon) and a tendon wrapped around a tube. Table 1 shows
the balloon specifications. The silicone tube is sealed at one
end to produce balloon. Compressed air is supplied through
the other end to expand the balloon. The tendon is made of
polypropylene. A nylon fiber sheet is adhered to one side of
the tendon to decrease the friction force generated between the
balloon and the tendon. The expansion axially of the tube was
suppressed. The wall is arranged on one side of the balloon to
restrain its expansion. To decrease the loss of output
efficiency, a roller is arranged in the part where the tendon
direction is changed. A basic driving mechanism is presented
in Fig. 2 (a) and (b). The tendon wrapped around the balloon
is expanded when the balloon expands, which creates tensile
force for the tendon drive.

This work was supported by JSPS KAKENHI Grant-in-Aid for
Young Scientists (B) (No. 23760246).
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Balloon

10.9

Stroke
24.4
Fixed
Figure 1. Tendon driven balloon actuator.
Figure 3. Experimental system.

Table 1. Specification of a balloon.
Material
Silicone
Length

20mm
Long diameter

Short diameter

Outer diameter

24.4mm

10.9mm

Inner diameter

21.3mm

7.1mm

The stroke and the generated power of the tendon-driven
system depend on the balloon’s expansion and inner pressure.
However, the output characteristics of the tendon-driven
system can be changed by arranging the tendon, as presented
in Fig. 2 (a) and (b). Fig. 2 (a) portrays one end of tendon is
fixed. Fig. 2 (b) shows both ends of the tendon are free. Based
on structural difference, the type shown Fig. 2 (a) theoretically
generates twice the stroke of that in Fig. 2 (b). Fig. 2 (b)
theoretically generates twice the power of that portrayed in Fig.
2 (a) [12].
B. Experimental System
The experimental system used this study is presented in
Fig. 3. In this system, the characteristics are measured using
the sliding jig, which moves horizontally in the direction of
the tendon’s pull. The displacement of the sliding jig is
measured using a laser displacement meter (IL-S100;
KEYENCE). The displacement can be also be limited
arbitrarily by positioning the stopper. The generated force
after the sliding jig moves to a limited position is measured by
a load cell (LUR-A-500NSA1; Kyowa Electronic

(a)

(b)
Figure 2. Configurations of two types of tendon-driven system:
(a) long-stroke type and (b) high-power type

(a)

(b)

Figure 4. long-stroke type tendon-driven system:
(a) halfway type and (b) round type.

Instruments) installed between the stopper and sliding jig. The
input pressure of the tendon-driven system is controlled by an
electro pneumatic regulator (EVT500-0-E2-3; CKD). In
addition, each sensor output of displacement, force and
pressure is input to the PC through the AD/DA board (Q8USB; Quanser).
C. Characteristics of Long-stroke Type
This subsection describes the characteristics of long-stroke
type tendon-driven system. In the tendon-driven system, the
generated force of a balloon actuator depends on the inner
pressure and contact area between balloon and tendon.
Balloon’s expansion is suppressed by fixing point. Therefore,
the generated force is increased when contact area between
balloon and fixing point becomes small.
To confirm this, we conducted experiment using round and
halfway long-stroke type balloon actuator shown in Fig. 4 (a)
and (b). Fig. 4 (a) portrays wall is arranged one side of longstroke type to suppress expansion of the balloon. Fig. 4 (b)
shows no wall is arranged around of the balloon.
In the experiment, the input pressure is set to 0.25 MPa.
Then the electro pneumatic regulator is given the voltage
stepwise to the target pressure equivalency. The displacement
is set to nine conditions changed every 5 mm between 0 and
40 mm.
The generated force for the displacement of both types is
presented in Fig. 5. These values are steady-state values in the
force response when the tendon-driven systems are given the
pressure stepwise after the stroke is limited to a constant
length. From the round type result, the generated force is
larger than halfway type in each displacement. Therefore, the
generated force is increased when contact area becomes small.
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(a) High-power type A

(b) High-power type B

Figure 5. A relationship between displacement and force of
halfway type and round type.

(c) High-power type C
Figure 7. Configurations of three high-power type tendon-driven system.

Contact
(a)

(b)

Figure 6. Expansion shapes of long-stroke tendon-driven system:
(a) halfway type and (b) round type.

From the halfway type result, the generated force
decreases with an increase of displacement when the
displacement exceeds a certain value. We think this is because
when the balloon expands more than certain amount, the
balloon is come in contact with roller. The expansion shapes
of round and halfway type tendon-driven system are shown in
Fig. 6 (a) and (b). Fig. 6 (a) and (b) portrays expansion shapes
of halfway and round type when displacement is 20 mm. In
the halfway type, balloon is come in contact with roller
through the tendon. In contrast, balloon is not contact with
roller when displacement is 20mm in round type. Therefore,
frictional force between balloon and tendon is increased and
the generated force of half type is decreased.
D. Characteristics of High-power Type
This subsection describes the characteristics of high-power
type tendon-driven system. In the high-power type as with the
long-stroke type, the generated force depends on the contact
area between balloon and tendon. To measure the
characteristics depending on the arrangement of the balloon,
we conducted the experiment using high-power type A, B and
C which are shown in Fig. 7 (a), (b) and (c). The high-power
type A is the type which arranges balloon vertically to the
tensile force direction and disposes wall length 16 mm. The
high-power type B is the type which arranges balloon
horizontally to the tensile force direction and disposes wall
length of 6 mm. The high-power type C is the type which
arranges balloon horizontally the tensile force direction and
disposes wall length of 12 mm.
In the experiment, the input pressure is set to 0.25 MPa.
Then the electro pneumatic regulator is given the voltage
stepwise to the target pressure equivalency. The displacement

Figure 8. A relationship between displacement and force of high-power
type.
Table 2. Contact length between balloon and tendon of high-power type.
type A
type B
Type C
Contact length (mm)

102

102

107

is set to nine conditions changed every 2.5 mm between 0 and
20 mm.
The generated force for the displacement of each type is
presented in Fig. 8. From the result, the maximum generated
force of all high-power type is approximately 140 N and there
are no large differences between each high-power type. The
contact length between balloon and tendon which is
determined by image processing is shown in Table 2. The
contact length means contact area between balloon and tendon
because tendon width is constant. In the contact length, there
are no large differences between each type. Therefore,
arrangement of balloon does not significantly affect the
characteristics.
In the tendon-driven system, the long-stroke type
theoretically generates twice stroke of high-power type. The
high-power type theoretically generates twice the power of
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long-stroke type. However, the generated forces of the round
type when displacement of 40 mm for that of the high power
type when displacement of 20 mm are about 1.8 times. We
consider that it is due to the arrangement of the wall. In the
high-power type structure, it is necessary to place the wall.
Therefore, generated force of high-power type is decreased.
E. Characteristics of Interior Type
This subsection describes the characteristics of the interior
type tendon-driven system which was applied to a robot hand
[13]. The interior type (old type) is one of halfway long-stroke
type as shown in Fig.9. The generated force of the interior
type is known that it is smaller than halfway type. To improve
the efficiency of the generated force, we conducted
experiment using old type, interior type A and type B. The
type A and type B are shown in Fig. 10 (a) and (b). The
interior type A is the type which arranges roller in the part
where the tendon direction is changed. The interior type B is
the type which changes the construction of the tendon from
type A.

Figure 11. A relationship between displacement and force of interior type.

In the experiment, the input pressure is set to 0.25 MPa.
Then the electro pneumatic regulator is given the voltage
stepwise to the target pressure equivalency. The displacement
is set to nine conditions changed every 2.5 mm between 0 and
20 mm.
The generated force for the displacement of each type is
presented in Fig. 11. From the result, generated force of type
A and B are larger than old type in each displacement. In the
old type, roller is not arranged in the part where the tendon
direction is changed. Additionally, tendon is made of
polypropylene and nylon sheet which is adhered. The adherent
surface of tendon exposes when high pressure is applied to
tendon. Because of this, adherent surface of tendon and fixing
point are come in contact. Therefore, high frictional force is
generated between tendon and fixing point. Consequently,
generated force of type A and type B, which arrange roller to
decrease frictional force is larger than old type. In the type A
and type B, there are no large differences between two types.
Next, we conducted the experiment which applies load. In

Figure 12. A relationship between displacement and force of interior type
which applied load.

the experimental system, the tension spring which has a spring
constant of 1.0 N/mm with initial force of 5.3 N is arranged in
stopper as load.
The generated force of each type is shown in Fig. 12. From
the result, the generated force of type B is larger than the other
type. In the type B, polypropylene and nylon sheet, of tendon
is not adhered. Because of this, frictional force between
balloon and adherent surface of tendon is decreased when high
pressure is applied to tendon. Therefore, generated force of
type B is increased from type A. Consequently, frictional
force between tendon and fixing point, and frictional force
between tendon and balloon affect efficiency of tendon-driven
system.
III.

Figure9. Interior type tendon driven system (old type).

(a) Interior type A

(b) Interior type B

Figure 10. Configurations of two interior type tendon-driven systems.

REHABILITATION DEVICE

A. Construction and Mechanism
This subsection describes the construction and mechanism
of the rehabilitation device we developed. The rehabilitation
device makes the operation of the finger pinching motion for
patients with hemiplegia. To perform effective rehabilitation,
the pinching motions should be naturally. In this study, we use
the glove which is arranged wires as mounting portion shown
in Fig.13. The wires are arranged on the basis of the
arrangement of human tendon. The finger is flexed or
extended by pulling the arranged wire. The developed
rehabilitation device is presented in Fig. 14. The rehabilitation
device consists of the glove, two internal type tendon-driven
systems and two tension springs. It is an antagonistic
mechanism of the tendon-driven system and tension spring.
The driven mechanism of the device by one-link model is
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Table 3. Tension spring characteristics.
Index finger
Thumb
Initial tension

3.84 N

3.38 N

Spring constant

0.386 N/mm

0.338 N/mm

Free length

65 mm

65 mm

Wire
(a) Back side
(b) Palm side
Figure 13. Mounting portion.

(a) Index finger

Figure 14. Construction of rehabilitation device.

(b) Thumb
Figure 16. A relationship between wire displacement and
tensile force.

Figure 15. Driven mechanism of rehabilitation device.

shown in Fig. 15. This is a model of one joint of finger. The
finger flexes by tensile force of tendon-driven system and
extends by restoration force of the tension spring. To increase
the stroke of wire, pulley is arranged between tendon-driven
system and mounting portion. The stroke of wire at the
fingertip is twice the stroke of the actuator. By these
mechanisms, the device can provide pinching motion by the
index finger and the thumb.
In the tension spring, restoration force of tension spring
should be larger than the force which is required to extend
finger. To configure the restoring force of spring, we
measured the required force to extend finger in each
displacement of wire. The required force is measured by pull
tension gauge, and the displacement of wire is measured by
scale. The measurement was conducted with three healthy
people. On the basis of the measurement result, the spring is
configured as Table 3. The maximum value of required force
and restoration force of spring for wire displacement is shown
in Fig 16 (a) and (b). Fig (a) portrays the required force to
extend the index finger and restoration force of tension spring.
Fig (b) shows the required force to extend the thumb and
restoration force of tension spring. From these figure, the

restoration force is larger than the required force in each
displacement.
B. Prototyping and Operation
This subsection describes the operation of the developed
rehabilitation device. The produced rehabilitation device is
shown in Fig. 17. The interior type long-stroke tendon-driven
system is installed the device. The device can drive at a low
air pressure of 0.15 MPa. To verify the operation of the
rehabilitation device, we conducted an experiment. In the
experiment, a healthy subject wears the device and inputs air
pressure to the device. The step response of the device is
recorded. The experiment system is shown in Fig. 18. In the
experiment, the compressed air that is input to the balloon is
provided by air compressor (YC-4; Yaezaki Kuatsu). The air
pressure is limited using an air regulator (R301-03;
KOGANEI). The compressed air is input to the stepwise by
using solenoid-controlled valve (GA010E1; KOGANEI). The
one hand of the subject is assumed to paralyzed hand and
mounts the glove. The tendon-driven system and tension
spring are wound on it. The wire of glove is connected to the
tendon-driven system and the tension spring.
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Figure 17. Prototype of developed rehabilitation device.
Figure 19. Pinching motion by the rehabilitation device.

REFERENCES
[1]

[2]

[3]
Figure 18. Experimental system.

[4]

response of rehabilitation device when compressed air is
entered stepwise. The input air pressure of index finger is
0.15MPa, and that of the thumb is 0.12MPa. From the figure,
the paralyzed hand does the pinching motion by using the
device.
IV.

CONCLUSIONS

[5]

[6]

This article described the construction and driving
mechanisms of the rehabilitation device. Our conclusions are
following:
[7]

(1) The characteristic changes of the tendon-driven system
by the winding of the tendon and the arrangement of
balloon are evaluated. In the tendon-driven system,
contact area between balloon and tendon, and frictional
force of tendon affects the efficiency.
(2) The developed rehabilitation system consists of glove,
tension spring and the tendon-driven system. The
device provides the finger pinching motion by index
finger and thumb for paralyzed hand. The device can
drive at low pressure of 0.15 MPa.
(3) The wire is arranged surface of the glove based on
arrangement of human tendon. The finger flexes by
tensile force of tendon-driven system. It extends by
restoration force of tension spring. Therefore, the
device provides human-like pinching motion for
paralyzed hand.
ACKNOWLEDGMENT

[8]

[9]

[10]

[11]
[12]
[13]

This work was supported by JSPS KAKENHI Grant-in-Aid
for Young Scientists (B) (No. 23760246).

331

K. Suzuki, G. Mito, H. Kawamoto, Y. Hasegawa, and Y. Sankai,
“Intension-Based Walking Support for Paraplegia Patients with Robot
Suit HAL,” Climbing and Walking Robots, p.383-408, 2010
S.Ueki, Y. Nishimoto, M. Abe, H. Kawasaki, S. Ito, Y. Ishigure, J.
Mizumoto, T. Ojika, “Develpoment of Virtual Reality Exercise of Hand
Motion Assist Robot for Rehabilitation Therapy by Patient Self-Motion
Control,” 30th Annual International IEEE EMBS Conference, 2008
N. Saga, N. Saito, J. Nagase, “Ankle Rehabilitation Device to Prevent
Contracture Using a Pneumatic Balloon Actuator,” International
Journal of Automation Technology, vol.5, No.4, pp. 538-543, 2011
D. Sasaki, T. Noritsugu, M. Takaiwa, “Development of Active Support
Splint driven by Pneumatic Soft Avtuator (ASSIST),” Proceedings of
the 2005 IEEE International Conference on Robotics and Automation,
2005
Y. Yin, Y. Fan, L. Xu, “EMG and EPP-Integrated Human-Machine
Interface Between the Paralyzed and Rehabilitation Exoskeleton,”
IEEE Transactions on Information Technology in Biomedicine, vol. 16,
no. 4, pp. 542-549, 2012
Z. Bien, D. kim, M. Chung, D. Kwon, P. Chang, “Development of a
Wheelchair-based Rehabilitation Robotic System (KARES II) with
Various Human-Robot Interaction Interfaces for the Disabled,”
Proceedings of the 2003 IEEE/ASME International Conference on
Advanced Intelligent Mechatronics, 2003
M. Takaiwa, T. Noritsugu, “Development of Wrist Rehabilitation
Equipment Using Pneumatic Parallel Manipulator,” Proceedings of the
2005 IEEE International Conference on Robotics and Automation,
2005
L. Masia, H. Krebs, P. Cappa, N.Hogan, “Design and Characterization
of Hand Module for Whole-Arm Rehabilitation Following Stroke,”
IEEE/ASME Transactions on Mechatrtonics, vol. 12, no. 4, pp. 399407, 2007
H. Krebs, B. Volpe, D. Williams, J. Celestino, S. Charles, D. Lynch, N.
Hogan, “Robot-Aided Neurorehabilitation: A Robot for Wrist
Rehabilitation,” IEEE Transactions on Neural Systems and
Rehabilitation Engineering, vol. 15, no. 3, pp. 327-335, 2007
H. Kawasaki, S. Ito, Y. Ishigure, Y.Nishimoto, T.Aoki, T.Mouri,
H.Sakaeda and M. Abe, “Development of a Hand Motion Assist Robot
for Rehabilitation Therapy by Patient Self-Motion Control,”
Proceedings of the 2007 IEEE 10th International Conference on
Rehabilitation Robotics, 2007
F. Hummel, L. Cohen, “Drivers of brain plasticity,” Current Opinion in
Neurology, vol. 18, pp. 667-674, 2005
J. Nagase, N. Saga, “Two tendon-driven systems using pneumatic
balloons,” Advanced Robotics, vol. 25, No. 9-10, pp. 1349-1361, 2011
J. Nagase, N. Saga, T. Satoh, K. Suzumori, “Development and Control
of a Multifingered Robotic Hand Using a Pneumatic Tendon-driven
Actuator,” Journal of Intelligent Systems and Structures, vol. 23, no.3,
pp. 345-352, 2012

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

Criteria for controller parameterization in the frequency
domain by simulation based optimization
Kevin Hipp*, Arvid Hellmich, Holger Schlegel, Welf-Guntram Drossel
Faculty of Mechanical Engineering, Professorship for Machine Tools and Forming Technology
Technische Universitaet Chemnitz
Chemnitz, Germany
{kevin.hipp,arvid.hellmich,holger.schlegel,wzm}@mb.tu-chmnitz.de

Abstract—Controller parameterization is commonly performed
by applying basic tuning rules or by carrying out not disclosed
design automatisms, which are integrated in the control system.
As an alternative, a relatively new and promising approach is
the application of the so-called “simulation based optimization”.
This method allows a flexible definition of different optimization
criteria. Therefore, in this work, different criteria in the
frequency domain are investigated and evaluated according to
their application for the simulation based optimization.

I.

INTRODUCTION

The application of simulation based optimization (SBO)
for controller parameterization offers various advantages in
comparison to other standard approaches such as rules of
thumb e.g. symmetric optimum. For example, the accurate
consideration of non-linear systems, the ability of easy
definition of an optimization criterion and different constraints
is possible. Therefore, today many software systems support
this type of optimization also for controller parameterization
(e.g. MATLAB Optimization toolbox). However, the
influence of the optimization criterion on the optimization
results and therewith on the controller achievable performance
is not well investigated. One reason for that is the large
number of different evaluation criteria such as the integral of
absolute error (IAE) or the bandwidth of the closed loop
system [1]. Generally, these criteria can be divided into time
or frequency criteria. They are mainly used to assess an
existing controller setting and not yet to find the best
controller parameterization. In former research time domain
criteria were already evaluated [2]. Therefore, in this paper
different evaluation criteria in the frequency domain are
investigated with respect to their suitability as optimization
criteria for the SBO. The results are compared according to the
raise and settling time of the step responses. For the
optimization a self-developed application was used due to the
freedom of adaptability, the transparency and the performance
of the software system.

The paper is organized as follows: At first, the basics of
SBO are stated. Subsequently, the structure of the used
optimizer is briefly introduced. The applied system design, the
controller structures, the test plants and the setup of the used
test rig are described afterwards. In chapter VI. the
investigated frequency criteria and the used evaluation
methodology are described.
After that, the results of the optimization and the
corresponding system behaviors for the test plants and the test
rig are presented in chapter VII. and VIII. The paper closes
with an evaluation of the investigated frequency criteria and
by giving the conclusions.
II. BASICS OF SIMULATION BASED OPTIMIZATION
In general, SBO is a methodology of searching for the
global extremum in the defined search space Ĭ of an objective
function F( ) in the context of an optimization problem (OP).
Therefore, an OP (1) has to be solved [3].


ሺɅሻ ൌ   ሺ ሺɅሻሻ



F(), called fitness function (FF) in [4], is a real-valued
function which represents the evaluation of the actual solution.
The structure of the FF has direct influence on the quality of
the optimization results. In general, the FF is a combination of
two function values. The first value is the used optimization
criterion (opt_crit). To implement constraints for the solution
a second value, the sum of the so called punishment values
(p_value), is added. If a constraint ݆ is violated, the p_valuej is
added to the evaluation of the actual solution. Thus, the
optimizer avoids this solution.


ሺɅሻ ൌ ̴ ሺɅሻ   σ୨ ̴୨ ሺɅሻ



The SBO is realized by coupling a simulator with an
optimizer (Fig. 1). At the beginning, the optimizer initializes
a start solution ș and passes it to the simulator.
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Figure. 1. Operation principle of simulation-based optimization.

According to the results of the simulator, the evaluator
assesses the current solution ș. Typically, the evaluator is
integrated in the simulator. After that, the solution is passed
back to the optimizer and it is determined, if the solution
meets the termination criterion. If this is the case, the current
solution is the global solution of the SBO and the
optimization finishes. If not, the optimizer tries to find a
better solution and passes it to the simulator. Therefore, this
structure results in a cyclic sequence between the optimizer
and the simulator.
III.

INVESTIGATED TEST PLANTS

Plant number (࢛ )

USED OPTIMIZER

In general, optimization techniques can be divided into
global and local algorithms [5]. The objective of global
optimization is to find the global extremum over the entire
search space. In contrast, local methods start from a defined
point in the search space and try to determine a better solution.
It is also possible to combine two or even more different
optimization techniques. The resulting algorithms are called
hybrid optimizers. In this paper for the evaluation of the
frequency criteria a hybrid optimizer consisting of the global
Particle-Swarm-Optimization (PSO) [6] and the local NelderMead (NM) [7] algorithm was used because of its better
performance in comparison to a standalone optimization
approach [8].
IV.

TABLE I.

Transfer function

1

ୗଵ ሺሻൌ

ͳ
ͳଷ  ʹଶ  ʹ  ͳ

2

ୗଶ ሺሻൌ

ͳ
ͲǤʹଷ  ʹǤ͵ ଶ  ͵Ǥͳ  ͳ

3

ୗଷ ሺሻൌ

ͳ
͵ଷ  ʹଶ  ʹ  ͳ

 ሺሻൌ  

V.



  ή

ͲǤͲͲͳʹͷͳ


(3)

DESCRIPTION OF THE TEST RIG

To verify the obtained results gained from the test plants, the
criteria were also investigated on a test rig, as shown in
Figure 3. It is equipped with the SIEMENS motion controller
SIMOTION D445 and SINAMICS drives. The motion
controller is sampled with 500 ȝs and the drive components
with 125 ȝs. The experimental set-up contains of a two-masssystem and a three-mass-system, whereas the third mass can
be connected by a clutch. Although for this investigation the
clutch was always disengaged. The resulting basic parameters
of the two-mass-system are shown in Table II.

DESCRIPTION OF THE TEST PLANTS

Optimization criteria in the time domain for the SBO were
already investigated [2]. To be able to compare these results
with the ones in the frequency domain, the same closed loop
systems, described with a transfer function GS ሺܛሻ is used
(Fig. 2).
It is supposed to use a PID controller in additive structure
with a PT1 filter in the derivative branch, resulting in a PIDT1
structure (3). The optimization runs were performed on three
different
test
plants
(݉ݑ݊
in
Table
I).

Figure 3. Structure of the investigated test rig

Figure 2. Used system structure for optimization.
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Figure 4. Simulation model of the test rig.

TABLE II.

Ǩ

߱ ൌ ݉ܽݔ

PARAMETERS OF THE TEST RIG

Moment of
intertia J1
(kg•m2)

Moment of
intertia J2
(kg•m2)

Stiffness k
(Nm/rad)

Damping
constant d
(Nm•s/rad)

869•10-6

485•10-6

2150

0.026

2) Kappa Tau: According to [12] the closed loop
system should not be too sensitive to variations in process
dynamics. By Kappa-Tau (KT) this could be expressed by
the shortest distance  in the Nyquist plot between the
curve of the closed loop and the critical point “-1” (Fig. 5).
Typical values of  are between 1.3 to 2.0 [13]. In this
paper Ms = 1.4 and Ms = 2.0 have been tested. To realize
the best dynamics considering the desired stability, the
distance between  and the curve (ο݀) is minimized (7).

The system was modeled in MATLAB using continuous
transfer functions according to the structure shown in Fig. 4.
without a friction model [9]. Subject of the optimization is the
PI-controller (KP, Tn), the speed setpoint filter (T_DSWF) and
the current setpoint filter (T_SSWF). Therefore, the
optimization problem has a dimension of four.
VI.

INVESTIGATED CRITERIA IN THE FREQUENCY DOMAIN

Four different optimization criteria in combination with
three different constraints were investigated according to their
influence on the optimization results and therefore on the
controlled system. Furthermore, also some combinations the
additional constraints were analyzed.
A. Criteria in the open loop
On basis of Fig. 2 the transfer function for the open loop
system is the following:
୭ ሺሻ

ൌ

ୖ ሺሻ

כ

ୗ ሺሻ

Ǩ

ο݀ ൌ ݉݅݊

ன ሺሻ

ȁ

୭ ሺɘୈ ሻȁ

ൌ ͳ ՚՜ 

ሾሿ

ൌ

 ሺሻ

ͳ

  כሺሻ
ሺሻ
  כሺሻ


(4)

3) Bandwidth: The bandwidth (BW) ɘ is defined as
the frequency, at which the magnitude plot has fallen to 3 decibel (Fig. 5) [14].
ห

 ሺɘ ሻห
ൌ െ͵
ሾሿ

(5)

߱ ൌ ݉ܽݔ

Because a high CF results in a better performance of the
controlled system, this criterion has to be maximized [11].

Figure 5. Overview over the used optimization criteria (f.l.t.r.): crossover frequency, Kappa-Tau, bandwidth, absolute area of amplitude.
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(9)

A high bandwidth results in a small raise time but also in
a high overshoot [14]. During the optimization it will be
maximized.
Ǩ

ൌ Ͳ

(8)

According to the open loop, also two common criteria in
the closed loop were investigated:

1) Crossover frequency (CF): The CF ɘୈ is the
frequency where the relation between the system input and
the system reaction is 1 (5) [10].
୭ ሺɘୈ ሻȁ

(7)

B. Criteria in the closed loop
A closed loop is characterized by its feedback branch and
could be described by the following transfer function:

Two criteria in the open loop were evaluated according to
their applicability for the SBO:

ȁ

(6)

(10)

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

Figure 6. Workflow of the test methodology.

4) Absolute area of the amplitude: The absolute area of
the amplitude (AAA) describes the absolute surface
between the magnitude plot and the zero decibel line (11).
A constant gain of zero decibels over all frequencies is
desired. Therefore, the AAA has to be minimized during
the optimization.


Ǩ

 ܣܣܣൌ න ȁܩܨ ሺ߱ ሻȁ  ߱݀ כൌ݉݅݊

TABLE III.
Optimization
criterion (࢚࢛ )

(11)



C. Additional contraints
To affect the behavior of the controlled system, such as
stability or performance, additional constraints could be
defined (if not used as optimization criterion):
x
x

1) … 4)

Additional constraint
ࢉ࢛

Description

1

none

2

phase margin of 30°

3

phase margin of 60°
limited overshoot to 1.1547 dB and a
phase margin of 30°
limited overshoot to 1.1547 dB and a
phase margin of 60°

4
5

Phase margin (open loop)

6

Minimum allowed phase margin in the open loop.

7

Kappa Tau with  ൌ ͳǤͶ and a phase
margin of 1°
Kappa Tau with  ൌ ʹǤͲ and a phase
margin of 1°

Kappa Tau (open loop)
Minimum allowed distance between the critical point
“-1” and the curve.

x

TEST MATRIX



ೠ
݀௦௨ǡ
ೠ

Limited amplitude (closed loop)
Maximum allowed gain in the closed loop.

=

ቌ

ೠ
ݐ௦ǡ
ೠ 



ೠ
 ݐ௦

െ ͳቍ

(12)

ೠ


D. Used test methodology
The mentioned four different optimization criteria
(ݐ௨ ) were combined with seven (ܿ௨ ) different settings
of additional constraints as shown in Table III. With ܿ௨ = 1
the optimization was carried out without any additional
constraints to evaluate the necessity of the constraints.
These combinations were used to optimize the three test
plants mentioned in Table I and also the model of the
described test rig (chapter V.). To be able to compare the
different controller settings, the sum of the deviations of the
raise (ݐ௦ ) and settling (ݐ௦௧௧ ) times (tolerance band of 5
percent) for every test plant to their best values were
calculated (12). The values for the best raise and settling time
were obtained by optimizing the step responses of the test
plants using the integral of absolute error (IAE) as
optimization criterion as described in [2].
This methodology is summed up in Fig. 6. The (݀௦௨ )
values are used to rank the results of the optimization
according to their performance in the time domain. For
information also the percentage ratio of the IAE to the time
domain are presented.

ೠ
ݐ௦௧௧ǡ
ೠ 
ቌ
ೠ െ ͳቍ
 ݐ௦௧௧

ೠ

VII. OPTIMIZATION RESULTS FOR THE TEST PLANTS
In the following, the optimization results for the three test
plants are presented and discussed. They were evaluated
according to the described test methodology in chapter VI.
For better clarity, only the three best optimization results are
shown.
In Table IV the optimization results according to the
(݀௦௨ ) for all test plants are presented. The Bode plot of the
open loop system for the top three controller settings for the
test plant 1 are shown in Fig. 7. Also the closed loop behavior
is presented in Fig. 8 and the resulting step responses in the
time domain are illustrated in Fig. 9. It could be stated, that
all settings meet the desired requirements. Obviously, the
optimization of the CF leads to the shortest raise times over
all experiments.
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TOP THREE CRITERIA FOR THE TEST PLANTS
Bode plot (closed loop)

2

3

ࢉ࢛

IAE (%)

1

2

596.55

243.00

1

7

597.49

220.22

3

4

627.92

63.39

3

2

212.39

401.42

1

2

669.86

877.74

1

7

940.44

765.90

3

7

388.92

127.66

1

7

392.97

130.70

3

6

833.56

154.34

1,1,7

OPT

1,3,4

−20
−40

−45
−90
−135
−180
−225

−1

10

0

1

Frequency (Hz) 10

10

Figure 8. Bode plot for the closed loop system showing the top three
optimization criteria for test plant 1.

Nevertheless the following two statements can be made:

Concerning the additional constraints no clear ranking can
be derived. In case of the test plants a phase margin of 30
degrees or the usage of KT with Ms = 1.4 seems promising.
Nevertheless the selection depends strongly on the
investigated system behavior and cannot be generalized.

x

Additional constraints are always necessary, otherwise
the resulting controller parameterization leads to
instable system behavior.

x

The usage of KT as additional constrain is only
applicable with the combination of a minimum phase
margin of 1 degree. This is because only the usage of
KT does not ensure that the intersection of the curve
in the Nyquist plot is on the right to the “-1” (Fig. 5).

In the following the experiments for the test plants are
named by this means: ܱܲܶೠ ǡ௧ೠ ǡೠ .
Exemplarily, the controller parameters obtained from the
optimization for test plant 1 are shown:

Bode plot (open loop)
40
OPT

Magnitude (dB)

1,1,2

OPT

−60
0

According to Table IV the application of the CF and the
BW deliver the best results over all three test plants. Also the
AAA delivers satisfactory results. One disadvantage of the
CF, which has yet no influence in these examples, is the
missing consideration of e.g. filters in the feedback path or in
the setpoint path. The application of KT is not expedient for
the optimization, because the results of the FF are not
sensitive to the controller parameters. This is due to the fact,
that there exists a large number of different settings, that
intersect the circle around the “-1” (Fig. 5).

x

OPT1,1,2: KR = 1.158, KI = 8.332, KD = 14.135

x

OPT1,1,7: KR = 1.022, KI = 3.935, KD = 10.981

x

OPT1,3,4: KR = 1.280, KI = 2.143, KD = 4.309

1,1,2

20

OPT

1,1,7

Step responses

OPT1,3,4

0

1.4

−20

1.2

−40
−60
0

Phase (deg)

OPT

0
Magnitude (dB)

1

࢚࢛

Phase (deg)

࢛

Calculated 
ࢊ࢛ (%)

1

−45

0.8

−90
−135

0.6

−180
−225

OPT

0.4
−1

10

0

Frequency (Hz) 10

1,1,2

OPT

1

10

1,1,7

0.2

Figure 7. Bode plot for the open loop system showing the top three
optimization criteria for test plant 1.

OPT

1,3,4

setpoint value
0
0

30
40
50
t (s)
Figure 9. Step responses for the top three optimization criteria for the test
plant 1.
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࢚࢛

ࢉ࢛

Calculated dsum
(%)

3

5

85.39

171.93

4

8

91.67

201.89

3

3

95.77

162.09

IAE (%)

Step responses
70
60
Speed (1/min)

TABLE V.

However, the maximum overshot in the step responses
(optimized by the CF) is quite high. The results of optimizing
the BW show a much lower overshoot in the time domain.

x

OPT1:
KP = 1.162 (Nm•rad/s),
Tn = 1.440 (s),
T_DSWF = 0 (s), T_SSWF = 0.00016 (s)

x

Tn = 2.048 (s),
OPT2:
KP = 0.865 (Nm•rad/s),
T_DSWF = 0 (s), T_SSWF = 0.00025 (s)

x

OPT3:
KP = 1.046 (Nm•rad/s),
Tn = 1.317 (s),
T_DSWF = 0 (s), T_SSWF = 0.00024 (s)

x

Tn = 0.0086 (s),
AUTO:
KP = 1.309 (Nm•rad/s),
T_DSWF = 0 (s), T_SSWF = 0.00019 (s)

The parameters assume that the speed setpoint filter was
always getting deactivated during the optimization runs.
However, this is not the case for all other criteria.
To prove the sufficient accuracy of the used model in the
frequency domain, the frequency responses (closed loop) of
the model and the recorded one at the test rig (done with an
offset in the rotational speed) are compared for two example
controller settings in Fig. 10.

Magnitude (dB)

Bode plot (closed loop)
20
0

−60

OPT2 SIM
AUTO SIM
OPT2 TEST RIG
AUTO TEST RIG
1

10

2

10

3

10

Phase (deg)

200

0

−200

1

10

2

10
Frequency (Hz)

40
30
20

SETPOINT VALUE
OPT2 SIM
AUTO SIM
OPT2 TEST RIG
AUTO TEST RIG

0

According to chapter VII. the optimization results for the
test rig (chapter V.) are presented and discussed. Four
parameters (KR, Tn, T_DSWF, T_SSWF) had to be optimized.
Again, the top three settings are presented in Table V. The
corresponding determined parameters are:

−40

50

10

VIII. OPTIMIZATION RESULTS FOR THE TEST RIG

−20
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3

10

−10

0

0.01

Time (s)

0.02

0.03

Figure 11. Comparison of the step responses between the model and the
actual test rig.

It can be stated, that the model quality is adequate in the
frequency domain. Corresponding to that, the step responses
are compared in Fig. 11. Also here the curves for the
automatic setting are almost identical. However, the step
responses for the optimized settings differ because the curve
for the actual step response (OPT2 TEST RIG) take much
longer time to reach the setpoint value. This can be justified
with the missing modeling of the friction in the model.
Therefore, the integral part of the PI- controller (Tn) is
adjusted in that way, that the positive phase margin of the
integral part is already effective at low frequencies. This
leads to relatively high phase margins e.g. for the CF.
Nevertheless, the integral part gets relatively slow, which
leads to the described resulting behavior.
IX.

SUMMARY AND CONCLUSION

Former research showed that the application of the SBO to
parameterize controllers is an alternative and promising
approach. Furthermore it was proven, that the choice of the
used FF in the time domain had a strong influence on the
quality of the gained results. In this paper the influence of the
used optimization criterion for the SBO in the frequency
domain was discussed based on three different test plants and
one test rig. Both, two criteria in the open loop and two in the
closed loop, were investigated. Furthermore, they were
combined with different additional constraints.
The results show that the application of the BW in
combination with 30 or 60 degrees of phase margin in the
closed loop seem to be an adequate criterion for unknown
systems according to the raise and settling times of the step
responses. Of course other criteria may deliver better results
for specific system behavior. However, a significant problem
is the adequate modeling of investigated system e.g. the
occurring friction. Further research must show, how these
problems could be solved e.g. by modeling the friction or by
combining time with frequency criteria.

Figure 10. Comparison of the frequency response of the closed loop between
the model and the actual test rig.
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Abstract— Information about controlled systems in control loops
are required for different reasons. Monitoring functions and
adaptive controller tuning mechanisms need detailed knowledge
of significant parameters [1]. In contrast to well-established
invasive identification approaches, which base on test signals,
non-invasive identification strategies do not interfere with the
process. Therefore, they can be carried out during regular
machine operations. Such an algorithm was developed for the
velocity loop of electromechanical servo drives. The presented
approach bases on the recursive least squares method (RLS) and
uses only regular axis movements.
The main obstacle of this approach however is the lack of a
determined process excitation, because specific test signals
applied to the plant do not exist. Consequently, the accuracy of
the identification results varies with the quantity and form of
process excitation [2]. In order to ensure suitable model
parameters for further applications, the estimation algorithm
has to be extended by modules, which take care of a signal
preprocessing, averaging the identified parameters and
controlling the variable forgetting factor of the RLS method.
The parameterization of those modules is essential for the
accuracy of the identified parameters and thus a complex
procedure and different for each considered axis movement. To
overcome this challenge, the method of simulation based
optimization is proposed for this use case.

I.

regular process because of the resulting axis movements. In
contrast to this, identification methods, which only base on
regular process movements of a machine tool or production
machine, can be processed. These regular movements, which
are also referred to as “natural excitation” [2], [4], can be
either the positioning of feed forward drives or the
acceleration of a spindle before the cutting process. Hence, the
machine can remain in regular operation status. Despite the
great advantage of this kind of approaches, their practical
utilization is still comparatively low [2]. In literature it is
stated, that this kind of “non-invasive” identification methods
have special requirements (Table I) and therefore need certain
add-ons to ensure sufficient results for the identification with
only natural excitation [2], [4], [6], [7]. This might be the
reason for the insufficient practical utilization but also requires
further research.
This research is object of the paper. The requirements of
non-invasive identification result in modules, also shown in
(Table I), which have to be chosen in their structure and also
need to be parameterized. Since literature shows no tuning
rules or rules of thumb, we propose the utilization of an
optimization approach for this matter.
TABLE I.

SPECIAL REQUIREMENTS OF
AND RESULTING MODULES (FROM [6])

INTRODUCTION

The usage of identification methods, such as the Least
Squares (LS) method is generally not a new approach to
estimate parameters of an electromechanical drive. It can be
found in an overview about various methods to identify
mechanical systems in [3], that most known approaches use
deterministic test signals to excite the process. Although [3] is
in German, the relevant information can be extracted. With
many advantages of this course of action there comes the
limitation that such measures cannot be carried out during the
*Corresponding author
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Requirement
Minimum excitation to the process
Minimizing disturbance effects
Finding a suitable model structure

NON-INVASIVE IDENTIFICATION

Module
Excitation detection
Low pass filtering of the signals,
used for identification
Automatic choice of the model
structure depending on the axis
movement

Adapt parameter estimator to
varialble process excitation

Influence to the LS-approach

Rating of the model uncertainty

Similarity estimation of model
output an measured signal

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

In the following section, the paper describes the basics of the
simulation based optimization (SBO). Afterwards, the noninvasive identification approach for velocity controlled
systems of electromechanical servo drives, implying the
parameter estimator as basis and the complementing modules
is presented. In a following section the optimization problem
is formulated by exposing significant influence parameters of
the modules. The optimization is carried out based on
experiments, which were performed on a test rig, equipped
with a motion controller and the possibility to vary the
moment of inertia [8]. The applicability of the combination of
the identification approach and the SBO is discussed based on
numerous forms of axis movements. Hence, general
statements for the usage of SBO in this field of parameter
identifications can be made. Furthermore, experiments were
performed based on a state of the art machine tool. The paper
closes with a summary and an outlook.
SIMULATION BASED OPTIMIZATION

II.

Generally, the term “optimization” is used for estimating
the extremum in a defined parameter space. For this reason,
the optimization problem as well as optimization criteria have
to be defined. Borders of the process, which have to be
complied, should result in constraints to the optimization
problem [9]. A practical approach to the application of
optimization in various use cases is the simulation based
optimization. Here, the optimizer and the simulator are
separate blocks, which communicate with each other. As
visible in Fig. 1, a set of influence parameter values is
transferred to the simulator who feeds back a fitness value,
based on the optimization criterion.
This allows the usage of the same kind of optimizer for
diverse problems. It could be proven that, by using the
simulation based approach, optimization can also be applied to
problems of controller design [10], [11]. In the field of
parameter identification, optimization strategies were already
equipped successfully as well [12].
A. Optimizer
In the presented approach, a hybrid variant, combining a
global Particle Swarm Optimizer (PSO) and a local NelderMead (NM) method is used. This decision bases on the
improved performance of this structure, compared with
standalone optimizers [11]. Another fact to consider is the
convergence of the (hybrid) optimizer. Literature provides
guidelines for the PSO as well as the NM algorithm, see e.g.
[13] and [14].

In general, the number of particles and the quantity of
particle movements (iterations) has to be chosen dependent on
complexity of the optimization problem. In the presented case
this dimension is either three or four and therefore
comparatively low. Finally the limitation of the search space
to plausible values has to be carried out for the optimization
problem.
B. Simulator
The simulator contains the optimization problem as well as
the rating of the current parameter set, based on the
optimization criteria. This information can be defined in
various simulation environments such as the well-known
MATLAB or MATLAB/SIMULINK which is used for this
research. Hence, the SBO can also handle and optimize
nonlinear problems [10].
In this paper the SBO is not intended to perform the
identification in terms of model parameter fitting, but to
optimize influence parameters of the extending modules (see
III.B) to the identification approach which is demonstrated in
chapter III.A. Hence, the source code of the identification
approach has to be included in the simulator.
III.

 hybrid Optimizer (PSO + NM)
 particle number; number of

iterations
 limitation of the search space

NON-INVASIVE IDENTIFICATION METHOD

A. Parameter estimation
The identification, discussed in this paper, bases on the
recursive least squares method (RLS) [15]. This algorithm
forms the basis for many derivatives [15]. Therefore, the
results, found in this research, can be adapted to various
identification procedures. The parameter estimator is
combined with an adapted model description for the velocity
control loop of a cascaded position control, which is
implemented in nearly all servo drives of current machine
tools or production machines. As a consequence, the model,
which has to be identified, is a single mass system (parameter
Jtot) with friction characteristic (Mfric, consisting of constant
friction moment MRC and speed depending friction coefficient
μR) according to [16]. Additionally, a load torque ML is
included.
As highlighted in Fig. 2, the interesting signals which have
to be measured in the sample time Tsample of the control system
are the actual torque Mact (Æu(k)) and the actual velocity nact
(Æy(k)). This leads to the description of the RLS problem (1)
with a data vector ȥ (2) and a parameter vector ș (3).
GVC...velocity controller
GCuL...closed current loop
Macc...acceleration torque
ML...load torque
ncom...command velocity
ncom

influence parameters
e.g. fc; bint λmax; λmin; avmax, avmin

Optimizer
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Simulator

 complete identification
mechanism with modules and
influence parameters
 axis movements (Mact; nact)
 similarity rating

GVC

-

Mfric

GCuL

Mact -

60/(Jtot•2π)
Macc
ML

mechanical system
Figure 2. Velocity loop with mechanical system

similarity rating as optimization parameter
e.g. distance measures; correlation
coefficient

Figure 1. Interaction between simulator and optimizer (from [11])

340

nact

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

25

yሺkሻ=a1 *-yሺk-1ሻ+b1 *ൣuሺk-1ሻ-MRC *sign൫yሺk-1ሻ൯-ML ൧
Jtot *2*ʌ

; b1 =

1
μR

-μR *Tsample *60

* ൭1-e

Jtot *2*ʌ

ȥT (k)=ൣ-yሺk-1ሻ uሺk-1ሻ sign൫yሺk-1ሻ൯ 1൧
T

ș =ሾa1 b1 b1 *MRC b1 *ML ሿ

൱

20

(1)
torque [Nm]

-μR *Tsample *60

with: a1 =-e

(2)
(3)

This model approach is non-linear, which is no problem
for the combination with the RLS approach, since this is
suitable for non-linear identification as well [4]. The approach
is furthermore suitable for online calculation on an industrial
control system.
B. Extending modules
1) Excitation detection
It has to be guaranteed, that a sufficient excitation to the
controlled system is present during identification [2], [4].
Hence, a mechanism to detect excitation was implemented in
order to separate phases of acceleration or deceleration from
constant axis movements. Only if a defined minimum value
(threshold) of excitation is detected, suitable results of the LSapproach can be expected. Own investigations also show and
literature confirms [2], that the accuracy of parameter
estimation is influenced by the kind of movement sequence as
well as the defined (velocity) controller parameters.
Consequently, it seems promising to influence the RLS
method depending on the present axis movement, expressed
by the time behavior of the excitation to the process. This
leads to an extension of the standard LS-approach (“Influence
to the LS-approach”). As a preparation for this module, an
excitation equivalent has to be computed. We propose the
utilization of the area under the power density spectrum in five
steps (PDS-excitation) as a new method for this purpose [17]:
1.

Interval x is derived from a number of wint samples of the
measured data (in this case Mact) (4)

2.

the auto correlation function (ACF - ĭuu) of the chosen
interval is computed by (5)

3.

a (fast) Fourier transformation of the ACF sequence is
performed, leading to the power density spectrum (PDS Suu) (6)

4.

the area under the PDS (sum) is calculated leading to (7)

5.

Steps 1-4 are sequentially repeated for all samples
m= 1…(n-wint) for the measured signal of the length n
xሺ1…wint ሻ=uሾm…(m+wint -1)ሿ
wint

ࢥuu ሺĲሻ= ൝ xሺkሻ*x(k-Ĳ)ൡ for 0Ĳ(wint -1)
k=1

Suu ሺĲሻ=ࢥ(ښuu ሺĲሻ)
wint -1

Suutot (m)=  ࢥ(ښuu ሺĲሻ)
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15
10
5
0
−5

actual torque
PDS−excitation (w =20)
int

−10

PDS−excitation (w =67)
int

−15
0

100

200

(5)
(6)
(7)

400

500

Figure 3. PDS-excitation with different wint based on the actual torque
TABLE II.

STRUCTURES AND PARAMETRIZATION OF LOW-PASS FILTERS

Structrure

Moving
Average

First order
system

Optimization
Parameter

Number
of
elements
ne from

Time
constant T
(expressed
as filter
cut-off
frequency fc)

(8)

Second
order
system
Time
constant T
(expressed
as filter
cut-off
frequency fc)

State
Variable
Filter
filter
cut-off
frequency fc
(directly)

It is possible to use the absolute value of the actual torque
Mact as well [18] but the utilization of the PDS-excitation has
the additional tuning parameter wint. As shown in Fig. 3 the
PDS-excitation signal rises with every peak in the torque
signal and stays on a certain level for a period of time,
depending on the interval wint. Hence, it is possible to adapt
the time behavior of influence to the convergence behavior of
the parameter estimator by tuning wint.
2) Low pass filtering
To ensure adequate damping of high frequency components,
either aroused by the setpoint, the velocity controller or
disturbances, a low pass filter should be implemented. This is
of special importance, when a reduced model order is used to
identify mechanical systems of higher order [16]. For this
reason, four filter structures were implemented, which can be
parameterized by the cut-off frequency fc (Table II).
0,443
(8)

fc *Tsample
3) Choice of the model structure
Depending on the present axis movement, a decision for
the used model structure has to be made. If there is no zerocrossing in the signal of the actual velocity, a separation
between the third and fourth component of ȥT(2) and ĭT (3) is
not possible, because there is no change in the signum
function. Consequently, the model has to be reduced and the
fourth component has to be rejected in this case. Furthermore,
experiments show that a model with only two parameters is
adequate for a number of axis movements as well. This
decision can be made by evaluating a similarity rating.
ne §

(4)

300

time [ms]

Ĳ=1
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model parameters;
start sample
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Mact

sample by sample, similarity measures focus on the general
shape of the signals. A number of realizations of both kinds
can be found in [19]-[21].

μR;MRC
Mfric
1/Jges

-

60/2π
nmodel

distance
measures/
similarity
measures

ML

nact

Figure 4. Scheme of similarity estimation

4) Influence to the LS-approach
For inertia identification with varying system excitation,
[18] proposes to adapt the forgetting factor Ȝ of the RLSmethod based on the actual torque. Here, the parameter
estimator shall be influenced depending on the present system
excitation. Consequently, the forgetting factor Ȝ of the RLSapproach is varied (ȜÆ Ȝvar) within defined borders (Ȝmin and
Ȝmax) based on the normalized PDS-excitation Suunor (9), (10).
Furthermore, an influence factor for average value calculation
(vavvar) for the parameter vector ș of the LS-approach (3) was
included. Analog to the variation of Ȝ, the average calculation
of the parameter vector ș is defined with the borders vavmin
and vavmax (11).
Suunor =

Eds. Leo J De Vin and Jorge Solis

Suutot ሺmሻ- min൫Suutot ൯

(9)
max൫Suutot ൯ - min൫Suutot ൯

Ȝvar ሺmሻ=Suunor *(Ȝmax -Ȝmin )+Ȝmin
(10)
for: m=1…n-wint
ݒܽݒ௩ ሺmሻ=Suutot *(vavmax -vavmin )+vavmin
(11)
for: m=1…n-wint
ି௪
σୀଵ  Ʌሺሻ  כ௩ ሺሻ
(12)
Ʌୟ୴ ൌ
ି௪
σୀଵ  ௩ ሺ݉ሻ
The average calculation is started after the initial
convergence of the parameter vector is completed. In the case,
discussed in this paper, axis movements were measured for
2.1 seconds, resulting in n=4200 samples. Experiments show
that after 25% of the length of the movement sequences
(p=ڿn*0,25)ۀ, average calculation can be started (12).
5) Similarity estimation
For the rating of the final model accuracy, a similarity
calculation can be performed (Fig. 4). The identified
parameters of each run of the identification process are used to
calculate a model velocity (nmodel). The measured sequences
for Mact and nact are always identical with those, used for the
identification as well. As accuracy rating/optimization criteria,
the similarity of the time behavior of the calculated velocity
(nmodel) and the measured (nact) should be considered. In
general, there are two kinds of similarity estimation methods.
Distance measures rate the similarity by calculating the
difference of the signals by considering the samples
successively. In contrast to the idea of comparing two arrays

C. Optimization problem within the non-invasive
identification
For many of the presented modules, parameterization rules
or rules of thumb can be found in literature. However, for the
cut-off frequency of the low pass filter (independent of the
chosen filter structure) as well as for the influence to the LSapproach in general, no specified design procedure can be
found. Consequently, the optimization technique will be used
to find adequate influence parameters. In detail, fc, wint, Ȝmin,
Ȝmax, vavmin and vavmax have to be optimized. This problem of
dimension six can be reduced by applying a-priori information
to retain e.g. upper boundaries. According to [15], the
maximum value for Ȝ can be set to Ȝmax=1 to prevent the
covariance matrix from converging to zero. It is also possible
to set vavmax=1, because only the range of variation of vavvar
(vavmax - vavmin) has an influence to equation (12), but not the
specific value. Hence, four parameters remain for
optimization.
The result of the optimization process should be those
influence parameters which, combined with the identification
approach, lead to a model which reproduces the real behavior
of the model output as good as possible.
This leads to the fact, that the alignment of reality and
model has to be rated to produce an optimization criterion.
The research in literature did not show any suitable criteria for
this use case. Consequently this choice has to be made based
on a large number of experiments (see chapter IV).
IV.

EXPERIMENTAL RESULTS

A. Test environment
The experimental results were derived based on a test rig
(Fig. 5). It represents an electromechanical axis, which could
be used either for machine tools or production machines. It is
equipped with an industrial motion controller and drive system
by Siemens. Attached to this, a synchronous servo motor and a
mechanical system (three mass system) is used. The intention
for the choice of suitable experiment parameters was to
represent as many use cases for the non-invasive identification
as possible. Consequently, a number of 162 movement
sequences were investigated.
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clutch

synchronous
servo motor

Synchrontorque sensor
servomotor

Synchrontorsion
servomotor
shaft

Synchronbrake
servomotor

Synchronelectric
servomotor
clutch

Figure 5. Test rig used for the experimental results
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Figure 6. Choice of suitable error measures

They comprise:
x

Three setpoint shapes (rectangular, stairs, sinus)

x

Three velocity parameterizations (high dynamic,
moderate, slugish)

x

Three magnitude levels (50, 250, 500 1/min)

x

Three offset values (0, 2x magnitude, 3x magnitude)

x

Two different time periods (100, 300ms).

By means of excitation detection, only movements with
actual torque values > 1 Newtonmeter were used for model
identification, reducing the total number to 150. The known
total moment of inertia (from CAD) for this test rig is
Jtot=0,002763 kgm2. All calculations were done in a MATLAB
environment for easy comparison of the results. Nevertheless,
the identification approach including modules is implemented
on the chosen motion controller. Hence, the presented results
can be derived via MATLAB or motion controller.
B. Evaluating suitable optimization criteria
In the first step of the experimental results, a variant (or a
combination) of similarity estimation measures, which is
suitable to serve as optimization criterion has to be found.
Therefore the measure has not only to be sensitive to model
aberrations in general, but also indicate parameter
inaccuracies. For this reason, the experimental results for all
150 movement sequences were rated by eight different
similarity measures:
x

Absolute distance [21]

x

Normalized absolute distance [19]

x

Chebychev distance [19]

x

Gradient normalized distance (higher gradientsÆless
weight) [20]

x

Gradient normalized distance (higher gradientsÆmore
weight) [20]

x

Modified correlation coefficient [21]

corcoeff=

x

Modified cosine coefficient [21]

x

Chi Square error [19]

Out of those, Fig. 6 shows the most suitable ones displayed
as distance/similarity values over the deviation of Jtot. By
comparing the graphs it can be found, that the best error
representation is provided by the normalized absolute distance
(13) and the modified correlation coefficient (15). The
modified cosine coefficient showed similar results. Hence, the
choice between those two should not be very strict.

ȁnact ሺiሻ-nmodel ሺiሻȁ
¨nnor_abs =E ቈ
 i=1…N
maxሾȁnact ሺiሻȁ,1ሿ
R=

σN
i=1ȁx(i)-E[x]ȁ
; i=1…N
σN
ො (i)-E[xො ]ȁ
i=1ȁx

(13)
(14)

Based on the experiments it can be stated, that the
normalized absolute distance (a normalized variant of the
Hamming Distance) in “ǻnnor_abs” (13) and the similarity
measure “modified correlation coefficient” from (15) shows
the best results in the context, discussed in this paper [21]
For modification (to include signal magnitudes into
calculation), the factor R (14) is needed [21]. Hence, the
modified correlation coefficient is chosen to be the
optimization criterion with the normalized absolute distance as
complementing constraint. This means, that higher similarity
values (indicating a better model accuracy) are only accepted,
when the normalized absolute distance is equal or less.
C. Results for specific movement sequences
The following results show the influence of the
parameterization of the RLS approach by simulation based
optimization. For each identification run, an optimization with
the hybrid optimizer was carried out with 15 particles and 20
movements of the swarm for the PSO. Afterwards three NM
runs were done, based on the best, 3rd best and 5th best particle
solution. For further information about the optimizer setting,
see [11]. With these settings, one optimization run takes about

σni=1 (nact ሺiሻ-E[nact ሺiሻ]) *(nmodel ሺiሻ-E[nmodel ሺiሻ])
ටσni=1 (nact ሺiሻ-E[nact ሺiሻ])2 *(nmodel ሺiሻ-E[nmodel ሺiሻ])2
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·min R;

1

൨

R

(15)

3.1
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TABLE III.
Jtot
[kgm2]
0.001495
0.002643
0.002850
0.002657
0.002853
0.002764

1 (left)
1 SBO (left)
2 (middle)
2 SBO (middle)
3 (right)
3 SBO (right)

μR
[Nm*min]
0.00117
0.00104
0.00789
0.00175
0.00080
0.00077

Mact [Nm]; n [1/min]

n [1/min]

800

600

400

200

IDENTIFICATION RESULTS WITHOUT AND WITH SBO

MRC
[Nm]
0.00968
0
-1.51406
0
0
0

ML
[Nm]
0
0
0.01335
0
0
0

fc
[Hz]
101
22
101

500

1800

400

1600

300
200
100
0

0.6

0.7

time [s]

0.8

0.9

1

−300
1

Ȝmax

vavmin

45
33
61

1
0.8206
0.8550

1
0.6640
0.2099

1.4

1.6

1.8

measured velocity
model velocity
(without influence)

1000

400
0.6

2

ǻnnor_abs
[%]
31.46
6.81
8.55
2.70
4.79
2.71

1200

600

1.2

mod
corcoeff
0.554998
0.977312
0.943516
0.999578
0.968752
0.999008

measured torque
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−100
−200

0
0.5

wint

1400
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Figure 7. Result of the optimized influence to the RLS approach

15-25 minutes on a standard personal computer, based on
the chosen parameters.
The positive influence of the SBO however can easily be
seen by comparing the identification results (by means of
nmodel) with and without influence to the RLS-method with the
measured velocity nact. In the left part of Fig. 7, the positive
influence of the module low pass filtering becomes visible.
The measured velocity signal shows a superimposed
oscillation with the first eigenfrequency of the mechanical
system. The parameter identification based on this signal leads
to a smaller Jtot (Model 1 in Table II) and therefore a bigger
magnitude of nmodel. Only if Mact and nact are low pass filtered
with a cut of frequency below the first eigenfrequency, a
suitable model is identified (Model 1 SBO in Table III).
Thereby the simultaneous filtering of input and output signal
does not affect the system behavior negatively, when a
sufficient excitation is present after filtering [22]. The
simulation based optimization therefore provides adequate
values for fc based on the error measures (13) and (15) for the
presented case. Taking an influence to the RLS-method does
not improve the identification accuracy for this movement
sequence any further (indicated by the optimized results
Ȝmax = 1 and vavmax = 1 in Table III). In the middle of Fig. 7
Figure 7. (corresponding with Model2/Model2 SBO), the
model accuracy improvement by filtering and influencing the
RLS-method is visible. In this case all four optimization
parameters are used by the optimizer to reduce ǻnnor_abs and
increase the modified correlation coefficient. The
improvement is not as dramatically as in the left side of Fig. 7,
but still to be noticed.

D. Results for movement sequences in combination
Complementing to the results of specific movement
sequences, all identification results of the investigated 150
movement sequences are discussed collectively. In the upper
third of Fig. 8 the change of arrangement of the identified
parameters for Jtot after optimization towards their expected
value is visible. This is especially the case for stair shaped and
rectangular shaped movement sequences. Part of this effect is
caused by the optimized parameterization of the low pass filter
(fc). Subsequently, the corresponding similarity measures are
shown. It can be seen that after optimization the modified
correlation coefficient is increased for nearly all movement
sequences. Also the normalized absolute distance is reduced,
for some sequences even rapidly (Table IV).
The optimization results show a variation of cut-off
frequencies depending on:
x

the shape of the velocity setpoint as well as

x

to the velocity controller parameterization.

Stair shaped and rectangular shaped movement sequences
show high frequencies in the spectra of Mact. This is also the
case for rather dynamic controller parameterizations.
Both cases demand lower cut-off frequencies for a good
identification result. Thereof a rule of thumb for the Structures
and parameterization of low-pass filters could be extracted.

Also the avoidance of a negative parameter for MRC after
optimization can be noticed by looking at the model
parameters in Table III. The third example on the right side of
Fig. 7 shows, how only small changes in the identified
parameters after optimization (Model3/Model3 SBO) can
result in a better model accuracy for ǻnnor_abs as well as the
modified correlation coefficient.
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TABLE IV.

Optimization
Without
With (SBO)

PARAMETERIZATION OF THE LOW PASS FILTER
Average
Average mod
Average
divergence of
corcoeff
ǻnnor_abs [%]
Jtot [%]
of all 150 movement sequences
5.9521
0.84926
8.37
1.8403
0.98525
6.45
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2

stairs

rectangle

0.5

E. Results for a machine tool
To show the practical relevance of the presented method,
the axes of a state of the art machine tool were investigated
(Fig. 9). During a regular turning operation, the relevant
signals Mact and nact of all axes (2nd spindle, X, B, Y, Z) were
traced and transformed to the MATLAB environment. Again,
the calculations were done in MATLAB. The filter cut-off
frequency was parameterized by using the rule of thumb as a
result of the experiments in chapter IV. Hence they are equal
for the models, derived with and without SBO in Table V.
Results for the X-axis are not presented in the paper, because
the utilization of simulation based optimization was not able to
improve the identification accuracy. For the Y-axis, no
identification was performed at all, because this axis did not
show any sufficient movement (no suitable excitation
detected).

sinus

0

identification without influence
identification with influence (SBO)
expected value for Jtot

100

Δnabs_nor

to excitation detection

1

no identification due

Jtot [Kgm2]
mod corcoef

x 10-3
3

50

0
0

20

40

60

80

100

120

140

160

movement sequences

Figure 8. identified moments of inertia and error messages for all
movement sequences

As visible in Table V and Fig. 10, the usage of SBO helps
to improve the results for the use case of a machine tool as
well. For cyclic repeating axis movements, such as tool
changing or specific feed motions, a parameter set for wint,
Ȝmax and vavmin can be derived once by utilization of SBO.
Later on these parameters can be used several times, when the
specific axis is performing this movement again. An algorithm
to realize this course of action should be implemented in the
numerical controller, together with the non-invasive
identification approach itself.

Figure 9. investigated machine tool and arrangement of axes

Best results for filtering were achieved, when fc was decreased
as long as there was an overshoot of the actual velocity nact
over the velocity setpoint values of more than 2 %.

TABLE V.
Model

Position in
Fig. 10
left
left
not disp.
not disp.
right
right
not disp.
not disp.
not disp.
not disp.
not disp.
not disp.

B-axis
B-axis SBO
Z-axis1
Z-axis1 SBO
Z-axis2
Z-axis2 SBO
Z-axis3
Z-axis3 SBO
X-axis1
X-axis1 SBO
X-axis2
X-axis2 SBO

Eds. Leo J De Vin and Jorge Solis

IDENTIFICATION RESULTS FOR DIFFERENT MACHINE TOOL AXES WITHOUT AND WITH SBO

Jtot
[kgm2]
5.91
6.23
0.0508
0.0497
0.0501
0.0500
0.0499
0.0500
0.0144
0.0142
0.0141
0.0135

MRC
[Nm]
70.12
61.86
2.03
3.01
1.24
1.68
0.39
0.54
20.19
20.62
4.41
4.73

μR
[Nm*min]
1.3826
1.5595
0.0046
0.0042
0.0268
0.0248
0.0220
0.0203
0.0037
0.0035
0.0049
0.0048

ML
[Nm]
0
0
0
0
0
0
0.98
1.13
0
0
15.67
16.45

fc
[Hz]
32
32
32
32
32
32
-

wint

Ȝmax

vavmin

54
28
20
47
59
41

0.9469
0.9632
0.9500
0.9578
0.9871
0.9613

0.6951
0.7032
0.3094
0.2913
0.1023
0.2434

ǻnnor_abs
[%]
3.60
1.47
2.93
2.71
10.15
10.12
9.65
8.65
3.18
3.01
16.98
7.82
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measured velocity
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model velocity
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Figure 10. Result of the optimization for machine tool axes
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mod
corcoeff
0.9544
0.9992
0.9160
0.9427
0.9417
0.9936
0.9019
0.9211
0.9262
0.9452
0.9684
0.9981
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V.

[7]

CONCLUSION

The identification of velocity loop parameters without a
designable deterministic process excitation requires additional
measures to achieve adequate results. For some of the
extending modules, described in the paper, parameterization is
quite difficult. For this reason, simulation based optimization
is used to find suitable parameters.
In a first step the paper shows the choice of a target-aimed
optimization criterion. Subsequently, the potential of SBO to
increase the model accuracy of this non-invasive identification
approach was shown based on various experiments. The
practical utilization of this method was finally described for a
state of the art machine tool.
Further work has to be done concerning the application of
the identification method, including all modules on an
industrial numerical controller. It has to incorporate a version
of the SBO solution as well as a detection of process phases,
such as cutting.
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Abstract— Product platforms are commonly used in

industries with complex products to allow a customer
needs to be satisfied through product customization or by
reusing components for different market offerings. As the
variety increase and changes become frequent the
necessity for product information model is more
apparent. All user categories, ranging from product
designer to shop floor worker, need to access, refine and
modify the information to reflect the new knowledge that
has been acquired. The contribution of this paper is to
discuss how a new type of tool for building domain
specific language and editors, namely language
workbenches can be used to capture this product
platform knowledge. This approach can be used to
support different user categories in their tasks working
with variability of mechatronic products while at the
same time provide cohesion and traceability of
information.
I.

INTRODUCTION

Product Life Cycle Management (PLM) [1] strategies aim
to integrate information throughout a products life cycle from
the imagination of the product to the design and realization of
the product and information about the use and recycling of the
product. A PLM system supports everyone in the
organization, from purchasing, to product designers, to shopfloor workers. In [2] requirements for PLM systems, in a
workshop hosted by NIST (National Institute of Standards
and Technology), are presented. The notion of cohesion and
traceability of information is reported as being crucial for
improved data management of PLM systems.

Handling variability within the automotive industry [3] is a
vital aspect. In today’s competitive market the diversity in
customer’s need have resulted in a high level of variability in
the products which have to be manufactured. As a result in the
car and truck industry there has been a shift from single
products to product families and product platforms [4].
Within each product family there is a high degree of
variability. Hence the type of information which the car and
truck industry has to work with is tightly coupled with
variability. This variability has affected the design of the
product. It can be said that variability has affected the whole
process platform [5], where the term process platform is used
as a conceptual structure of producing a family of customer
specific products.
When ordering a car or a truck, a customer might have it
customized to meet the individual needs. While the car
industry typically has a well-defined set of options that the
customer can choose from, a truck is used in a wide range of
environments and used to carry different type of loads.
Consequently individual trucks from the same product family
might have very different physical characteristics. Product
platforms define a set of components and configuration rules
that model how these components can be combined together
accordingly. The product variability has consequences for the
product design and assembly processes [6], because they have
to adapt to the characteristics of each unique order. If product
variability is low, the design process might be adapted to
solve each possible variant. However, in this paper products
with high variability are considered, where it is not feasible to
exhaustively enumerate all possible variants. This is typically
the situation in the automotive and truck industry.
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Building a new or modifying an existing product or
assembly line is a costly and time-consuming process that
needs to be supported by efficient tools. Various user roles
like product designers, production preparation engineers, line
builders and shop floor workers need support and tools to
share knowledge in an efficient manner.
Variability during product design and influences many
stakeholders. Product designers define and develop
engineering solutions for product platforms and specify
requirements and constraints in the platform e.g. allowed
combinations of the components in the platform. The
variability has consequences on the distribution of operations
between shop-floor workers in a cell.
In [2] cohesion is defined to be knowledge of the
interrelationships that exist between data and traceability to be
the knowledge of origin or basis for believing in certain data.
Different user categories that work with the information and
knowledge for the product prefer to represent the information
in different ways, for example, the product designers and
preparation engineers prefer to represent the parts and
subassemblies in different ways. This difference in
representation is because for the product design the focus is
on the structure of the product while the assembly order is of
importance to the product preparation engineer. Since the
design and development of a product will go through several
cycles it is time consuming and error-prone to have multiple
representation of the same information in the system. In [2]
the properties, associatively across views and logical
consistency are identified as two important properties of
systems supporting cohesion and traceability. Associatively
across views means the absence of knowledge that two
conceptualization are used for the same purpose and also the
absence of knowledge that two references refer to the same
thing. Logical consistency is defined to be type awareness,
interpretation constraints and wellformedness conditions of
the information. Another important property is the traceability
of the origin of belief, where an assumption that was true at
some point might no longer be true and thus invalidating
certain decisions that were made previously. Problems
regarding cohesion and traceability of information will result
in an inefficient process working with the information in the
product families.
Domain specific languages (DSLs) [7, 8] are for end-users
of a system, who are supposed to be domain experts but not
experts on computer languages. DSLs might be textual or
graphical or a hybrid of the two. DSLs support a concise and
domain-specific notation for working with information within
the domain. DSLs also benefit from many of advantages with
general purpose programming languages as having a welldefined syntax and semantics. This allows DSLs to support
the automated analysis and transformation of data.
Importantly, DSLs provide extensive support for handling the
conceptual and associative gap that was crucial in PLM
systems, but also for dealing with logical consistency of the
data. This is because in a DSL it is straightforward to make a
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distinction between a types and instances of parts. Also a DSL
can easily enforce types and logical constraints that guarantee
that the information is consistent and does not contain
contradictions. In addition DSLs excel at modelling
associations between information something which is useful
for supporting traceability of information and decisions.
Language workbenches [7, 9] are tools that support
development and use of DSLs. While most existing tools
focus on pure textual languages, the two language
workbenches from Meta Programming Systems (MPS)
system from Jet brains [10] and the Domain Workbench from
Intentional Software [11] also support the viewing and editing
using graphical representations.
There has been previous research which has aimed to
handle variability using language workbenches [12, 13]. In
the mentioned research handling variability is targeted in the
implementation phase. This is while the approach proposed in
this paper aims to target variability at the modeling phase.
This paper is part of an ongoing EU FP7 project
Know4Car 1 which aims at developing a knowledge-based
collaborative platform of the design and deployment of
manufacturing systems [14]. This research project has been
defined as a part of the ongoing Know4Car project. The initial
ideas of this research project have been published in a
previous paper [15]. In this paper we discuss how a new type
of tool called Language Workbenches can support cohesion
and traceability of information in such a knowledge based
system. We specifically focus on managing variety of the
mechatronic products.
The contribution in this paper is a study of how language
workbenches might be suitable for supporting coherence and
traceability of information while working with variability of
product families. A proof-of-concept tool is under
development as part of an ongoing project. The tool is based
on the Domain Workbench from Intentional Software. We
show with some examples, how the tool can be used within
the domain of variability management, we also discuss
strength and weaknesses with a language workbench
approach.
The outline of the paper is as follows. In section 2 the
different roles working with knowledge variability through the
development of product and production systems are defined. In
section 3 the approach is discussed. Finally, in the last section
the paper conclusions and possible future work is discussed.
II.

SOURCES OF VARIABILITY

Throughout the life cycle of a mechatronic product there
are multiple factors which can be regarded as sources for
variability. In this section these factors are described, and the
nature of these variation points is explained in more detail.
These factors are 1) product family, 2) stakeholders and
documents.
The first factor which affects the variation points of a
product is the different variations of product which need to be
1
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made to support the needs of the customers. In recent years
there has been an increasingly fast rise in the product
requirements which are needed by the customers. The
industry has answered this trend by shifting its focus from
designing and building single products to the concept of
product families. Within these product families there are
multiple variation points which need to be supported. These
variation points will give multiple options for each part of the
final product. Figure 1 shows some of these variation points
for an example of a truck. As the truck is counted as a
mechatronic product it has some software components which
need to be modeled too. These software parts can also be
modeled with hierarchical components. For creating each
instance of the truck in each variation point some specific
parameters have to be set.
As it can be seen the feature hierarchy is used to model
both the physical and software side of the truck.

needed product to fit those needs. If you look at this range of
stakeholders you will see that it is not only the different types
of stakeholder which varies but also it is the type of
information which they give to the system and / or require
from the system which differs considerably. As each
stakeholder will manipulate the information in some way,
adding some of their respective experience to the information,
it will be suitable from this point onwards to talk about
knowledge [17] instead of information.
In this paper we have a case from the tuck industry included
which exemplifies the concepts of each section. Table 1 gives
some of the examples of different stakeholders and the
different documents they each contribute or require.
TABLE I.

AN EXAMPLE OF ROLES WORKING WITH DEVELOPMENT OF A
PRODUCT PLATFORM AND EXAMPLES OF CONTRIBUTED OR REQUIRED
KNOWLEDGE.
Role

Truck

Frame

Cab
Cab
Cab

Requirement specification

Product designer

Feature Diagram (Defining
Family of products)

Frame rigid

a

Bill-of-material

Front wheel
unit

Single wheel
axle

Contributed / Required
Knowledge

Customer

Shop floor workers
Frame
tractor
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Double
wheel axle

Work instructions (mapping of
operations to an individual worker
within a cell)
Work distribution within a cell
Feasibility of work instructions

Figure 1. Variability within product family

The different choices which are made in these variation
points will result in various instances of the final product.
With these choices comes some specific rules with which
these choices can be made. These rules are constraints which
prevent choices which can’t be made. As the number of
variation points increase in the product families so does the
number of these constraints. One of the main problems which
the industry faces today with product families is the
management of these constraints. Formal methods have been
used to help engineers maintain, verify and analyze product
configuration constraints. These methods help provide
automatic verification of constraints and provide
computational support for analyzing and refactoring
constraints. These methods also allow verifying the
correctness of one specific type of constraints, item usage
rules, for sets of mutually-exclusive required items, and
automatic verification of equivalence of different
formulations of the constraints [16].
The second important factor which will affect the
variability within a product is the stakeholders working with
the product throughout its lifecycle. These stakeholders are
from a wide range of expertise. On one hand there is the
customer which may not have any specific engineering
information but knows what features he wants in a truck. On
the other hand you have the product designers which will use
the requirements specified by the customers and design the

Although all the various stakeholders contribute to the
knowledge but the format of this contribution is very
different. Each role has their own preference and
requirements when it comes to the representation of
knowledge.
In the industry this information is represented in multiple
sources, which are very syntactically diverse. Some are
informal like text documents or rich text documents; others
are semiformal like spreadsheets, while there are also more
formal documents like CAD drawings and Bill-Of-Materials
(BOM) that might be stored in structured databases. Although
these document types are very different from each other, they
still describe the product platform, but from different views
and levels of abstraction.
The main problem regarding knowledge management is
the lack of a central model to capture the process platform
model. The lack of such a central model means that it is the
engineers who have to play the central role. When someone
wants certain knowledge from one specific document to be
used in another document; it is the engineer who has to act as
the translator between these two documents types.
Each user will add knowledge to documents, knowledge
which often is based on other sources of knowledge. But as
these documents are all in different formats, there is always a
constant need for translation of information between these
documents. Currently this translation is done by the engineer.
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This manual editing and translation can be extremely error
prone, and time consuming.
As an example consider the role of the shop-floor worker
in a manufacturing company. This company is working on a
product platform with variability. It is important for the shopfloor worker to be able to give feedback to the product
designers on for example assembly complications that show
up during industrialization of a new line. Another example of
such knowledge can be when the shop-floor worker has some
change they want to make to the sequence of operations
which are to be carried out in the assembly of the product.
This might be due to that an optional feature was selected for
this specific instance and then the provided assembly
sequence is no longer feasible. Another problem is the lack of
conceptual traceability between these document types.
Although these documents are very different, they still
describe the concept of the product platform from different
views and levels of abstraction. So naturally there will be
conceptual threads between the knowledge in these
documents. Currently it is very hard to keep track of these
conceptual threads and in rare cases where this traceability is
kept it will be both hard and time consuming to keep it
updated.
Let us return to the example with the shop-floor worker.
The information that he/she needs from the process platform is
work instructions. These work instructions will guide the shopfloor worker by defining the sequence of operations to
perform. If the shop-floor worker realizes that the stated
sequence of operations is not working, or it can be improved in
some way, it needs to report this knowledge in some form.
There needs to be a standard protocol for the shop-floor
worker to contribute this new knowledge, back to the for
example production preparation engineer. What also needs to
be kept in mind is the fact that although this knowledge is
useful for the production preparation engineer but other roles
will also benefit from it, for example the product designers.
Currently the feedback of this kind of information is often
either done manually, e.g. with a phone call, or through a more
formal report which is in most cases a textual document. But
none of these two types of feedback are transparent for other
roles in the process platform other than the initial receiver of
the information. Thus to allow automated analysis and
propagation of knowledge back from the shop-floor operator
to the product designers and production preparation engineers
to provide the shop-floor worker with a way to input the new
knowledge into the system. The more support the worker has
in filing as detailed and accurate report the easier it will be for
others to handle the knowledge appropriately.
III.

A LANGUAGE WORKBENCH APPROACH TO MANAGE
PRODUCT VARIABILITY

In [18] the term Language Workbench is used to describe a
class of tools that support the definition and use of DSLs.
Ontologies also support the development of DSLs. Ontologies
are defined [19] as follows, “Ontology is a formal, explicit
specification of a shared conceptualization”. Thus, existing
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Figure 2. A shared conceptual model of the domain. From this view
different projections for different the roles can be automatically created.

ontologies are useful when defining a DSL. In the Know4Car
project, ontology for modeling of products, processes and
resources has been developed [14]. Ontologies for variability
management have been defined for modeling variability in
software product lines [20], and in [21] the authors develop a
UML-based, similar to an ontology, representation of a
variability for a generic product , process and routing
structure.
In this work the focus is on using a language workbench for
describing the variability of product families. While this is an
ongoing work we are implementing a proof-of concept using
the Domain Workbench (DW) from Intentional Software [11]
and will in this paper discuss the strength and weakness with
such an approach. Within the DW it is possible to define
multiple domains that can be viewed and edited in multiple
projects. For our domain this means that we have different
DSLs for different aspect of the system. However, an
important feature of the DW is that it is possible combine
different DSL in an application. For example, product
variability might be modeled using feature diagrams while
relations between sequences of operations (precedence
constraints) might expressed using so called sequence of
operations diagrams [22]. Fig 2 shows the proposed
architecture of a language workbench approach.
As the first step in language workbench approach a
conceptual view of the domain is designed. The advantage of
having this central conceptual view is two folds. Firstly, it is
with the help of this conceptual view knowledge from
different parts of the process platform is related to each other,
hence giving a cohesive conceptual view of the overall
system. Secondly, this conceptual view help in defining the
needed DSLs that will make the roles in the process platform
involved in the process of knowledge management. It is with
the help of these DSLs that different user roles will be
involved in the process of knowledge management, while
working with their own preferred editable projections. In
order to reach this conceptual view we have implemented a
domain specific model which is designed for the use of the
car and truck industry. The advantages of using a domain
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specific model are twofold. Firstly, by using a domain
specific model you are sure that you can capture all the
details which are included in the target business as the model
is designed specifically for that target business. Secondly, by
having a domain specific model and through the use of
domain specific languages, which act as the interface to this
model, all the diverse stakeholders of the target system are
involved in the process of knowledge management.
This domain specific conceptual model is constructed of
two main parts, namely the feature hierarchy and the
constraints list. The feature hierarchy is used to give the
information regarding the groups and items which may be
used to build up a truck. Examples of these groups include
cab, frame and first rear wheel unit, while examples of the
items include cab red, cab yellow, frame rigid, and single
wheel axle. Figure 3 gives an example of a projection for the
truck’s feature hierarchy. As it can be seen from the figure
the projections can be defined as a combination of textual and
graphical formats. The same feature hierarchy can be used to
model software components which are needed for building
the trucks. These software components are designed as
components which can handle similar software needs of the
truck. In each instance of the truck these software
components will be instantiated using a set of parameters as
input.
The second part of the domain specific conceptual model
is the constraint list. Truck instances can be created by
choosing from each group of the feature hierarchy. But not all
combinations will result in acceptable instances of trucks. It
is the job of constraint lists to limit which combination of
items from the feature hierarchy can be picked for reaching
valid instances of trucks. Figure 4 shows an example of a
projection containing the constraint list. In this projection it
can be seen that constraints will use instances if previously
defined items from the feature hierarchy which are formed
using first order logic statements.
As the number of feature variability and the number of
constraints increase in the domain specific model it will be
more difficult to manage the instance creation and the
constraint set. As Voronov [16] mentions in the car and truck
industry this number of constraints will increase considerably.
And with a high number of constraints due to product
complexity their management will be error prone. In order to
enable the conceptual model to be analyzed this approach
proposes to translate the conceptual model to an equivalent
Clafer [23] model. Clafer is a meta-modeling language which
has been used in software product lines to model variability
but is also appropriate to model variability of product families.
After the conceptual model is translated into a Clafer model,
with the help of some additional tools like Clafer Instance
Generator (ClaferIG) [24] the instance list of this model can
be created. The advantage of creating the instances is three
fold. Firstly, sometimes the listing of the concrete instances
would be advantageous in itself. Secondly, by analysing which
instances have or have not been created one can reason about
the constraint set of the system (whether the system is over or
under constrained). Thirdly, it would allow for the creation of
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partial views [25]. Partial views are the result of partial
instantiation of variables. These types of views are useful for
some roles in the manufacturing industry e.g. shop-floor
workers. By examining the instances if an instance is created
which should not be accepted this would mean that the model
is under constrained. On the other hand if the instance list does
not contain some instances which should have been accepted
this means that the model is over constrained. As this part of
the model is still under development we will discuss this part
in more detail in future research.

Figure 3. Example of a representation of a feature diagram, in this case
represented as table within the Domain Workbench.

Figure 4. Example of some constraint rules of a truck family

In the next step, with the help of a language workbench,
editable projections of the conceptual view can be developed.
An editable projection is a specific representation of the
central conceptual view used by any of the user roles, which
can act both as an output and an input from and to this central
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conceptual model. To put it in simple words an editable
projection is a mapping between the entities in the central
conceptual view and the specific representation which it plans
to produce. Some of these editable projections are shown in
this paper, e.g. Feature Hierarchy, Constraint List, Operation
Sequence, but a more detailed description of these editable
projections can be found in the previous publication [15].

Name
Operation 1
Operation 2
Operation 3
Operation 4

Description
Mount Drive Line
Mount Fifth Wheel
Mount Grey Side Cover
Mount Fuel Tank

Figure 5. Operation Sequence projection

Fig 5 introduces another type of editable projection which
is the operation sequence projection, as defined in [22], that
can be used by the shop-floor workers. In this projection the
shop floor worker can see the sequence in which the
operations are performed. The projection also shows that some
operations are the preconditions of other operations, e.g.
operation 1 is precondition for operations 2 and 4, and
operations 2 and 4 are preconditions for operation 3. The
description of the operations is also shown as a part of this
projection.

IV.
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ADVANTAGES AND DISADVANTAGES OF USING
LANGUAGE WORKBENCHES

In section 2 some problems were mentioned which was the
result of the current way of handling knowledge in the
industry. These problems include, lack of a central conceptual
model, lack of interfaces to capture the knowledge of the
diverse stakeholders, and the lack of conceptual traceability
between different document types. Here the aim is to see how
the introduction of a language workbench solution can help
with these problems.
Firstly, the design of a conceptual view of the process
platform will act as a central model between the various forms
of documentation and knowledge presented from different
roles in the system. This central model will act as the
conceptual glue that will structure all the parts into a more
uniform and harmonious structure, hence the resulting system
will be a much more cohesive system. Secondly, it is with the
help of this conceptual view that the traceability of a concept
among various document types can be tracked. This is due to
that in a language workbench the same concept can be used in
several different languages. In the DW it is also possible to
define equivalence relations between concepts in different
domains. It is with the help of this updated traceability that
cascading updates in various levels of knowledge can be
handled in a more cost effective way. Thirdly, multiple DSLs,
which are defined as a direct result of the central conceptual
model, will help providing uniform languages through which
all the roles within the process platform can communicate and
contribute their knowledge to the overall knowledge
management framework. This will provide an environment in
which all the roles can give their possible feedback to other
stakeholders involved in this process. Finally, with the use of
tools provided by the language workbench, editable
projections can be defined for each different document type,
to capture the needed knowledge within these documents.
These projections can also act as the needed editable views
which will be needed by the various roles in the process
platform. The conceptual domain specific model will also
help to reach a conceptual traceability between different
document types. This is due to the fact the all the different
document types which are created as a result of this approach
are in fact nothing more than different projections of the very
same central data. The fact that the core data is kept in one
place makes it possible for conceptual traceability between
different document types to be possible. So for example you
can trace where on specific feature item is defined or in which
constraint is it included or in which operations is it included.
All the items mentioned above will be counted as
advantages of introducing a language workbench approach.
But the introduction of language workbenches can have their
own weaknesses alongside the advantages which were
mentioned. Firstly, although the central conceptual view has
many advantages but to reach such a complete view in the
industry a process of maturity is needed. It is only through
this process of maturity that the full potential power of such a
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central view can be realized. In order to reach such a maturity
level time and resources are needed in each specific industry.
Secondly, the process of finding the mapping between the
central conceptual view and each user role specific
representation can also be a time-consuming process. It is our
belief that these two processes can be initialized and matured.
The advantages of reaching state will much greater than the
time and resources which will be needed for this process.
V.

CONCLUSION AND FUTURE WORK

In this paper variability of product platforms is discussed.
It is discussed that as a part of handling this variability there
needs to be a specific solution for knowledge management
within process platforms. The knowledge within the truck
industry is accumulated from the different roles active in the
process platform. Some potential problems facing process
platforms are discussed like the lack of a central conceptual
model, or the lack of traceability between the items in these
personalized presentations. In an effort to solve these
potential problems the use of tools based on the technology of
language workbenches is considered. Possible ways of
addressing the mentioned problems are discussed using tools
provided by language workbench.
As the future work of this project the central conceptual
model should be extended to include more of the existing
knowledge within the process platform. The analysis of the
model should be explored through the use of Clafer tools. The
method’s applicability should be tested through close
collaboration with industrial use cases. The central conceptual
model should be expanded to include both requirement
specifications from one side and generated code for both the
product and production system on the other side. In this way
the framework will cover the whole process of knowledge
management from requirement specification to embedded
software, code for programmable logic controllers and
generated work instructions for the shop-floor workers.
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Abstract—This study, which analyzes mimicked motion of a
creature, is important to realize efficient motion of a robot.
Research related to small flying robots as efficient locomotive
devices insulated from the influence of friction and other forces
is advancing. If a robot were developed to perform flapping-ofwings flight, like that of a dragonfly, then advanced flight of
hovering could be accomplished, enabling rescue operations and
the collection of information from dangerous areas into which
people cannot enter safely. For this study, two prototypes of
four-flapping-wing type robots were produced. Their
aerodynamic characteristics of flapping were measured. We
performed fundamental consideration of a design based on the
results. We first produce two robots using crank mechanisms of
two kinds. Then we measured their aerodynamic characteristics
and evaluated their flapping motion mechanisms. Next, we
produced membranous wings of two kinds made from
polyethylene film, which made the trailing edge of the
membrane wing not fixed experimentally. These membrane
wings enabled it to perform a natural feathering motion with
flapping motion. We visualized and observed the air flow
around the wing circumference using wind tunnel experiments
with steam while changing the posture angle of the robot.
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Master’s degree student, Graduate School of Human System
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INTRODUCTION

Creatures living today have been evolving for hundreds of
million years. They have optimum motion mechanisms.
Studies analyzing the motions of creatures and attempts to
mimic those motions using robots are meaningful in the
respect that creatures perform efficient movements that are
expected to be applicable to robot probes. However, because
robots running on the floor must move across minute bumpy
surfaces, they are susceptible to external influences such as
friction.
Research of small flapping robots mimicking animals such
as insects or birds is pursued so that robot can avoid friction
and obstacles. Such flying creatures have no thrust engine.

Dept. of Machine Intelligence and Systems Engineering
Akita Prefectural University, APU
Yuri-honjo, Akita, Japan
tsatoh@akita-pu.ac.jp

They move mainly by the rising force of flapping motion.
Insects and birds also fly efficiently by having acquired
optimum flapping motion through their evolution. If it were
possible to reproduce flapping flight, then advanced flight of
hovering or sharp turns could be accomplished. Results
suggest that such a robot could gather information from the
sky over disaster-affected areas and work in dangerous area
that humans cannot enter, by avoiding obstacles.
Research related to flying creatures has been conducted for
a long time. Lighthill researched mechanisms of lift when
creatures fly during flapping flight [1][2]. Ellington or
Maxworthy examined air flow related to hovering of creature
[3]-[5]. Moreover, many studies from the field of
aerodynamics have treated mechanisms of flying of insects
[6]-[8]. A robot imitating the flying of animals is examined
based on these researches. At present, some research
institutions have developed and produced such small robots
experimentally. For instance, butterflies and dragonflies are
being studied. Fundamental studies modeling butterflies are
related to butterfly flight [9]. Fuchiwaki studied wing and air
flow around the wing circumference of butterflies [10]-[12].
Moreover, butterfly robots have been developed. Because
dragonfly flight is characteristic, including many remarkable
elements such as sharp turns and acceleration, and hovering,
studies have examined the flight of dragonflies [13]-[15],
wing aerodynamics characteristics [16], wing structure [17],
and flapping characteristics [18]. From these fundamental
studies of insect flight, the wing structure and its flapping
characteristics are regarded as important factors to realize
flapping robots. Some researchers study flapping
characteristics [19]-[23], the latter paper of which studied
biomimetic robots. It is necessary to produce wings and
mechanisms experimentally, and to use them to analyze insect
motions to develop robots on insect models. One example of a
flapping robot is one which Wood manufactured: a small
flapping flying robot [24]. This robot has high flapping
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frequency and can fly in practice. Other studies have
examined micro-air vehicles [25] and flapping planes:
ornithopters [26].
Therefore, this study considers mechanisms of fourflapping-wings of dragonfly, which represents motions by
which the front wing phase is the same, but opposite that of
the rear wing. Additionally, we produce membranous wings
[27] and examine wings of two kinds, with the tailing edge of
the wings fixed and not. Next, we measure the aerodynamic
phenomena that these flapping wings generate. We evaluate
the resultant flapping robots.
II. INSECT FLAPPING MECHANISM
Flapping mechanisms involve two flight muscle types:
direct and indirect. Mechanisms of many insects, including
hornet, are of the indirect type. Because the wings are
supported on the fulcrums of the side plate as a lever and
because the shafts of the roots are connected to the spinal cord,
all wings flap simultaneously. The drive mechanism of
flapping uses oscillation of the chest. Flapping is done at a
high definite frequency. The direct type involves wings
connected to each muscle for launching and descent.
Therefore, insects of this type flap gently and have no more
than contraction of the muscle because the period of muscle
movement equal to that of the wing. Photographs of a
butterfly and dragonfly taken using high speed camera are
shown in Fig. 1. Because all wings of a butterfly flap at the
same time, the up and down motion of the trunk is drastic: it
flutters. A dragonfly can fly at high speeds. For that reason,
the up and down motion of its trunk is slight because it flaps
with phase difference in front of and behind the wing.
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difference in front of and behind the wing can be altered using
a disk in fixed part of shaft of the crank. For this reason, the
robot represents motions by which phases of the front wing
are both the same, but opposite those of the rear wing. In the
prototypes, we adopt mechanisms only of flapping, not
feathering.

Figure 2. Flapping frequency.

This time we produce flapping robots of two type
mechanisms and examine them. These are Flapping Robot No.
1and Flapping Robot No. 2. Each part is manufactured using a
3D printer. The Flapping Robot No. 1 mechanism is in which
each connecting rod of the wing is fixed directly in the crank.
Figure 3 and Table 1 show Flapping Robot No. 1 and its
specifications. The robot flaps upward at an angle of 30 deg
and downward at an angle of 45 deg.

Figure 1. Butterfly and Dragonfly.

III.

DESIGN AND EVALUATION OF FLAPPING ROBOT

A. Design
1) Flapping mechanism
Flapping motion is incorporated into the body of an
aircraft in various ways: using the rotational motion of motor,
air pressure and rubber power. At this time, we adopt a
mechanism of using the rotational motion of a motor into the
body of an aircraft to for experimentation because the flapping
frequency can be altered to some limit. Although it is not the
flapping frequency to size of insect, we can get it to size of
bird. The frapping frequency relative to the wing length is
shown in Fig. 2 [28]. Moreover, robot cannot fly long
distances using air pressure and rubber power. We therefore
adopt a crank mechanism that coverts rotational motion into
flapping movement to produce a flapping robot. The phase
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Figure 3. Flapping Robot No. 1.
TABLE I. SPECIFICATINS OF Flapping Robot No. 1
Full Length

365㻌 mm

Wing Span

400㻌 mm

Full Height

76㻌 mm

Mass

70㻌 g

Wing Area

0.058㻌 m2

Tail Area

0.016㻌 m2

Material

Body

ABS resin

Wing

polyethylene film
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Flapping Robot No. 2 mechanism is a reciprocating block
slider crank mechanism. The robot flaps downward at an angle
of 40 deg. The wing area and wing span can be altered freely.
Figure 4 and Table 2 show Flapping Robot No. 2 and its
specifications.
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B. Methods
We took a photograph using a high-speed camera and
inspected flapping behavior to examine the motion according
to respective mechanisms.
We measured the aerodynamic force, which acts in the
vertical direction, using membranous wings of two kinds
while maintaining a constant flapping frequency. Moreover,
we connected the Load Cell, Bridge Unit, and PC, and use a
Constant-Voltage Power Supply that rotates the Motor. The
measuring device is shown in Fig. 6.

Figure 4. Flapping Robot No. 2
TABLE II. SPECIFICATINS OF Flapping Robot No. 2
Full Length

185㻌 mm

Wing Span

200㻌 mm

Full Height

68㻌 mm

Mass

60㻌 g

Wing Area
Material

2)

Figure 6. Measuring device of aerodynamic force.

2

0.029㻌 m

Body

ABS resin

Wing

Polyethylene Film

Membranous wing

We produced two kinds of membranous wings made from
polyethylene film, with the membrane wing trailing edge fixed
or not. For the edge that is fixed, the wing motion is only that
of flapping. Air force does not occur in the vertical direction.
Therefore, the wing rigidity does not change only the motion
of flapping when the wing flaps upward and downward. For a
wing the edge that is not fixed, the wing performs a natural
feathering motion. The flapping wings are shown in Fig. 5.

We measured how standstill thrust is generated with
flapping wings. The measuring device is shown in Fig. 7. The
thrust is force that moves the robot forward. Various
mechanisms generate the thrust. Fixed wing aircraft depend on
devices such as jet engines or propellers, but insects and birds
have no mechanism that acts only in the forward direction
such as an engine. They generate the thrust by flapping of
wings. Two methods of generating thrust by flapping might be
used: component force in the horizontal direction of lift
components and standstill thrust that is generated only from
flapping motions.

Fixed

Figure 7. Measuring device of standstill thrust.

Not Fixed

Figure 5. Membranous wings.

We used wind tunnel experiments to measure aerodynamic
force in a situation where robots fly in practice. Wind is sent at
a constant speed to a flapping robot into the experiment. We
change the aircraft posture angle gradually. Then we measure
the aerodynamic force in the vertical direction. The wind
speed, given to the robot is 5 m/s. The robot flaps at a constant
flapping frequency. The experiment condition is displayed in
Fig. 8.
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Figure 8. Wind tunnel experiment.

Furthermore, it is necessary to visualize the air flow to
ascertain the influence of air flow around the wing
circumference. The air flow can be visualized using an
experiment with steam. We observed it around the wing.
Although photographs were planned to be taken during
flapping motion, we did so in fixed-wing situation because the
steam flow was blurred by the flapping motion. Additionally,
the wing is one piece because of taking clearly a photograph
of air flow. This experiment revealed differences in the air
flow between that in the case of a fixed membranous wing
behaving only flapping motion and that in the case of a not
fixed wing behaving flapping and feathering motions. The
posture angle is 35 deg. A constant wind speed is given to the
robot. Because it engenders a stall angle, it is impossible to fly
stably with a normal wing having a posture angle of 35 deg.
Flapping Robot No. 2 was used for the measurement of
aerodynamic force and using the wind tunnel experiment,
standstill thrust.
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C. Results
Pictures using a high-speed camera are presented in Fig. 9
and Fig. 10. Looking at the pictures, the transmission from the
mechanism section is apparent. Regarding Flapping Robot No.
1, right and left wings have rotational motion at a limited
angle around a central pivot on each fulcrum. In addition, the
driving force from the crank is transmitted to the wings by
connecting rods in the longitudinal direction. Although the
joint of the connecting rod and wings of both sides are a point
of action transmitting driving force, this point does not
become the same point of left and right, but it is shifted
slightly. The crank angles are the same, but it brought about a
difference of ways to draw between left and right connecting
rods in the cases it shifts to the right and left. In other words,
the connecting rod on the right side is drawn more than the left
side on the most right point, and it is reversed on the most left
point. Because of this configuration, the phases of left and
right flapping wings are not the same and are shifted by a
constant angle. This influence is regarded as related to the
aircraft stability in actual flight, although both wings have
nearly the same aerodynamic force, this mechanism is not
desirable. In contrast, both wings of Flapping Robot No. 2 flap
simultaneously, which maintains the aircraft stability in actual
flight. So we used Flapping Robot No. 2 in following
experiments.
The result of change of aerodynamic force in the vertical
direction is shown in Fig. 11 and Fig. 12. The average value of
obtaining aerodynamic force is also presented in Table 3 and
Table 4. The force at opposite phase is not greater than the
coordinate phase because the wings flap alternately. In
addition, the force in the case of fixed membranous wing is

Figure 9. Motion of Flapping Robot No. 1.

Figure 10. Motion of Flapping Robot No. 2.
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greater than if it is not fixed. However, the wing rigidity of the
swing up is equal to that of swing down by fixing the
membranous wing. Consequently, the aerodynamic force in
the up direction of swing down is only slightly different from
that in the down direction of swing up. Results show that no
power raises the aircraft because of the average of the
aerodynamic force acting membranous wings. It only slightly
receives the power.

(a)

(a)

Fixed

Fixed

(b) Not fixed

(b) Not fixed
Figure 11. Time change of aerodynamic force (coordinate phase).

The average thrust of each flapping frequency at
coordinate and opposite phase is portrayed in Fig. 13 and Fig.
14. Results show that standstill thrust increase concomitantly
with increasing flapping frequency in the case of membranous
wings of not fixed. The air can be sent behind the aircraft by
natural feathering motion of the wings. For fixed membranous
wings, with flapping motion only, they send the air behind the
aircraft and the standstill thrust does not increase like not fixed.
However, they get a slight driving force. The rigidity of the
ABS resin wings behaves not as a rigid wing but as a micro
feathering motion.

TABLE III. AVERAGE AEROODYNAMIC FORCE (COODINATE PHASE)
Average value [N]
Fixed

0.0087

Not fixed

0.0475

TABLE IV.

AVERAGE AERODYNAMIC FORCE (OPPOSITE PHASE)

Average value [N]
Fixed

0.0084

Not fixed

0.0556
Figure 13. Average standstill thrust (coordinate phase).
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FL
  FD

Figure 14. Average standstill thrust (opposite phase)

The average aerodynamic force of each posture angle of
the aircraft, on measurement using the wind tunnel experiment,
is shown in Fig. 15 and Fig. 16. The aerodynamic forces of
both wings in the vertical direction increase by increasing the
posture angle of the aircraft because the force in that direction
is represented using lift FL and drag FD, as in (1) and (2),
respectively. Symbols are following: ρ, air density; v, velocity
of flowing air to wing; S, wing area; CL, lift coefficient; CD,
drag coefficient. Because the lift and drag coefficients are
represented as functions of the angle of elevation,
aerodynamic force changes by altering the aircraft posture
angle. Amount of air captured by fixed membranous wings is
greater than it is fixed because the obtained force is greater.
Although, the force increases by increasing the posture angle
of the aircraft, attention must be devoted to the angle because,
as the lift coefficient decreases, the drag coefficient increases
rapidly. For that reason, the aircraft stalls at a certain angle.

1 2
Uv SC L 
2
1 2
Uv SC D 
2

 


  

Pictures of flows around the wing with steam are shown in
Fig. 17 and Fig. 18. Results show that the air flow peels from
the surface of the fixed membranous wings. The peeling
affects the aircraft and stalls it. Therefore, it is considered that
stable flight cannot be realized because of stalled conditions at
the posture angle. By contrast, when not fixed, the air flows
along the surface. Results show that the wings can behave
with a flapping motion suited to the angle of elevation and
wind speed, and that peeling of the air flow from the wings is
preventable. Therefore, it is more unlikely to stall than a fixed
wing.

Figure 17. Flow around membranous wing (fixed).

Figure 15. Average of aerodynamic force (coordinate phase).

Figure 18. Flow around membranous wing (not fixed).

Figure 16. Average of aerodynamic force (opposite phase).
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IV.

CONCLUSION

We conducted fundamental studies of prototypes to
measure aerodynamic forces.
When front and behind wings were coordinate phase, the
robot got more aerodynamic force than opposite phase. In cae
of both phases, the aerodynamic forces in the vertical direction
increase by increasing the posture angle of the aircraft. At this
experiment, wings of coordinate phase also got more
aerodynamic force.
Although the aerodynamic forces obtained from the wind
tunnel experiment are lower for the feathering motion, it is
possible to increase the standstill thrust, thereby preventing
stalling of the aircraft and increasing stability.
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Abstract — The predecessor of Óbuda University, Budapest
Tech, first introduced its bachelor’s level “mechatronic
engineering” course in September 2005. As an opportunity for
full academic education, in September 2009 we started
mechatronic engineering on master’s level, too, however only as
a correspondence course. These new conditions motivated the
institute to renew its laboratory instrumentation. The equipment
which has been accomplished within the frames of its present
development will resolve a problem often occurring in industry.
By introducing demanding sensing tasks, using simple
manipulation and modern control techniques, it creates
opportunity for students to train the sensor’s adjustments, logic
design, PLC programming and electro-pneumatic valve control.
The present lecture between the introduction and conclusion is
divided into three major parts. In the first part, we will
characterize the mechatronic course at our university, in the
second part we will introduce the components of the sample
system that serves for sorting work pieces and its operations,
and in the third part we will highlight some project works,
diploma works and Scientific Student Conference (SSC) works
regarding this development.

(1969), Budapest Tech (2000) and Bánki Donát Faculty of
Mechanical & Safety Engineering (2010).

I.
INTRODUCTION
Hungarian industry after the recession of the 1990s has
started a dynamic growth and around 2000 it has already
achieved significant progress. The determining factor for this
increase was a major growth in exports, primarily concerning
the products of multinational corporations (Opel, Audi,
Mercedes) applying advanced mechatronic high technology,
but in collaboration domestic suppliers have also been able to
expand their production. To maintain this development
knowledgeable engineers are required who are familiar with
modern design, technological and operational methods, and
are able to adapt them into practice. In order to meet these
social needs we decided to start the Mechatronics BSc course.

The task range of the mechatronic engineer receiving BSc
level education is composed of manufacturing mechatronic
equipments as well as their installation, operation,
maintenance and control. MSc level engineers can be involved
also in development tasks.

Regarding the development line of the engineering faculty
(this is where the education of mechatronics was created), the
predecessors of Bánki Donát Faculty of Mechanical and
Safety Engineering at the Óbuda University were the
following institutions: Bánki Donát Mechanical Polytechnic

Based on the above, mechatronic education is not new to
the university. The instruction of the first Mechatronics
subject, Basics of Mechatronics began as early as 1987, at the
then Bánki Donát Polytechnic. The subject has been taught
ever since, only the number of hours and prerequisites have
changed.
II.

CHARACTERISTICS OF THE MECHATRONIC COURSE AT
THE ÓBUDA UNIVERSITY

According to the Bologna Agreement, from September
2005, the two level training (BSc, MSc) has been introduced
in the Hungarian system of higher education. At the Óbuda
University the BSc “mechatronic engineer” course was
introduced in 2005, in Hungarian, and in year 2009 the MSc,
also in Hungarian. Two years ago, in the 2011/12 academic
year, the English mechatronic course also started at the Bánki
Donát Faculty of Mechanical and Safety Engineering.

The length of the BSc training is 7 semesters (210 credit
points) in full time training, and 8 semesters (210 credit
points) in correspondence courses. The total number of
contact hours:
- full time training: 2730 contact hours,
- correspondence courses: 600 contact hours.
Apart from that, the program includes a 4-week summer
internship and a 14-week specialized integrated practice,
which is confirmed and evaluated by companies employing
the students.

362

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

1.

Knowledge of natural and technical sciences

2.

Financial & Human knowledge

3.

Professional basic material

4.

Specialized professional knowledge

nano- and micro-techniques. The training offers overall
knowledge about the systems of nano-techniques, in the
aspects of electronics, informatics and technology. Through
typical applications the learners understand systemengineering and the operating principles of small dimension
mechatronic devices. Moreover, they get acquainted with
special solutions of perceptions, the work of actuators, micromachine systems, and obtain knowledge in signal and picture
processing.

The ratio of credit points, assigned to the above-mentioned
factual knowledge areas, can be seen on Fig. 1.

The individual components of factual materials, within the
module of nano-techniques:

The teaching plan of Hungarian institutions of higher
education with technical orientation is structured into four
main knowledge areas:

23

28

1.

Micro and nano-technology

2.

Sensors and actuators

3.

System engineering

2

4.

Optics and laser technology

3

5.

Reliability

6.

Micro-mechanics

7.

Micro-machine systems

8.

Signal and picture processing

1

10

4

39

Figure 1. Credit points assigned to the main knowledge areas

The professional knowledge of mechatronics consists of
several disciplines which naturally bear the marks of the
faculty’s tradition. This can be seen on Fig. 2, but it should not
be overlooked that mechanical knowledge today is greatly
influenced by information technology, what is more in its
technical realization also by electronics and control
engineering.

IT
12

30

Mech.
Eng. 25

Control
Eng.
10

Electronic
10

2

3

4

20
10
0

S1
1

Main disciplines

B. Module of industrial robot systems
The second facultative module, meeting the demand of
companies using modern technology, is a professional area
where our institute already has some experience. Our current
BSc training programme, run together with the John von
Neumann Faculty of Informatics, includes the teaching of
robotics. This was the starting point for the creation of our
second module, the industrial robot systems.
Within this module the teaching of the industrial
application of robots and robot-like devices is realized, on the
basis of which the future engineers of mechatronics will be
able to solve problems arising in the fields of developing,
programming, as well as control engineering and system
integration. The training gives an overall knowledge of
mechatronics in the aspects of informatics and mechanical
engineering. Through applications, learners acquire the
principles and phenomena of mechanical systems, mechanical
micro-drivers, the ability of micro-manipulation, intelligent
functions, the various strategies of regulation and control
engineering, as well as the travelling and navigation of the
mobile robot. The main ingredients of the module of industrial
robot systems are:

Figure 2. Main disciplines of professional knowledge with assigned contact
hours/week

The mechatronic course at the Bánki Donát Faculty is
organized into modules. In the BSc training it means 2
directions: module of nano-micro techniques and module of
industrial robot systems; and in the MSc courses it is only one
direction: module of complex mechatronic systems.
A. The module of nano-micro techniques
Within this module, the students get to know the
dynamically developing techniques of present days, the
characteristics, development and industrial application of

1.

Robot kinematics and dynamics

2.

Robot control

3.

Mobile robotics

4.

Robotized logistic

5.

Robot applications

6.

Intelligent robot systems

7.

Robot constructions and robot programming

In the area of natural and technical sciences, the extension
of theoretical basic knowledge (main knowledge areas,
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displayed in Fig. 1.) – also serving as a preparation for MSc
level – is secured by placing the mandatorily chosen subjects
(14 contact hours, 15 credit points) the facultative subjects (8
TABLE I.
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contact hours, 10 credit points) and the mandatory facultative
subjects into the curriculum. The assigned contact hours/week
are summarized in Table 1.

FACULTATIVE SUBJECTS ASSIGNED TO THE MAIN KNOWLEDGE AREAS

Contact hours/week,
(Lectures-exercise in the seminar room-practice in laboratory),
type of examining: f-practice mark, (credit points).
Subjects


Semesters 

1.

2.

3.

4.

Facultative

1

2-0-0 f (3)

4

7.

Total
Contact
Hours/week Credits
3

2
2

2
2

2
3
2

3
3
2

Mandatory facultative
0-1-2 f (3)
3
Mandatory facultative
2-0-0 f (2)
0-2-0 f (2)
4
Facultative
2-0-0 f (3)
2
2-0-0 f (2) 2-1-0 f (3) 2-3-2 f (8)
Total amount of mandatory facultative 2-0-0 f (2)
14
2-0-0 f (3)
Total amount of facultative
2-0-0 f (2) 4-0-0 f (5)
8
Remarks: 1- Knowledge of natural sciences, 2-Financial & Human knowledge, 3- Professional basic material,
4- Specialized professional knowledge.

3
4
3
15
10

2-0-0 f (2)
2-0-0 f (2)

Directed facultative
Mandatory facultative
Facultative

3

6.

2

Mandatory facultative
Facultative

2

5.

2-0-0 f (3)
2-1-0 f (3)
2-0-0 f (2)

III.

THE DEVELOPED COMPLEX MECHATRONIC SYSTEM
USED FOR SORTING, BASED ON SPECIMEN MATERIAL

The basic task of mechatronic mechanisms is the
identification of the specimen, based on its materials, coming
from feeder mechanisms, and then sorting them into the three
different drawers according to the materials of the specimen.
A. The basic operation of equipment
The jumbled specimens are stored in a feeder, from where
a pneumatic linear actuator pushes them out to the conveyor
equipment, which is also realized with a long pneumatic
valve. The conveyor (one by one) turns the specimens under
the adjustable sensors, until the end limit of the
transportation’s route which is determined by a reed relay.
During transportation, the system is performing the sensing of
the materials from different aspects, transmitting the sensory

data to the controller, which the controller processes and
evaluates. Based on the data processing, the control unit is
setting up the slip-way into the desired position, and the
gripper is relocating the specimen from the conveyor to the
slip-way. The result is a grouping of specimens in storage
units (drawers) in such a way that the specimens with identical
material will have to fall into the same drawer.
B. The components of the equipment
Primarily, the mechanism can be divided into 3 main
blocks. The first is the bench, where the other devices of the
system are mounted. The second is the pneumatic valve desk,
with the valves which are handling the actuators. The third
part is the controller which is located under the bench and is
controlling the pneumatic valves, evaluating sensory data and
via the HMI is “communicating” with the operator.
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Figure 3. The components of the system

The numbered parts are the following components: 1-the
linear actuator for specimen batching (H1-cylinder); 2specimen transporting cylinder (H2); 3-gripper shear-leg
cylinder (H3); 4-gripper positioning cylinder (F); 5-gripper,
(H4); 6,7-slip-way positioning cylinders with 2+2 positions
(H51,H52); 8-pneumatic valve desk, 9-terminal (XT1); 10terminal (XT2); 11-terminal (XT3); 12-wire channel; 13-OR
valve; 14-pneumatic connector; 15-optical sensor; 16inductive sensor; 17-capacitive sensor; 18-display, 19specimen transporter; 20-feeder; 21-slip-way; 22-storage unit
(drawers); 23-bench; 24-table; 25-part of linear actuator,
pusher.
The cylinders and their tasks are summarized in Table- II.
T ABLE II. CYLINDERS AND THEIR OPERATIONS

Cylinder
H1
H2
H3
F
H4
H51, H52

Solenoid
Y1
Y2, Y3
Y4
Y6, Y7
Y8
Y9, Y10

Figure 4. Controlling of the H1 cylinder

operation
specimen batching
specimen transport
lifting/lowering
gripper moving
gripping
slip-way
positioning

2) The transportation
The second pneumatically unit is responsible for specimen
transportation from the feeder to the gripper’s position (see
Fig. 5). Here the cylinder moving is ensured by a 3/2 and a 2/2
valve, and the direction of the moving is assured by an OR
valve.

C. The pneumatic system construction
The pneumatic system of the device can be divided into 4
main units.
1) The batching
The first pneumatic unit is performing the batching of the
specimens to the conveyor. The linear actuator is simply
pushing out the specimen from feeder tube. The 4/2 pneumatic
valve is actuated with a solenoid, see Fig.4.
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Figure 7. The slip-way control
Figure 5. The transportation unit

3) The pneumatic manipulator control
The next (third) pneumatic module belongs to the gripper
manipulator. The manipulator consists of a linear actuator
(cylinder), which is lifting and lowering the manipulator with
a 4/2 electro-pneumatic valve, and a rotational “pneumatic
motor”, which is turning the gripper in 900 degrees, from the
conveyor position to the selected slip-way position (see Fig.
6). The grippers are actuated by a 3/2 valve with return spring.

The forces produced by the cylinders and the air
consumption can be calculated on the basis of the following
equations,
V 

D 2
 (D2  d 2 )
s  p  1.10  6 ; V 
s  p  1.10 6
4
4

(1)

where, V=volume, D=cylinder diameter, d=piston diameter,
s=piston shift, p=pressure.
And the force (F) is realized by the cylinder:
F

( D 2  d 2 )p
D 2p
[ N ]; F 
[N ]
40
40

(2)

D. The sensory system
In mechatronic systems three types of sensors are used: 1.
reflection light scanner (OBT200-18GM70-E5-V1), 2.
inductive sensor (NBN8-18GM50-E2), capacitive sensor
(CJ8-18GM-E2) [4]. The reflection light sensor is acting in
specimen reckoning and counting, while the inductive and
capacitive sensors are responsible for selections. The selection
mechanism is realized on the basis of the following theorem,
see Table III.
TABLE III. THE MATERIAL SENSING

Sensors
Inductive
Capacitive
Opto
Material

Figure 6. The manipulator moving unit

4) The slip-way positioning
The last (fourth) pneumatically unit consists of two 4/2
valves situated opposite each other. Each cylinder can have 2
positions (É511, É512 and É522, É521); through the slip-way
can have 4 defined positions. The pneumatic control circuits
are seen on Fig. 7.

1
0
1
copper

Status
1
1
1
steel

0
1
1
plastic

Naturally, before system operation the procedure usually
begins with the sensors’ calibration.
E. The electronic control system
The core of the control system creates a PLC with digital
inputs and outputs (DI/O), where 18 inputs, 16 outputs and 7
markers are assigned to the system, and in addition the
program uses 2 timers. The PLC I/O-s are connected to the
system through the terminal XT1 (part 9 in Fig.3). The PLC is
located in a built-in box under the table. Beside the PLC, the
power system and the switching panel for system operation
are also located in this box. The switching panel contains 7
switches, which are: S1-main switch, S2-emergency switch,
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S3/S4-in/out switching, S5-start, S6-reset, S7-manual/
automatic operation. The power unit (E1) from the 3phase
electrical network creating the source energy for the PLC and
for the PLC’s I/O system (24V=). Further in this box can be
find the main and the extended PLC’s I/O modules, a
protecting relay (K1), and terminals X1, XB1, XB2.
The control system can operate in two modes: 1.) the
automatic mode – when the system is operating without
human intervention and 2.) the stepper mode – when the
system is operating step by step. One step consists of one
operation and not from one line in the PLC program. The flow
diagram of the main process can be seen on Fig. 8.
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rooms and laboratory practice. The developed mechatronic
system is part of the mechatronical laboratory. Its utilization is
very diverse in education, and this is exactly why it was
developed. All components of the system can be connected to
the teaching of certain subjects, while when assembled it can
used in the module of complex mechatronic systems. The
following table (Table IV.) summarizes how the individual
blocks of the system are linked to certain subjects.
TABLE IV. CERTAIN SUBJECTS LINKED TO THE MECHATRONIC SYSTEM
Part

Subjects
Basics of mechatronics

Pneumatic valve desk

START

Sensors and Actuators
Analogue and Digital Techniques
Hydraulic and pneumatic valve control
Basics of mechatronics

PLC Control

Self Test
INIT

Error MSG

PLC programming
Power Supply

O.K.

Feeder
check

Empty

Control Engineering

Basics of mechatronics
Electrical Engineering

Besides laboratory experiments, in the following, the
whole system gives opportunity for assigning thesis topics,
preparing SSCs (SSC – Scientific Student Conference) papers,
diploma works and semestral project works.

END

The SSC-s and diploma works are usually yearly projects,
and are considering the whole system, while project works are
usually semestral projects and relate to only parts of the
system.

Specimen to
Conveyor

Material
Sensing

Let us have a look at some examples of laboratory
experiments. The goals of laboratory practice regarding this
mechatronic system are:
a.) gaining PLC programming skills of students

Sensing
Evaluation

b.) understanding the operation of electro-pneumatic
valves
c.) understanding the operation of the integrated
power supply system

Manipulator
Controlling

d.) gaining experience in finding and applying
information from product data sheets (regarding
electro-pneumatic valves)

Slip-way
Positioning

e.) gaining the digital circuit design (because the
single electro-pneumatic valve can be controlled
by logical circuits, such as with PLC)
END

f.) improving the electrical circuit design (the
electrical circuits are first designed in TINA
simulation software then they are realized)

Figure 8. The Flow diagram of the main process

In the first decision, after the successful self-test, the
cylinders obtain their starting positions with the initialization
(INIT).
IV. USING THE MECHATRONIC SYSTEM IN EDUCATION
At our university three types of contact hours are applied
(see Table I): lectures in classrooms, exercises in seminar
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g.) following this, learning how the prototype and
test circuits behavior differ
h.) finally, improving the debugging and testing
skills, project writing and diploma work
preparation skills.
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The project works are usually prepared by pairs of
students. They relate to only some parts of the system, because
these works has to be finished by the end of the given
semester. Some examples regarding project works follow:
a.) Analyzing and characterizing the sensors used in
mechatronic systems – in this project, students
signed up for the subject “Sensors and Actuators”
have to separate the sensors from the mechatronic
system, create some measuring environment for
sensory feature measuring (usually by TINA
software), then measure the main characteristic
features of the given sensor. They describe its
main characteristics and compare it with the data
from the data-sheet of the given sensor. They
make some conclusions based on the measured
data vs. data from the catalogue.
b.) Designing and analyzing a logical circuit for
controlling the given electro-pneumatic valve (the
different electro-pneumatic valves can be seen on
Fig.4-Fig.7) and comparing the operation of the
valve, when the valve is controlled by a PLC
program. Here students usually receive the same
kind of electro-pneumatic valve like the one
found in the system. First the students have to
understand the operation of the valve (subject:
Sensors and Actuators), then create the
controlling environment (subjects: Electrical
Engineering, Analogue and Digital Techniques).
After this the measuring will be realized and the
operation will be analyzed. As common with each
project, this project is also closed with some
conclusions.
Students work on their thesis works and SSCs minimally
for a year, but often longer than a year. These projects usually
relate to the whole system. In general, students prepare some
projects for the Scientific Student Conference (SSC), and then
based on the evaluation of their work by conference
reviewers; the project can be refined and handed in as diploma
work. SSC works can be worked on by pairs of students, but
in case of its further developing into a diploma work, the
project can have only one author.
As students have also participated in the development, the
first diploma work was composed when the whole system got
assembled. Of course, only one student, who had a key role in
the development, could submit his work as thesis work. This
paper did not include only the composition of the system but
documentation for an educational proposal as well.
The second thesis in connection with the structure already
had the character of development. This project was
accomplished by one student who carried out all the work
from the SSC conference to the final thesis. His task was to
revise the system and make recommendations for a more
effective and modern operation. The proposed suggestions
were followed by the implementation which included a
complete change of the controlling system and connection to
computer network. The projects got first place at the SSC
conference as well as in the evaluation of thesis works, see [5].
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CONCLUSION

It is well known that mechatronics is a design-oriented
interdisciplinary professional field that is best taught with
good laboratory equipment.
The mechatronic system, developed by the institute, can
give plenty of possibilities for students to increase their
mechatronic skills, which was the primary goal of its
development.
It allows practicing sensory adjustments, mainly for
specimens with different shapes and materials. Another
alternative is the (re)programming of pneumatic valves
control, for whole system operation, including the velocity
control of the conveyor. Besides, with the PLC program
decomposition, team-work of students can be developed.
Current evaluation of the system:
The system is used on a permanent basis for laboratory
measuring in the following subjects: Analogue and Digital
Circuits, Electrical Engineering, PLC programming, Control
Engineering, Hydraulic and Pneumatic Valve Controls,
Sensors and Actuators.
Currently, students are preparing approximately 5 project
works yearly in relation to the system. The project works can
also generate competition among students, which increases
their interest towards mechatronics.
In addition, three more SSC papers and three thesis works
have been created.
I believe that this development has greatly increased the
quality of education related to mechatronics at the school and
the sheer involvement of students has brought something new
into classic mechatronics education [6].
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Abstract—Up to now, the embodiment of bodily-kinaesthetic,
perceptual and cognitive capabilities for assistive robots has
been scarcely studied. This research aims to incorporate and
develop the concept of robotic human science to enable the
application in a human-friendly robot for assistive purposes.
Due to the complexity of the proposed research; in this paper,
the authors introduce a human-friendly robot vehicle designed
for carrying-medical tools as well as describe the design and
implementation of a gesture-based recognition system based on
Time-Delay Neural Networks (TDNN). The first prototype of the
proposed system is composed by a mobile platform with on
board controller and two actuated wheels, a stroller with four
passive wheels, a 3D motion sensor, a mobile computer for signal
processing and a wireless module for communication purposes.
The proposed TDNN is composed of an input layer with 480
nodes, 3 hidden layers with 220, 120 and 152 nodes respectively;
and 1 output layer with 8 nodes. A set of experiment were
proposed and the performance of the implemented recognition
system has been verified.

I.

INTRODUCTION

Even though the market size is still small at this moment,
applied fields of human-friendly robots are gradually
spreading from the manufacturing industry to the others as one
of the important components to support an aging society [1, 2,
etc.]. As a matter of fact, in 2002, the United Nations and the
International Federation of Robotics have categorized robots
into three major groups: industrial robotics, professional
service robotics, and personal service robotics [3], the latter
two are quickly gaining in number and their growth pace is
seen to be much faster as compared to the case of industrial
robotics.

More recently, the development of human-friendly robots
drives research that aims at autonomous or semi-autonomous
robots that are natural and intuitive for the average consumer
to: interact with; communicate with; and work with as partners,
besides learning new capabilities. However; the embodiment
of bodily-kinaesthetic, perceptual and cognitive capabilities
for assistive robots has been scarcely studied. In fact, the
embodiment of bodily-kinaesthetic, perceptual and cognitive
capabilities seeks to describe the incoming data through
representations formed dynamically across the interactions of
the mind, the body, and the world. Until know; different
human-friendly robots have been developed to fulfil at least
one of the levels of interaction ([4]; [5]; etc.). In addition, few
of them have been focused on modelling the human
interaction due to its stochastic and dynamic nature ([6]; [7];
etc.) few of them have been focused on studying the effect of
scarcely considered multimodal channels ([8]; etc.).
For this purpose; at Karlstad University, the author has
proposed to incorporate and develop the concept of robotic
human science; introduced by Takanishi in [9], to enable the
application in a human-friendly robot for assistive purposes.
Special focus is given to the embodiment of bodilykinaesthetic, perceptual and cognitive capabilities in assistive
robots. In particular two research projects have been proposed
at Karlstad University: the development of a medical toolcarrying vehicle robot and a haptic-based mobile walkingsupport robot system. In this paper, we present our
preliminary results on the first proposed system. Nowadays, it
is expected that the next generation of intelligent robot
vehicles requires display higher level cognitive capabilities
that include knowing how to reason, when to perceive events
and what to look for, how to integrate perception and action in
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changing conditions and other similar capabilities. For this
purpose, this proposed project aims to integrate scarcely
considered channels of communication in the conventional
multimodal display techniques required for the tele-operation,
the improvement of current shared-control paradigms for an
accurate navigation and the integration of different locomotion
modalities for extending the mobility capabilities under
different conditions.
II.

GESTURE-BASED RECOGNITION SYSTEM

Due to the complexity of the proposed project, in this
paper; we have focused in embodying a gesture-based
recognition module to a human-friendly robot vehicle for
carrying-medical tools. Gesture is understood as being a nonverbal means of communicating particular messages via
visible physical actions [10]. Gestures can be static or
dynamic [11]. Static gestures are often referred to as pose
gestures, while dynamic ones are called motion gestures.
Gestures can also have elements of both, although it is
possible to consider such gestures as combination of distinct
pose or motion gestures. Gesture based approaches to humanrobot interaction are implemented to perform to basic tasks:
finding and tracking the user, and gesture recognition. Finding
and tracking people is obviously quite an essential ability such
interface must possess to enable the robot realize where within
its vision the person giving the gesture command is located.
Certain gesture recognition algorithms require a process called
Segmentation prior to the actual recognition of the gestures.
Segmentation of gestures helps to specify the beginning and
ending points of a gesture [12].
Davis and Shah [13] applied finite-state machine (FSM)
model-based approach to recognize human-hand gestures
through visual means. In FSM, a gesture can be modeled as an
ordered sequence of states in a spatio-temporal configuration
space. Finger tips were tracked in multiple frames to compute
motion trajectories. A wearable system has been designed
and therefore it requires pre-training by users in order to use
the device properly. Waldherr et al. [14] introduced a gesture
interface for the control of a mobile robot equipped with a
manipulator. To track and follow a person, an adaptive
tracking algorithm was implemented. In particular, two
alternative recognition methods, based on template matching
and neural-network (NN), were considered and compared.
Template matching-based approaches assume that gesture
models follow a particular pattern that can be modeled as a
spatio-temporal template and is only useful when the training
set is small and the variance is not great [12]. The interface
was able to recognize both pose and motion gestures. The
experiments were done on four gestures and both approaches
classified 97% of the examples correctly. Even though the
proposed system has the ability to recognize 2-D gestures
under constrained dynamic conditions, it requires the user to
walk backwards since the system employed a color-based
tracker.
Another very popular tool used in gesture as well as
speech recognition is Hidden Markov Model (HMM); a
statistical based method capable to efficiently model spatiotemporal information in a natural way [11]. Nickel and
Stiefelhagen [15] introduced the use of HMM for recognizing
a limited number of 3-D pointing gestures using a stereo
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camera. Two approaches that focus on head-hand line and 3-D
forearm direction were compared in an effort to show
performance improvements. Three phases of a pointing
gesture were identified and one dedicated HMM for each of
these phases were trained. As a result, their proposed method
cannot work on a real-time basis as it searches for the three
subsequent feature sequences to detect a pointing gesture.
A successful use of connectionist approach to hand gesture
recognition was shown by Yang and Ahuja [16]. As a means
of recognizing gestures related to American Sign Language
(ASL), the authors used multi-scale motion segmentation to
track movement between frames and a Time Delayed Neural
Network (TDNN) to match the trajectory of that motion to a
given gesture model. Experimental results for 40 hand
gestures of ASL show that motion patterns in hand gestures
can be extracted and recognized with high recognition rates
using motion trajectories. The motion segmentation uses color
and geometric information of palm and head regions that has
worked well for this particular case; however, a static
background is assumed.
More recently, different kind of 3D sensor motion devices
(e.g. Kinect, etc.) have seen interesting applications in HRI
with some success. One instance of this would be the work by
Van Den Bergh et al. [17]. The authors built a Haarlet-based
hand gesture recognition system that was able to detect
pointing gestures in real-time to extract 3-D pointing
directions and explored that area as instructed. In addition to
the Kinect, their proposed robot (based on ROS) also uses a
laser-range-finder to locate the person that would give the
pointing instruction, to generate a grid map for location
reference when interpreting the pointed direction. Two wide
angle cameras are also used to detect faces. However, the
proposed gesture recognition technique works only for static
pose gestures whereby a small window corresponding to the
hands is analyzed to identify the pointing gesture. Bigdelou et
al. [18] proposed a gesture recognition technique using input
from the Kinect that is both categorical and spatio-temporal.
In essence, the system can recognize performed gestures while
simultaneously tracking the relative pose within each gesture.
As a case study, this interface is integrated as part of an intraoperative medical image viewer. Quantitative evaluations
show above 90% gesture recognition accuracy with subset of
8 trained gestures. However, it is hard to generalize that the
statistical modeling and prediction method used here, i.e., the
discriminative kernel regression mapping, would successfully
translate to a mobile robotic platform that naturally introduces
additional noise to the system.
Thus, in this paper, we describe the proposed 3D gesturebased recognition system which it complies with the following
requirements: naturalness of the system (i.e., use of natural
user interface), capability to operate as part of a mobile
platform and capability to recognize 3-D gestures under both
static and dynamic conditions. For this purpose, in order to
fulfill the above requirements, the authors have proposed to
implement the Time-Delay Neural Network (TDNN) into the
first prototype of the proposed intelligent carrying assistant
robot. Even though the TDNN demonstrated excellent results
for phoneme classification [21] as well as experimentally
verified a high recognition ratio (above 93%) for hand gesture
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Figure 2. Definition of the physical interaction area

different ones) were empirically determined so the user can
command the iCAR in order to carry items from one spot in
the environment to another. The considered gestures are
described as follows.

Figure 1. The Intelligent Carrying Assistant Robot (iCAR) developed at
Karlstad University

recognition [16], the later research has limited to identify the
American Sign Language (ASL), which is not well-known by
common persons, e.g. nurses. In this research, we focus to
verify the effectiveness to recognize natural human bodybased gestures (in our case, not only the hand but also the arm
is considered for the recognition purposes). In fact, the TDNN
is attractive because its temporal integration at the output layer
makes the network shift invariant (i.e. insensitive to gesture
relative variations).
III.

a.

b.

INTELLIGENT CARRYING ASSISTANT ROBOT

A. System Overview
The first prototype of the proposed intelligent Carrying
Assistant Robot (iCAR) is shown in Figure 1. iCAR is
composed by a mobile platform with on board controller and
two actuated wheels (modified version from the one
developed at Waseda University [19] and now commercially
available as MiniWay® [20]), a stroller with four passive
wheels, a 3D motion sensor (Microsoft Kinect), a mobile
computer for sensor signal processing and recognition of
gestures as well as a wireless module (Zigbee manufactured
by NEC) for communication between the mobile computer
and the mobile robot.
The Kinect sensor was placed at a height of 0.8mts in
order to assure the raw data from the sensor is acquired
correctly (all the arm joints should be tracked in the sensor
view) for subjects with a height between 1.6mts to 1.8mts and
a distance from the sensor between 1.2mts and 3.5mts. Based
on this, the physical interaction zone (area in front of the
sensor where the subject can be fully tracked) is shown in
Figure 2. In order to enable the transmission of post-processed
sensor data, one of the wireless modules (baud rate of 38,400
bps and 8 bits) is connected to an USB on the laptop placed on
the top of the stroller of iCAR. The other module is connected
to the MiniWay®.
B. Definition of gestures
As a first approach, a total of eight gestures (the reader
should note the Emergency-stop gesture was split in two

c.

d.

e.
f.

g.

h.
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Engage: an arm motion gesture that is performed by
raising the right or left hand and waving side to side
(Figure 3a). This commands the robot to identifying the
specific user for a task scenario and start tracking
him/her within the physical interaction zone. The robot
stays stationary but can rotate about the wheel center to
maintain focus of the user.
Follow: an arm motion gesture, much like come here
motion, done by extending either hand, straight forward
and then brought back and forth (Figure 3b). The robot
start continuously track and following the user until a
Stop command is issued.
Stop: an arm pose gesture performed by extending either
hand towards the robot and holding that pose for about
two seconds (Figure 3c). Robot should stop following
and maintain focus while waiting for additional
commands.
Come-Left: this gesture and the one after it require
different interpretation when done with the left or the
right hand. When done with the left hand, one should
slightly lift that hand and then bring it towards their left
side, back and forth, with palm facing user (Figure 3d).
Come-Right: the roles of the hands are now reversed as
compared to the come-left gesture (Figure 3e).
Disengage: an arm motion gesture performed by raising
the right or left hand till the arm pits (palm facing down)
and then extended side and back repeatedly. When
detecting this gesture, the robot will suspend all tasks and
come to complete stop (Figure 3f).
Emergency-Stop-H: a gesture performed by both hands
forming a “T” and it must be held for about 2 seconds
(Figure 3g). Because the gesture is performed by both
hands, the gesture has been considered as being
composed by two separate gestures. Here, we have
considered where the hand is placed on the top making
the horizontal line of the “T”.
Emergency-Stop-V: The same principle as EmergencyStop-H. Here, we have considered the one where the
hand is placed for making the vertical line of “T”.
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b)

c)

d)

e)
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Figure 4. TDNN unit [21].

and the network is capable to discover acoustic-phonetic
features and the temporal relationships between them
independent of position in time. From this, the TDNN has the
advantages of requiring fewer examples in the training set,
faster learning, and invariance under time or space translation.
g)

h)

Figure 3. Definition of set of gestures: a) engage; b) follow; c) stop; d)
come-left; e) come-right; f) disagange; g) emergency-stop-H and h)
emergency-stop-V.

C. Selection of skeletal data for gesture recognition
The Kinect for Windows and the provided software
development kit (SDK) give users the ability to interact
naturally with computers and other peripherals by simply
gesturing and speaking. For the purpose of tracking and
following a user as well as to acquire features of the motion
trajectories, focus is given to the utilization of raw skeletal
data (a collection of 20 joint position data) exposed by the
SDK. In order to reduce the amount of data to be processed
by the recognition system, the elbow, wrist and the hand joint
data were considered based on an empirical study to
determine the joints (from the torso as well as from the left
and right arm) which produces a significant variation from
the considered set of gestures.

The TDNN consists of three layers input, hidden, and
output layers, where the basic unit is modified by introducing
time delays (D1 to DN). These time-delayed inputs provide the
network with temporal information about the system being
identified [21]. The basic unit is shown in Fig. 4, where the J
inputs of such a unit now are multiplied by several weights,
one for each delay and one for the undelayed input. A TDNN
unit has the ability to relate and compare current input to the
past history events. The response of TDNN in time t is based
on all previous inputs. A mapping performed by the TDNN
produces a y(k) output at time k as shown in Eq.(1), where u(k)
is the input at time k and N the maximum adopted time delay.
After been adequately trained, TDNN have been used
successfully for prediction, because they are able to capture
the dynamics of a system and to foresee the output in the
current time.

D. Time-Delay Neural Network
Recently, the use of neural networks in dynamic systems
modeling has been increased significantly. In special,
recurrent networks (RNN) are a type of neural networks with
one or more feedback connections that can be of local or
global nature. The main difference with typical neural
networks is that the response to an input is based on all the
previous inputs, as these are used in feedback connections.
Time-Delay Neural Network (TDNN) is a particular case of
recurrent neural networks introduced in [21], as a specific
architecture that can take into account the dynamic nature of
speech. TDNNs are characterized by two important
characteristics: a hierarchic can be constructed from a three
layer arrangement allowing the formation of arbitrary
nonlinear decision surfaces by means of the backpropagation
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Figure 5. Architecture for the proposed TDNN
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In our case; as it is shown in Fig. 5, the architecture of
TDNN has been designed with an input layer with 480 nodes,
3 hidden layers with 220, 120 and 152 nodes respectively; and
1 output layer with 8 nodes. As for the input layer, a total of
12 features was considered obtained from a combination of
normalized displacement and speed to represent the three
joints describing the trajectory of an arm motion; right elbow,
right wrist and right hand joints for the right arm as well as the
left elbow, left wrist and left hand joint for the left arm.
As for the representation of the displacement features (as it
was proposed in [18]), the spine joint information (௧௦ ) of the
user is considered as the origin of the coordinate system of the
௧
)
displacement features. Thus, the displacement vector (࢙௧
௧
is defined as Eq. (2); where ௧ is defined as Eq. (3). On
the other hand, in our work, the speed feature has been also
௧
) is
taken into account. The speed feature of a joint (ݒ௧
obtained as the rate of change of the position of a joint as
given by the displacement vector as shown in Eq. (4).
௧
ൌ ௧௧ െ ௧௦
࢙௧

௧௧

ൌ

(2)

்
௧
௧
௧
ൣݔ௧
ǡ ݕ௧
ǡ ݖ௧
൧

௧
ൌฯ
ݒ௧

௱࢙ೕ
௱ఛ

ฯ

(3)
(4)

As a first approach, the backpropagation algorithm
technique has been used for training it. In order to avoid a
possible overlearning, an early stop based approach has been
considered. The training dataset (T) for the proposed TDNN
has a total of N pair of input data and desired output data. T
can be expressed as Eq. (5); where the input data (X (n)) is
defined as Eq. (6). The desired output data (ࣩ (n)) is defined as
Eq. (7) and it has a total of m elements equal to the number of
gestures to be recognized. Finally; the nth multivariable
temporal input matrix having a set of column vectors ܠ௧ ሺ݊ሻ is
defined as Eq. (8), which represents an individual feature
ݔ ሺ݊ሻ and its delayedुnumber of versions.
ே

 ሺ݊ሻൟ
ߒ ൌ ൛ࢄሺ݊ሻǡ ङ
(5)
ୀଵ
௧
௧
௧
௧ ሺ݊ሻሿ
ሾܠ
ሺ݊ሻǡ
ሺ݊ሻǡ
ሺ݊ሻǡ
ܠଶ
ǥ ǡ ܠ
ǥ ǡ ܠ
(6)
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Figure 7. Architecture for the proposed TDNN

The TDNN for the iCAR has been implemented in C#;
where the raw data from the Kinect is processed by the laptop
(i5 CPU, 1.33GHz) placed on the top of the stroller attached to
MiniWay and after the recognized gesture is determined, the
post-processed command is then sent to the MiniWay®
through the wireless module (baud rate of 38,400 bps; 8 bits)
connected into the laptop place on the robot vehicle.
In order to implement the proposed TDNN, two important
factors have been taken into account: the number of input
features to be used (i.e., Feature Vector Length), and the
number of time-lagged versions of the feature length (i.e., Input
Delay Length). As it has been previously indicated, the feature
vector length for the input layer of the dataset was set to 12; so
that we have to determine how much input delay length would
give a good enough generalization for the TDNN. Figure 6
below shows the result obtained for three different input delay
lengths. As we can observe in Fig. 6, the red line is for input
delay length of 40. Hence, the mean-square error starts off
bigger at 32, and then it is decreased to 40 but continued to
increase as the delay length was increased to 48. By making
use of the early-stopping method of training introduced
previously, three input delay lengths were considered so it is
possible to see which one gave a better generalization. Table 1
shows us that structuring the TDNN with an input delay length
of 40 would provide better gesture recognition rates as
compared to the other two alternatives.
IV.

EXPERIMENTS & RESULTS

A. Experimental Conditions
The setup for the collection of training samples is shown in
Figure 7. The gesture collection process was split into three
sessions. A total of 10 subjects were asked to perform all the
three different sessions. In the first session, devoted to static
gesture collection, the subjects were asked to perform each of
the gestures at ten different spots within the physical
interaction zone (Figure 7a). Kinect’s elevation angle was
TABLE 1. EARLY STOP BASED TRAINING ON CROSS-VALIDATION
Mean-squared Error
Input
Validation
Delay
Estimation data sample set
data
Length
sample set

Figure 6. Mean-squared Error verses Input Delay Length
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32

0.026232

0.053615

40

0.023252

0.050794

48

0.032547

0.057694
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B. Traning Data
At first, we have evaluated the capability of the proposed
TDNN to fit the training data of considered gesture under both
static and dynamic conditions. For this purpose, the collected
data from six of the subjects randomly chosen was considered
(the collected data from two other additional subjects was
used for cross validation during the training process). The
experimental results are shown in Fig. 8. As we can observe,
an average of 94% of success percentage has been obtained.
From this, the obtained TDNN reasonable fits the considered
gestures under both static and dynamic conditions. In
particular, above 95% of successful recognitions was obtained
for the follow, stop, come-right, disengage and EmergencyStop-H. The lowest success percentage (86%) was observed
for the engage gesture. The main reasons are: each subject
may wave the hand side to side at different speed, height and
length, there is some similarities to the Emergency-Stop-H
gesture and there were also some positive examples that also
have a kind of similarity (e.g. picking object).
C. Testing Data
Finally, we have evaluated the performance of the
proposed TDNN to recognize new data. For this purpose, the
collected data for this test, the collected data from the two
100

Classification Percentage (%)
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70

False Positives

65

True Positives

60
55
50
G#1

G#2

G#3

G#4

G#5

G#6

G#7

G#8

Gestures

100

Classification Percentages (%)

also being adjusted according to the height of the person
giving the gestures. The subjects users were asked to perform
all eight gestures (G#1: engage, G#2: follow, G#3: stop, G#4:
come-left, G#5: come-right, G#6: disengage, G#7:
Emergency-Stop-H, G#8: Emergency-Stop-V) with their left
and right hands, at ten different spots within the interaction
zone. Thus, a total of 160 static gesture training examples
were collected.
In the second session, three out of the ten subjects were
asked to move randomly within the physical interaction zone
while performing each of the gestures ten times with both
hands. During this time, the Kinect mounted on the iCAR was
also being moved slightly back and forth to simulate a kind of
disturbance. The remaining other seven subjects were asked
to stand at the center of the zone while performing the
gestures (Fig. 7b) and the iCAR was moved back and forth
and sideways randomly at different speed. A total 3200
positive training examples were collected
In the last session, all the subjects were recorded
performing random natural movements for approximately
two minutes each to serve as negative training examples, e.g.
sitting, jumping, turning, picking objects, etc.
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Figure 9. Experimental results obtained with the testing data set

remaining subjects was used. The experimental results are
shown in Fig. 9. As we can observe, an average of 91% of
success percentage has been obtained. From this, the obtained
TDNN was reasonably capable to recognize new data from the
considered gestures under both static and dynamic conditions.
Even the obtained results was relatively lower that those
obtained with the training data, the performance is still
reasonable as we have considered gestures performed under
both static and dynamic conditions.
In particular, the highest recognition ratio was obtained for
the stop gesture (97%) and the lowest one was for both the
engage and the follow gestures (each about 86%). The main
reasons are: in practice, there are similarities of these two
gestures depending on the waiving style and the positioning of
the sensor view respect to the subject.
V.

CONCLUSION & FUTURE WORK

In this paper, the development of a human friendly robot
vehicle for carrying-medical tools has been introduced. In
particular, the first prototype of the proposed system
composed by a mobile robot platform with on board sensors
as well as the embodied perceptual system has been presented.
As a first approach, a 3D gesture-based recognition system
has been designed based on the Time-Delay Neural Networks
(TDNN). A set of eight gestures were considered and a set of
experiments were proposed in order to verify the performance
of the implemented recognition system. As a result, we have
obtained a reasonably successful recognition percentage of
91% with the testing data recorded under both static and
dynamic conditions.
As a future work, we will implement the action module for
navigation control purposes for the proposed system. In
particular, we have implemented the low-level controller
based on a PID controller and the high-level controller based
on a simplified fuzzy logic controller (FLC). Further detailed
experiments are under progress in order to improve the
navigation control and the perceptual module presented in
this paper will be integrated.
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Abstract—The research on the development of the
anthropomorphic flutist robot at Waseda University has been
focused in emulating the anatomy and physiology of the organs
involved during the flute playing from an engineering point of
view, facilitating the symbiosis between the human and the robot
and proposing novel applications for humanoid robots. In 2012,
the Waseda Flutist Robot No. 4 Refined VI (WF-4RVI) has been
introduced. Even the WF-4RVI has improved the air conversion
efficiency and the sound evaluation function score by
redesigning the oral cavity and lips mechanisms, the sound
quality has been only considered. Therefore, the relation among
the robot’s control parameter and the sound pressure as well as
the sound quality has been experimentally determined. From
this, it has been proposed a regression method to determine the
suitable control parameters. From this, different control
parameters were combined with correct/incorrect produced
sounds, sound quality and sound pressure in order to obtain the
regression expressions. As a result, the control parameters can
be determined to obtain the desired sound pressure and sound
quality.

I.

INTRODUCTION

The development of musical robots has interested the
researchers since the golden era of automata up to today. Early
robotic developments include the integration of automated
actuation systems on musical instruments, such as the piano,
percussion and woodwinds ([1-5] and for a historical overview,

[6-7]). More recently, different researchers have not been
limited to developing sound-making devices that
automatically play musical instruments but also developing
perceptual musical robots to facilitate the musical
collaboration with human musicians [8-17]. In fact, thanks to
the advances in electronics, computers science, etc., different
musical-instrument playing robots have been developed to
produce live performances by enhancing their dexterity and
perceptual capabilities. Nowadays, research on musical robots
opens the opportunity to study several aspects of humans, such
as understanding human motor control, how humans
communicate ideas, finding new ways of musical expression,
etc.
As a result, research on musical robots has attracted the
interest of researchers from different fields, such as robotics,
computer science, art, entertainment, etc. In 1984, Waseda
University was one of the pioneers in developing an
anthropomorphic musical robot. In particular, WABOT-2 was
able to play a concert organ [8]. Then, in 1985, WASUBOT,
also built by Waseda University, could read a musical score
and play a repertoire of 16 tunes on a keyboard instrument.
More recent examples of musical robots are as follows. The
Musician Robot (MUBOT), developed at University of
Electro-Communication in 1989, was designed to be able of

*Corresponding author
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automatically playing a violin or cello [1]. The MUBOT was
developed with the premise that music should be played by
robot without remodeling the musical instruments at all. Such
kind of violin performance robot was developed to act both as
an entertainment robot and performance robot as an approach
for studying robot and musical engineering. Takashima has
being developing at Hosei University different music
performance robots that are able of playing wind instruments
such as [3]: saxophone, trumpet, trombone and shakuhachi.
Weinberg and Driscoll at Georgia Technology University
have presented a percussionist robot which is able of
interacting with musical partners [14]. The robot, named
HAILE, has two arms that are controlled to hit the drum.
Both arms are controlled to strike in different locations of the
drum to change the pitch. In additions, the velocity of motion
of arms is controlled to change the volume of the produced
sound. The right arm is controlled by a solenoid actuator to
produce fast hits and the left arm is controlled by a linear
motor to produce powerful hits. The same authors have
addressed these limitations with Shimon, a robot that plays a
melodic instrumental marimba [9]. Shimon is composed of
four arms, each actuated by a voice-coil linear actuator at its
base, and running along a shared rail, in parallel to the
marimba's long side. The robot's trajectory covers the
marimba's full 4 octaves. Shimojo has been developing a
violin-playing robot, which it is composed by a commercial
7-DOF manipulator which holds the bow and a fingering
mechanism with 2-DOF [3]. A bowing holder was designed
and attached to the end-effector of the multilink manipulator.
In addition, some companies such as Toyota has being
introducing musical performance robots, such as the trumpetplaying robot, for introducing novel ways of entertainment
and assistance for elderly care [15].
Based on the above described overview, the development
of musical performance robots opens the opportunity of
studying humans from different approaches such as [7]:
Human–robot
interaction,
human
motor
control,
art/entertainment and education.
In 2008, the Waseda flutist robot No. 4 Refined IV (WF4RIV) was developed [12]. This new version has a total of 41DOFs; which mechanically simulate the human organs
involved during the flute playing. The WF-4RIV mechanically
reproduced the anatomy and physiology of the following
organs: lips (3-DOFs), neck (4-DOFs), lungs and valve
mechanism (2-DOFs and 1-DOF, respectively), fingers (12DOFs), throat (1-DOF), tonguing (1-DOF), two arms (each
with 7-DOFs) and eyes (3-DOFs). The WF-4RIV has a height
of 1.7 m and a weight of 150 kg. In particular, this new
version has improved the mechanical design of the lips, the
tonguing mechanism, the vibrato, and the lung system. In
addition, in [13], the authors have proposed as a long-term
goal to enable the flutist robot to interact more naturally with
musical partners on the context of a Jazz band by
implementing a Musical-Based Interaction System (MbIS).
The MbIS should be designed in order to enhance the
perceptual capabilities of the flutist robot to process both
visual and aural cues coming from throughout the interaction.

Eds. Leo J De Vin and Jorge Solis

Figure 1. The WasedaFlutist Robot No. 4 Refined VI (WF-4RVI)

In [16], the proposed interaction system was evaluated where
the difference between a passive performance and an active
performance was analyzed. By means of a performance index;
which measures the correlation between the change of musical
material and the instrument motion, proposed and the
application of a user study, we concluded that to a certain
degree, the active performance is more similar to a
performance between humans, than a passive performance
between human and robot.
More recently, the authors have presented in [18] the
Waseda Flutist Robot No.4 Refined VI (WF-4RVI) which it is
composed by 41-DOFs that reproduce the physiology and
anatomy of the organs involved during the flute playing as
follows (Figure 1): Lips (3-DOFs), lungs (2-DOFs), arms (7DOFs each arm), neck (4-DOFs), oral cavity, vocal cord (1DOF), tongue, fingers (12-DOFs) and eyes (3-DOFs). The
WF-4RVI has improved the shape of the oral cavity based on
the analysis of MR images from professional players. In
particular, a total of 5 prototypes were tested and the best one
has been selected and integrated into the WF-4RVI (Figure 2).
From the experimental results, the best prototype based on the
analysis results from the subjects was selected and both the air
conversion efficiency ratio and sound evaluation function
score were improved compared to the previous version.
However; in order to improve the flutist robot performance,
the sound quality has been only considered. The sound quality
evaluation function was proposed by the authors in [17] and it
is shown in Eq. (1), where V is the volume, Mave is the
harmonic average, HalfMave is the semi-harmonic average, Hd
is the difference between even and the odd harmonic levels
and w1 and w2 are the weight coefficients (1.0 and 0.5
respectively). Based on our discussions with professional
flutist players, the sound pressure and sound quality are
considered as important parameters to improve the flute
performance.
  ሺ ሻ ൌ
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Thus, in this paper, we describe the proposed automatic
system which enables for an arbitrary sound pressure to
obtain a desired sound quality. In particular, the proposed

378

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

As a first approach to cope with this issue, the relation
among the robot’s control parameter and the sound pressure as
well as the sound quality has been experimentally determined
(following the “general position” principle, this has to be
determined for each note). For this purpose, the authors have
proposed a regression method to determine the suitable
parameters. By following the proposed approach, different
control parameters were combined with correct and incorrect
produced sounds, sound quality and sound pressure in order to
obtain the regression expressions. From the obtained
expressions, the desirability equation (approach to
simultaneously optimizing multiple equations) has been
obtained so the most suitable control parameters can be
determined for a specific desirable target value.

Z
X

Y

Figure 2. The redesigned oral cavity and lips of the WF-4RVI. Both of
them use a thermoplastic rubber named SEPTON (produced by Kuraray)
which has the advantage of having the elasticity of a rubber as well as
having the possibility of being molded like plastic

automatic system has been designed for determining the
control parameters of the robot in order to obtain the desired
sound pressure and sound quality so the sound produced by
the robot can be improved.
II.

Eds. Leo J De Vin and Jorge Solis

AUTOMATIC SYSTEM

A. Introduction
As it has been indicated in the previous section, in
previous publications, the authors have aimed to improve the
performance of the flutist robot, where the improvements have
been evaluated in terms of the sound pressure range and sound
quality as well as performance expressiveness. However,
even that several evaluation parameters have been proposed
and computed independently, the evaluation of the music
performance hasn’t been considered yet. Therefore, if the
robot is programmed to mimic the changes of the sound
pressure of a note produced by a professional flutist player, the
sound quality score is considerably reduced so that the flutist
robot may not be cable of producing the flute sound correctly.
In fact, when the robot is programmed to mimic a
performance from a human one, the control parameters of the
robot are adjusted manually before reproducing the desired
musical performance (the calibration phase is done offline). It
is worth to note that professional flutist uses a basic position in
which one can easily produce all the notes, only by changing
the shape of his/her lips and the breath speed [19]. Such a
position, called the “general position”, is found before the
performance and it is realized by adjusting the parameters of
the lips and lung for each note (e.g. A4, D5, D6, etc.) while
continuously blowing a simple etude until all the notes are
produced with an uniform sound quality. Based on this
approach, it is rather difficult to realize a natural musical
performance by the robot. In order to produce the flute sound,
the flutist robot requires adjusting five different parameters in
all the range of notes: 3-DOFs of the lip mechanism, 1-DOF
of the pitch of the neck, and 1-DOF of the lung mechanism.
During the manual calibration of such parameters, it has been
noticed that there is a clear effect of the control signal of each
of those parameters respect to the sound pressure of the sound
and the sound quality score. Therefore, the performance of the
flutist robot strongly depends on the operator’s skill and
musical sense to adjust the parameters during the calibration
phase.

B. Optimizing multiple equations
In many experiments more than one response is of interest
for the experimenter. Furthermore, we sometimes want to find
a solution for controllable factors which result in the best
possible value for each response. This is the context of
multiple response optimization (or multiple-purpose
optimization), where one seeks a compromise between the
responses; however, it is not always possible to find a solution
for controllable factors which optimize all of the responses
simultaneously.
Many approaches have been proposed to solve the
multiple response optimization problems. Khuri and Conlon
[20] presented a procedure based on a distance function that
calculates the overall closeness. A comprise solution was then
obtained by minimizing this distance function over the
experimental region. Pignatiello et. al [21] proposed to
minimize a measure based on a multivariate loss function,
which evaluates the loss when response deviate from their
targets. Kim and Lin [22] formulated the dual response
problem as a multiple objective decision making problem and
introduced a fuzzy optimization methodology based on
Zimmermann’s max-min approach. Derringer and Suich [23]
transformed each response function into a desirability function,
and then, by using single objective optimization techniques,
the geometric mean of the desirabilities of the individual
responses was maximized. It is one of the most widely used
methods in industry which is based on the idea that the
"quality" of a product or process that has multiple quality
characteristics, with one of them outside of some "desired"
limits, is completely unacceptable. The method finds
operating conditions that provide the "most desirable"
response values.
In our case, it is required to search the set of five control
parameters within a five-dimensional operational parameter
space where one optimal solution has to be determine as
comprehensively as possible while taking into consideration
the relation among the sound pressure, the sound quality and
the five considered control parameters of the robot. Thus, in
this research the proposed multi-response optimization has to
determine only one local optimal solution and it has to be
computationally inexpensive, the authors have proposed as a
first approach to perform the multi-response optimization by
the desirability function of response surface methodology.
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C. Desirability Functions
The response surface methodology is the technique of
obtaining the optimal response from the experiment based on
an experimental design by investigating the functions that
represents the relations of one or two objective variables, and
some dependent variables. Even though the equations that
represents such relation is recommended to be below a second
order polynomial one, there is no restrictions from the
theoretical point of view regarding the in the characteristics of
the equations. Based on the proposed approach, the
desirability function is determined from one overall evaluation
function obtained from the multiple responses. Such
desirability function is considered to determine a new
response which is then used to search for the parameters
(level) of the dependent variables that maximize it.
The desirability functions obtained from every response is
changed according to the following three following principles:
the desirability function is large as the response is; the
desirability function is small as the responses aisre, and the
desirability function is closer to the desired value
The desirability functions for the correct/incorrect sound,
sound pressure and sound quality are shown in Eq. (2), (3) and
(4) respectively, where X, Y and Z correspond to the 3-DOFs
of the lip mechanism, N correspond to the 1-DOF of the neck
mechanism, L correspond to the 1-DOF of the lung
mechanism, frw is the relation expression of correct/incorrect
sound, Lrw is the required minimum acceptable value for the
correct/incorrect sound, Urw is the maximum acceptable value
for the correct/incorrect sound; the weight r has been
considered as 2 to place more emphasis on being close to the
target value, fq is the relation expression of sound quality, Lq is
the required minimum sound quality, Uq is the enough sound
quality, fv is the relational expressions of volume, mv is the
target volume, Lv is the maximum acceptable value and Uv is
the minimum acceptable value.
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Figure 3. Proposed automatic system for the WF-4RVI

Finally, Lv and Uv were based on the range of sound pressure
difference which is detectable by humans (±2dB). From this,
those parameters were set as 0 and 1 respectively.
In addition, in order to determine the optimal set of control
parameters, the geometric mean of the desirability degree of
each response obtained is then integrated into an overall
evaluation value of a function D as it is shown in Eq. (5),
where T is the number of responses. The level used as a value
with largest D value is selected.
ሺǡ ǡ ǡ ǡ ሻ ൌ ቄς

୴  ୴  ୴

౬ ି౬

୴  ୴  ୴   

㨀
㨠㧩㧝

ଵȀ

୲ ሺǡ ǡ ǡ ǡ ሻቅ

  

In order to optimize the desirability function, it is required
to determine an expression that relates the responses. As
discrete variables are considered, it is necessary to experiment
with any permissible level of each control five parameters for
that. The problem here is the setting of the number of levels of
each control parameter. Number of experiments increases
naturally toward levels more is desirable in order to increase
the accuracy of the considered equation. Therefore, by
keeping the number of experiments is within a practical range,
and verifying enough accuracy, the possible levels can be
determined. From this, there is a trade-off between the
accuracy of the expression that relates the responses and the
number of experiments to enable an automated generation of
experiments.
D. Automatic Experiments
The proposed automatic experiment is shown in Fig. 3.
The overview of the procedure is shown below.
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The parameters Lrw and Urw were quantitatively measured
while playing the flute. Based on the experimental results
those parameters were set as 0.3 and 0.7 respectively. The
parameters Lq and Uq were quantitatively measured from the
sound produced by a professional. Based on the experimental
results those parameters were set as 0 and 0.7 respectively.
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1.

From the experiment control PC, the information of
the music and the five control parameters of the robot
are send via standard MIDI communication

2.

From the same MIDI data, the command for starting
the performance of the robot is given to the
experiment control PC

3.

The robot uses the determined parameters, and it
produces the desired note

4.

The produced sound is recorded by the microphone
connected to the experiment control PC, the FFT tool
is then used to determine whether the sound was
produced or not and to measure the sound quality and
the sound pressure.
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The resultant measurements are stored in a CSV file.

6.

Repeat from 1 to 5 until the number of experiments
has been done.

Note䋺A4
Sound quality

5.

It should be noted that for the level for each parameter of
each note has been determined based on the required time for
the experiment and the completeness of the experiment. In
particular, based on our previous experiences while manually
calibration those parameters, 3 levels were considered for X
and N. On the other hand, 5 levels were considered for Y and Z
and L. From this, in practice, a total of 1125 experiments are
generated for one note, which it takes approximately
90minutes.
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In order to compute the actual parameters, the desired
sound pressure is defined; an overall evaluation is evaluated
by using the set of predicted parameters (within a permissible
range). The set of parameters with the highest values is then
selected. For this purpose, the optimal parameters were
determined by varying each parameter within 20 levels so the
computational cost time is reasonably (about one minute).

Auto Experiment
Professional
Optimization
Manual adjustment

Volume dB

a)

Note䋺D5
Sound quality

E. Calculation of the Optimal Solution and Regression
Analysis
The correct/incorrect sound, sound quality and sound
pressure from the obtained control parameters determined
after performing the automatic experiment. There are various
methods, i.e. regression analysis [24], genetic algorithm [25],
neural networks [26], etc. to optimize multiple responses. In
particular, regression analysis is an efficient and easy to apply
statistical technique made by considering experimental data
and it has been successfully implemented in industrial
applications, e.g. welding process of the automotive industry
[24]. Therefore; in this research as a first approach, the
regression analysis has been considered in order to relate the
sound quality and sound pressure with the considered control
parameters. As for the correct/incorrect sound, the logistic
regression analysis has been proposed. From this analysis, the
probability that the sound will be produced has been computed.
For this purpose, the SPSS statistical analysis software has
been used (a four dimension interaction was considered).
From the results of the analysis, the expression that relates
the responses is determined by considered the coefficient of
determination R2 (in the case of the logistic regression analysis,
the Nagelkerke-R2), significance probability, AIC, Mallows
Cp, etc. As an example (note A4), Eq. 6, 7 and 8 are the
relation expressions that relate the responses obtained by
applying the proposed regression analysis of the
correct/incorrect sound (frw), sound quality (fq) and sound
pressure (fv).
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Auto Experiment
Professional
Optimization
Manual adjustment

Volume dB

b)

Sound quality

Note䋺D6
Auto Experiment
Professional
Optimization
Manual adjustment

Volume dB

c)

Figure 4. Comparison of the convetional vs. the proposed approach by
analyzing the sound quality and sound pressure: a) note A4, b) note D5
and c) Note D6.

III.

EXPERIMENTS & RESULTS

A. Conventional vs. Proposed
In order to verify the effectiveness of the proposed
approach, from the desirability equation, the set of optimal
parameters were obtained, and the flutist robot was
programmed to play the following notes: A4, D5 and D6. The
sound quality and sound pressure were then compared with
the sound produced by a professional flutist player and the
flutist robot programmed both following the conventional
approach (manual adjustment) and the optimized one.
The experimental results are shown in Fig. 4. The actual
values of both sound quality and sound pressure during the
automatic process are also shown in the figure. As we can
observe, the results obtained after the optimization are closer
to the one obtained from the professional one respect to the
conventional one.
B. Performance Experiment
From the automatic experiments, the expression that
relates the sound quality, sound pressure and control
parameters were determined. From this, the desirability
function was used in order to determine the set of optimal
parameters. From this, the robot was programmed to play a
musical performance “Meditation” by Jules Massenet.
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Volume dB

Professional
Optimization
Manual adjustment

Note No.

Figure 5. Experimental results from the qualitative evaluation (the
collected data was subject to a t-test analysis)

Professional
Optimization
Manual adjustment

Sound quality

can be noticed that the proposed approach is closer to the
target values compared to the manual adjustment one. From
this, we can verify with the proposed approach it is possible to
improve the performance of the flutist robot both in terms of
sound pressure and sound quality.

Note No.

Figure 6. Experimental results while comparing the performance of a
flutist player vs. the flutist robot programmed both in the convetional and
the proposed approach

For this experiment, the performance of a professional
flutist player was recorded and analyzed by the FFT tool.
From this, the sound quality and sound pressure were
measured. From the obtained results, for each sound, the target
sound pressure was defined so the optimal parameters were
obtained. The robot was programmed to play the performance
while using the parameters obtained by the proposed approach
and by the manual adjustment. After recording each of the
performance, the sound quality and sound pressure were
measured. The experimental results are shown in Fig. 5. As
we can observe, both the proposed approach and the manual
adjustment one can reproduce the desired sound pressure.
However; while observing the results of the sound quality, it
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Abstract—In literature, several different optimal motion criteria have been proposed, in particular for achieving fast motion
while retaining adequate smoothness. Recently, the concept of
energy efﬁciency in automation industry and robotics has become
a major topic.
In this work, the problem of ﬁnding the optimum compromise
between the energy required for the movement of the robot joints,
the jerk content and the time taken to perform the planned
trajectory is addressed for a generic mechatronic drive-motortransmission-load system. With respect to the available literature,
the energy-related term has been computed taking also into
account the possibility to regenerate the braking energy, thus
splitting the acceleration and deceleration phases.
Numerical results and comparisons show that the proposed
approach can potentially bring important energy savings while
maintaining a minimal jerk content.

I. I NTRODUCTION
In the modern industry, robots, manipulators and tool machines are widely used in the production cycle in order to
perform fast, repetitive and precise operations, and, hence,
enhance the performance and lower the production costs.
Over the last decades, a signiﬁcant increase of the problems
related to the climate change and the depletion of fossil resources is occurring. As a consequence, both the electricity and
the crude oil prices have been increasing in many industrial
countries. Thus, energy efﬁciency and sustainability become
important targets in all the engineering ﬁelds and are also
among the main targets of the European Community. To this
end, focusing the attention on automated industrial systems, an
integrated approach that exploits optimum motion planning,
effective controls, state of the art sensors and actuators,
and energy saving techniques and technologies, can allow to
design, upgrade and enhance the efﬁciency of mechatronic
systems such as robots, tool machines and automatic systems.
To this purpose, the development of high performance
trajectory planning algorithms could give an important contribution. Recently, the relation between vibrations and the
consequent possibility of premature joint wear and mechanical
failures have been investigated demonstrating a performance
enhancement when smooth trajectories are planned [1]. An
extended review of the problem can be found in [2], [3].
This work, among the different approaches, focuses on the
off-line non model-based techniques.
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Thus, a novel trajectory planning algorithm for industrial
robots is here developed: it founds an optimal trajectory by
adjusting the time distance between consecutive via points in
order to minimize a cost function of choice; constraints on
physical parameters such as velocity, acceleration and jerk
can also be speciﬁed as inputs of the procedure. Similar
approaches can be found in literature focusing on minimumenergy [4], [5], [6], [7], [8], minimum jerk and hybrid approaches [9], [10], [11].
In particular, the planning algorithm here presented has been
developed with the aim to balance traveling time, jerk content
and energy losses when regenerative brakes are exploited.
II. O PTIMIZATION P ROBLEM
The optimization strategy here discussed aims at minimizing/reducing the motor Joule losses during the braking phases
by studying a proper off-line non-model based algorithm. Such
a reduction is obtained searching a compromise between the
allowed increment of the braking time and the reduction of
the RMS current value in the same phase. Then, the idea is
to allow a longer braking time with the aim to reduce the
motor braking torque and, thus, the Joule losses on the motor
windings. Such a strategy and evaluation have been applied
by considering a motor with an AFE (Active Front End) that
allows the recovery of the motor braking energy.
The off-line non model-based trajectory planning usually
deals with physical quantities such as joint position, velocity
and acceleration. Thus, it is necessary to write the current that
ﬂows inner the motor windings, variable to minimize, as a
function of these quantities.
The optimization strategy is based on the minimization of
a cost functional J(T, α) deﬁned by the weighted sum of the
integral of the squared value of the end-effector acceleration
during the braking phase, and the overall trajectory time T .
In such a way, a compromise between the traveling time and
the Joule losses can be found.
The following optimization problem is formulated:
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minU ∈U
s.t.

-N

J = K1
g(hi ) = 0
f (hi ) ≤ 0

i=1

hi + K2

.
T

Jerk2 (t)dt + K3

.
Tb

α2 (t) dt

(1)
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where: α(t) is the end-effector acceleration and hi is the
generic time blend between two via-points. In addition, eq.
1 shows also the constraints that have to be fulﬁlled in
order to have a spline with position, velocity and acceleration
continuity, and the constraints that the physical quantities of
the trajectory have to satisfy.
The considered mechanical system for which the optimization problem is written and applied is a generic joint that
allows both a transmission ratio and a rack and pinion system
for the conversion of the motion from rotational to linear.
The rack and pinion system is described by the following
equations:
"

P mpinion (t)

=

ωL (t)TL (t)

P mrack (t)

=

fA (t)vL (t) + M r2

dωL
dt

(2)

where the quantities P mpinion (t) and P mrack (t) represent the
mechanical power requested by the motor shaft and the rack
respectively. ωL (t) and TL (t) are the angular velocity and the
torque reﬂected to the load, i.e. after the transmission ratio.
Moreover, fA (t), vL (t), M , r, are the friction force on the
end-effector, the linear velocity, the mass of the end-effector
and pinion radius.
By equating the two mechanical power expressions in eq.2,
the overall load torque after the gear ratio TL can be computed.
Then, the following holds:
dωL
(3)
TL (t) = Tr + JL
dt
where Tr =fa r [Nm] is the equivalent resisting torque and
JL =M r2 [Kgm2 ] is the equivalent moment of inertia, reﬂected to the motor shaft.
By reﬂecting the torque TL on the motor shaft, the motor
torque Tm can be computed from the following system:
⎧
dωm
⎪
⎪
= TL + Jm (t)
⎪ Tm (t)
⎨
dt
dωL
(4)

+
T
T
(t)ω
(t)
=
(J
⎪
m
L
r )ωL (t)
L
⎪
dt
⎪
⎩ ω (t)
= Kr ωL (t)
m
with ωm (t) the motor angular velocity, ωL (t) the load
angular velocity, Jm the motor moment of inertia, JL the load
moment of inertia.
By solving the system in 4, the following expression can
be found:
Tm (t)

=
=

dωL
Tr
Kr +
Kr
dt
dωL
= Tr + Jeq α(t)
Tr + Jeq
dt
(JL +Jm Kr2 )

(5)

dωL
, is the joint acceleration.
where α(t) =
dt
The relation between α(t) and the current on the motor
windings im can be computed from the following system of
equations:
/
Tm (t) = Tr + Jeq α(t)
(6)
Tm (t) = Kem im
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where Kem the electromagnetic constant. Thus, the im current
written as a function of the joint acceleration α results:
im (t) =

Tr + Jeq α(t)
Kem Kr

(7)

The Joule losses along the braking phase can be estimated
as:
=
=

EJ

.

i2 (t)dt
Tb m
.
R
2
Kem Kr Tb [Tr

R

2 2
+ 2Jeq Tr α(t) + Jeq
α (t)]dt

(8)
By looking at the Joule losses expression EJ , there is a
term related to the integral value of α2 (t), as well as in
the cost functional J(T, α) in eq.1. This justiﬁes the role of
the minimization of the integral of the squared value of the
acceleration in the trajectory planning problem under study.
Such a minimization is made only during the braking phase
(Tb ) and not during the acceleration time in order to allow the
system to exploit the overall motor nominal torque.
III. C OST FUNCTION
Now, given the cost functional in eq.1 the target is to
minimize it under the problem constraints.
The ﬁrst term does not need any manipulation to be
implemented and computed while the second term has to
be manipulated and expressed in a suitable manner. Since
the chosen primitives are cubic splines, the acceleration is
piecewise continuous and the jerk is piecewise constant. Thus,
the integral can be written trough the following sum:


2

Jerk (t) =
T

N
+1 
'
i=1

αi+1 − αi
hi

2
hi

(9)

in which i is the polynomial index.
By recalling the mathematical expression of the spline as a
polynomial function [2], the term can be rewritten as:
.
T

Jerk 2 (t)

=
=

-N +1  6ai3 hi +2ai2 −2ai2 2
i=1

hi
i 2
(6a
)
h
i
3
i=1

-N +1

hi

(10)

where ai3 is the 4-th coefﬁcient of the i-th polynomial.
The third term in the cost function (1) is proportional to
the integral of the squared value of the acceleration during
the time blends in which velocity and acceleration differ in
sign, i.e. during a braking phase. Again, a sum is used for
the numerical evaluation of the integral. In this case the
sum represents an approximation of the integral since the
acceleration is not piecewise constant in the hi . In order to
reduce the computational error, the hi is split in small time
intervals of stepL time amplitude.
The chosen algorithm for the sum calculus results:
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α2 (t) dt 
Tb

N +1 Nstep

' '

(6ai3 hik + 2ai2 )2 M ask(i, k)stepL

i=1 k=1

(11)

where M ask(i, k) is:
⎧
acceleration(i, k)
⎪
⎪
⎪
⎪
⎨ speed(i, k)
P wr(i, k)
⎪
⎪
⎪
⎪
⎩ M ask(i, k)

=
=
=
=

6ai3 hik + 2ai2
3ai3 h2ik + 2ai2 hik + ai1
speed · acceleration
P wr − abs(P wr)
0.5 ·
P wr + eps

(12)

The i and k indexes refer to the generic i-th time interval
between two consecutive via-points hi and the generic kth discretization interval inner the hi respectively. To allow
a good compromise between the algorithm speed and the
integral calculus accuracy, the stepL has been chosen equal
to 0.01 s. By looking at the M ask(i, k) term, there is a cost
function increment, i.e. it is equal to one, only when velocity
and acceleration are discordant.
The small quantity eps that appears inside the mask deﬁnition is inserted to avoid the divergence of the ratio when Pwr
approaches zero.
A. Constraints
1) Equality Constraints: The equality constraints that must
be satisﬁed by the trajectory are the equations that impose
both the traveling along the via-points and the continuity in
position, velocity, acceleration and jerk. These requirements
are fulﬁlled by using a classical third order polynomial spline
with the introduction of two extra virtual via-points put
between the ﬁrst and the last via-point.
The spline mathematical expression between the via-points
is:
S(t) =
a13 (t − t0 )3 + a12 (t − t0 )2 + a11 (t − t0 ) + a10 ,
t∈[t0 , t1 ]
a23 (t − t1 )3 + a22 (t − t1 )2 + a21 (t − t1 ) + a20 ,
t∈[t1 , t2 ]
...
+2
+2
+2
+2
aN
(t − tN +1 )3 + aN
(t − tN +1 )2 + aN
(t − tN +1 ) + aN
,
3
2
1
0
t∈[tN +1 , tN +2 ]
(13)

where tk represents the traveling time on the via-point, i.e.
problem unknowns. The formulation can be rewritten by
means of the following substitution:
(t − ti ) −→

ti ,

ti ∈[0, hi ]

(14)
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system:
⎧
Π1 (0) = q1
⎪
⎪
⎪

⎪
Π
⎪
1 (0) = 0
⎪
⎪

⎪
Π
⎪
1 (0) = 0
⎪
⎪
⎪
⎪
⎪
⎪
⎪
Πi (0) = qi
⎪
⎪
⎪
⎪
Π
⎪
i (hi ) = Πi+1 (0)
⎪
⎪

⎪
Π
(hi ) = Πi+1 (0)
⎪
⎪
⎨ i
Πi (hi ) = Πi+1 (0)
⎪
⎪
⎪
⎪
Πi (hi ) = Πi+1 (0)
⎪
⎪
⎪
⎪
Πi (hi ) = Πi+1 (0)
⎪
⎪
⎪
⎪
Πi (hi ) = Πi+1 (0)
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ ΠN +2 (0) = qN +2
⎪
⎪
⎪
⎪ ΠN +2 (0) = 0
⎪
⎩ 
ΠN +2 (0) = 0

with : i ∈ [3, · · ·, N ]

(15)
with : i ∈ {2, N + 1}

where the i-th polynomial and its time derivatives are
deﬁned as:
Πi
Πi
Πi
Π
i

=
=
=
=

ai3 (ti )3 + ai2 (ti )2 + ai1 (ti ) + ai0 , ti ∈ [0, hi ](16)
3ai3 (ti )2 + 2ai2 (ti ) + ai1
(17)
i 
i
6a3 (ti ) + 2a2
(18)
6ai3
(19)

Thus, the system variables are the polynomial coefﬁcients
aji and the time intervals hi .
2) Inequality Constraints: These constraints are necessary
to limit velocity, acceleration and jerk peak values during
the planning phase. Moreover, constraints related to the
optimization variables, i.e. the hi widths, are given. They
result in the following equations systems:
⎧ j
⎨ a3 ≤ Jerkmax /6
(20)
aj ≤ Accelerationmax /2
⎩ 2j
a1 ≤ Speedmax
⎧ j
⎨ a3 ≥ Jerkmin /6
aj ≥ Accelerationmin /2
⎩ 2j
a1 ≥ Speedmin

(21)

The hi -s are upper bounded by a user deﬁned value while
lower bounded by the ratio between the via-point distance and
the maximum allowable velocity.
IV. N UMERICAL SIMULATION
To evaluate the effectiveness of the proposed approach,
three different algorithms have been implemented and
compared:

where i is the generic polynomial index.
The constraints, the via-point passage and continuity up to
the 2nd order can then be written with the following equation
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•

classical spline: ﬁxed and equal time blends between the
cubic spline via-points [12];
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SPL3J algorithm: minimum time-jerk algorithm [10],
[13];
• SPL3B algorithm: proposed optimum algorithm.
Three different paths have been chosen in order to quantify
the performance enhancement in terms of required energy and
vibrational content, which is measured trough jerk. The two
optimum algorithms have been considered allowing a free total
execution time, i.e. with a possible increment of the 1%, 5%,
10%, 20%, 30% e 50% with respect to the time required by
the basic algorithm.
The chosen paths are:
•

TRAJECTORY 1: (Fig. 1)
Path (m): [0, −0.304, 0.557, 1.100, 1.751, 1.65, 0.86, 0.80, 0]
Time: 5 s
TRAJECTORY 2: (Fig. 2)
Path (m): [0, 0.4, 0.8, 1.2, 0.8, 0.4, 0]
Time: 5 s

Fig. 2. Trajectory 2 obtained with the basic algorithm. Crosses represent the
via-points.

TRAJECTORY 3: (Fig. 3)
Path (m): [0, 0.4, 0.8, 1.2, 0.8, 0.4, 0, 0.4, 0.8, 1.2, 0.8, 0.4, 0]
Time: 5 s

Fig. 3. Trajectory 3 obtained with the basic algorithm. Crosses represent the
via-points.

Fig. 1. Trajectory 1: obtained with the basic algorithm. Crosses represent the
via-points.

Weigths Kt , Kj and Kpw that appear in the cost function
(eq. 1) have been properly chosen in order to obtain the
proper trajectory times (Tab. I,III,V). In the following Tables,
Tab.II, IV, VI, the numerical results related to the implemented
trajectories and to the compared algorithms are shown.
The results show, as expected, that the two optimum algorithms outperform the classical spline approach.
Moreover, it is shown that a delay as small as 1% with
respect to the basic trajectory, i.e. the classical third order
spline, can bring a noticeable reduction of energy losses. Both
algorithms bring energetic improvements that are directly proportional to the allowed delay. By comparing the two optimum
approaches in terms of energy expenditure, it can be seen how

Delay
1%
5%
10%
20%
30%
50%

SPL3J
Kt
Kj
42.1
0.497
31.5
0.48
10.9
0.224
30
1
19
1
7.87
1

Kt
233
193.05
229
120
100
87.73

SPL3B
Kpw
27.05
27.1
48
26.25
33.2
60.87

Kj
0.598
0.573
0.23
1
1
1

TABLE I
D ELAYS AND WEIGHTS FOR T RAJECTORY 1

the proposed SPL3B algorithm allows to decrease signiﬁcantly
the energy requirement and to obtain better performances with
respect to the SPL3J one. Results show an improvement up to
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Delay
1%
5%
10%
20%
30%
50%

SPL3J
Jerk
Energy
94.14%
70.8%
95.54%
74.3%
96.28%
77.9%
97.52%
82.5%
98.31%
86%
99.2%
91%

SPL3B
Jerk
Energy
91.15%
72.9%
92.24%
75.9%
92.28%
79.1%
96.48%
83.9%
97.3%
87%
98.2%
91.2%

Delay
1%
5%
10%
20%
30%
50%

Enhancement
7.01%
6.18%
5.11%
7.72%
7.26%
2%
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SPL3J
Kt
Kj
410
1
325
1
245.5
1
145.8
1
90
1
38.2
1

Kt
780
710
675
500
393
276

SPL3B
Kpw
19
23.3
31.4
37.1
43.9
62

Kj
1
1
1
1
1
1

TABLE V
D ELAY AND WEIGHTS FOR T RAJECTORY 3

TABLE II
R EDUCTION IN PERCENTAGE OF THE JERK AND ENERGY TERMS OF THE
TWO OPTIMUM ALGORITHM WITH RESPECT TO THE CLASSICAL SPLINE
FOR THE TRAJECTORY 1. T HE LAST COLUMN GIVES THE ENHANCEMENT
IN TERMS OF ENERGY SAVED OF THE SPL3B WITH RESPECT TO THE
SPL3B ALGORITHM .

Dlay
1%
5%
10%
20%
30%
50%

SPL3J
Kt
Kj
10.45
1
8.25
1
6.26
1
3.73
1
2.3
1
0.968
1

Kt
40
35
30
22
17
10.6

SPL3B
Kpw
23.6
25.4
27.4
30.5
34.5
42

Delay
1%
5%
10%
20%
30%
50%

Kj
1
1
1
1
1
1

SPL3J
Jerk
Energy
87.42%
40.1%
89.64%
47.1%
91.8%
53.5%
94.69%
64.3%
96.45%
71.9%
98.26%
81.6%

SPL3B
Jerk
Energy
86.94%
41.7%
88.74%
48.6%
90.67%
54.9%
93.6%
65.4%
95.42%
72.5%
97.28%
82.0%

Enhancement
3.39%
2.77%
3.05%
3.18%
2.33%
1.70%

TABLE VI
R EDUCTION IN PERCENTAGE OF THE JERK AND ENERGY TERMS OF THE
TWO OPTIMUM ALGORITHM WITH RESPECT TO THE CLASSICAL SPLINE
FOR THE T RAJECTORY 3. T HE LAST COLUMN GIVES THE ENHANCEMENT
IN TERMS OF ENERGY SAVED OF THE SPL3B WITH RESPECT TO THE
SPL3B ALGORITHM .

TABLE III
D ELAY AND WEIGHTS FOR THE T RAJECTORY 2

8% for these simple and not recursive trajetories thus allowing
to forecast better performances when more complex paths are
to be travelled.
V. C ONCLUSION

Delay
1%
5%
10%
20%
30%
50%

SPL3J
Jerk
Energy
99.27%
34%
99.4%
41.7%
99.53%
48.8%
99.7%
60.5%
99.79%
69%
99.9%
79.8%

SPL3B
Jerk
Energy
98.99%
38%
99.13%
45.5%
99.27%
52.3%
99.47%
63.1%
99.6%
71%
99.75%
80.9%

Enhancement
6.174%
6.5%
6.876%
6.6%
6.48%
5.203%

TABLE IV
R EDUCTION IN PERCENTAGE OF THE JERK AND ENERGY TERMS OF THE
TWO OPTIMUM ALGORITHM WITH RESPECT TO THE CLASSICAL SPLINE
FOR THE T RAJECTORY 2. T HE LAST COLUMN GIVES THE ENHANCEMENT
IN TERMS OF ENERGY SAVED OF THE SPL3B WITH RESPECT TO THE
SPL3B ALGORITHM .

In this work, an optimal trajectory planning technique that
takes into account the simultaneous minimization of the trajectory time, the jerk content and the energy losses during the
braking/recovery phase has been presented. The algorithm has
been implemented in a Matlab simulator and its performances
are compared with other two well known planning algorithms
showing good performances and the effectiveness of the idea.
Future work will cover the experimental validation of the
proposed technique.
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Abstract— Industrial robots are well established platforms for
laser scanners in inline measuring systems. Problems arise in the
low positioning and path accuracy of industrial robots, which
can corrupt the scan data. Therefore in this paper, a new
approach to camera based robotic guidance and tracking
systems is presented. A mathematical model of an embedded
multi-camera system for 3D location detection, including error
propagation has been established. The performance of possible
configurations, were simulated and optimized. An improved
camera system determined by the simulation was successfully
built into the hardware and the simulated performance verified.

I.

INTRODUCTION

Employing industrial robots as a support for inline
manufacturing control systems in the automotive industry is
well established. For this purpose, the robot moves a precisely
working laser scanner over the body of a car. If the scanner
poses (positions plus orientations) are known precisely, the
scans can be fused to describe the body surface in an extended
area enabling comparison of the actual body geometry to
CAD-data (Fig. 1). Problems arise with the low positioning
and path accuracy of industrial robots, corrupting this scan
fusion process. Therefore, an important topic is the
development of robot guidance and tracking systems [1]. The
camera based approach is most promising in terms of
minimizing hardware expenses. Here artificial optical targets
deliver references, which are localizable by image processing
algorithms with high accuracy.

pose as derived from a robot model with an external
measurement system such as the camera based tracking
system.
For this purpose possible configurations of an embedded
multi-camera system are evaluated and optimized for
precision. As far as precision is concerned, swapping cameras
and measurement targets makes no difference. For a good
price-performance ratio many cheap targets and fewer more
expensive cameras should be preferred. We consider multicamera systems mounted near the robot's tool center point
observing fixed reference targets.
For the nontrivial task to decide on the number and
arrangement of the cameras the error propagation from image
positions of the optical targets to final pose-results is modeled.
Starting with a simple arrangement, error sources are
identified and fixed, to reach an optimized configuration. The
model is validated by realizing selected configurations in
hardware.

Another objective of such a system is to implement an
inline recalibration of the robot during operation. The need for
this arises from drift in robot geometry (like arm lengths,
resolver readings etc) due to thermal influences and for other
reasons [2]. Recalibration may be facilitated by comparing the
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Figure 1: 3D-Laserscanner in use on a car body. Additional light
sources also allow capturing 2D-features [1]
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Evaluated were systems of two orthogonal cameras, three
orthogonal cameras and finally a multi-camera configuration
of three cameras in a planar 120° arrangement.
II.

PRINCIPLES OF A CAMERA POSITION MEASURING
SYSTEM (CAMPMS)

A. Motivation
Almost all manufacturers provide so called precision
robots in which, by an elaborate calibration process typical
errors such as manufacturing and assembly tolerances are
compensated [3]. Despite this effort, which is also reflected in
the cost, not all errors can be eliminated. Dynamic effects such
as bending due to centrifugal forces or thermal expansion
remain largely unnoticed. In particular, the thermal expansion
and the associated distortion and twisting of the arm elements
lead to significant position errors up to millimetres. These
errors cannot be compensated at calibration time because they
result from fluctuating external influences during operation
[2]. A typical Laser Scanner reaches a precision under 30 μm
[4]. This is at least 1-2 orders of a magnitude smaller than the
precision of the carrier robot. So usually the robot itself is the
main source of measurement errors.
A way to increase precision is to operate an additional
optical position measurement system mounted rigidly to the
robots end effector (EE), as described in this paper.
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requirements. A newer (similar) approach from Zhang [9] uses
a chessboard-like calibration pattern instead of individual
reference points. This method is well-suited for a robot
calibration where several images are captured from different
views, but suffers from the same problems like the PoseEyeSensor when used for direct real-time pose sensing.
C. New approach of a camera based position measuring
system
An improved approach for a robot mounted pose
measuring system is presented in this paper, overcoming some
of the shortcomings mentioned above.
By the observation of spatially fixed objects this system
provides position information not influenced by the robots
mechanical structure. A nice side effect is the feasibility of
recalibration during operation using the independent pose
data, allowing for compensation of thermal drift for greatly
improved long-term stability.
To define 'fixed in space' world coordinate system in the
robot cell, photogrammetric reference targets are used [10],
[11]. These are localized very precisely by means of image
processing algorithms and can be mounted either in the room
(walls etc) or directly to object observed (as an 'object pose
marker'), in case a direct coordinate reference is desired. Fig.
2 visualizes this concept.

B. Related works
Wiest [5] gives a detailed report about external devices for
position measurement and classifies in tacheometric, laser
triangulation and photogrammetric (vision-based) methods,
where photogrammetry allows a direct 6D pose determination
by observing at least 3 target points. Cameras can either be
fixed to the robots endeffektor or can be placed externally
while observing targets mounted to the robot.
Methods based on externally placed matrix-cameras (e.g.
as stereo- or multi-camera-systems like proposed by Hager
[6]) suffer from lower metric resolution caused by a large
field-of-view (FOV) when observing the whole workspace of
the robot. An expensive way to overcome this disadvantage is
the use of active LED markers observed by a calibrated set of
three high-resolution line scan cameras instead of matrix
cameras. An example for an implementation ist the Krypton
Rodym 6D [7].

Figure 2: Concept of an optical camera pose measuring system used
with an robot carrying a laser scanner

A more economic way is attaching a camera-system to the
robots end effector (EE) while using lenses with high
magnification (small FOV) observing stationary targets in the
room. Beyer [2] proposes such an approach with a set of two
inward-looking orthogonal cameras mounted on the end
effector. An accurate 3D measurement is determined by
positioning the cameras over one of several metal reference
blocks, allowing only a few defined reference positions and
no inline operation.

To get a precise pose this way, a mathematical model of
this multi-camera system is created, exactly describing the
projections of the observed targets to the image-planes. The
pose of the camera system (and hence the robot pose) is
included in the model as unknown parameters. These and
other parameters describing the system, can be derived by a
nonlinear least squares fit matching the model to the observed
image positions.

Ryberg [8] presents an accuracy investigation of an realtime EE mounted single camera Pose-Sensor (named
PoseEye) for welding applications. The sensor determines the
pose by observing several reference points in the room.
Comparing the PoseEye pose output to that of a coordinate
measuring machine shows poor accuracy, not meeting the

The precision of the camera position measuring system
(CamPMS) not only depends on quality and resolution of the
cameras used. Also the number and arrangement of the
cameras play an important role. The goal of this paper is, to
find the optimum configuration of such a system by analysing
and simulating the photogrammetric model under different
conditions.
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D. Requirements for operation
For a useful operation of the CamPMS with a scan robot a
measurement accuracy exceeding the scanner is desired. So
we decided on an accuracy goal of 10 μm (single standard
deviation). Also, it is important for the system to be installed
with minimum effort.
III.

MODELING OF THE CAMERA POSITION MEASURING
SYSTEM

Before considering and comparing various camera
configurations the photogrammetric model needs to be set up.
Pose measurement is performed by finding optimum
parameters for this model in a nonlinear optimization process.
A. Notation
Matrices printed in bold capital letters, and vectors in bold
lower case. Poses are written as 6D-vectors of the form
T
with D , E , J being rotation angles
p D , E , J , x, y, z
around the X-, Y- and Z-axes (Tait–Bryan angles) in radians.
The translations x, y, z are in meters. An equivalent
representation is a 4x4 homogeneous transformation matrix of
the form (1) which rotation sub-matrix R derived from three
homogeneous elementary rotations around the X-, Y- and Zaxes. The back transformation of a rotation-matrix to the
orientation vector is done using the Rodrigues-formula [11].

Figure 3: Modeling a multi-camera system with homnogenious
transformation

distortion can be eliminated in an extra step and is not
considered here. The pin-hole model as presented by Zhang
[12] is applied in this section.
A 3D point in space is denoted by X
point in the image plane by u
pendants are denoted by X

T
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The pose of reference targets k in relation to the world
coordinate frame is represented by the homogeneous
transformation Tk transforming a 3D-point from local target
coordinates to world coordinates.

G in the same way describes the transformation of a
point, given in world coordinates, to the CamPMS’s local
coordinate system and corresponds to the measured system
pose. The Ei represent the rigid transformations from the
system’s base to the individual camera coordinate systems,
describing the cameras arrangement in the system.
C. Imaging Model
A single camera can be described by the pin-hole camera
model and an additional lens distortion model [11]. The lens

and P
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T
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. Their homogeneous
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B. Formulation of the Transformations
Fig. 3 shows the scheme of a camera position measuring
system with three cameras and a number of reference targets
fixed in the space of which at least one is observed by each
camera. Each target delivers a number of 3D reference points,
whose position on the target is given by construction.

u, v

T

X ,Y , Z
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«
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(2)

where s is an arbitrary scale factor, EW ª¬RW , TW º¼ , called
the extrinsic parameters, describe rotation and translation
relating the world coordinate system to the camera coordinate
system. P is the 3x4 projection-matrix describing the
projection from 3D to 2D. C , called the camera intrinsic
matrix, characterizes the camera hardware, (cx , c y ) being the
coordinates of the principal point and ( f x , f y ) the scale
factors in image u and v axes [12].
An optical reference target delivers a number of 3Dreference points X given in a local coordinate system, whose
position on the target is rigid and given by construction. The
position of such a reference point can be transformed into
world coordinates, if the pose of the target is known. So (2)
can be expanded by an additional transformation to calculate
the projection of a reference point to the target pose:
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su = C  P  EW  T  X

f g  u o min

(3)

2

To describe the camera poses in relation to the system
coordinate frame instead to the world coordinate system,
another pose-transformation G is added, resulting in:
su = C  P  E  G  T  X

(4)

(5)

Finally the homogeneous image positions ui , k , h are
converted to their Cartesian equivalents, resulting in a function
f for calculating the image position ui,k,h of target point Xh
with parameters ci for camera matrix Ci and camera posematrix Ei, parameters g for measurement system pose G and
parameters tk for Tk:
ui , k , h = f ci , g, t k , Xh

(6)

D. Pose measurement
For measuring the pose of the camera system, the 6
parameters of the pose vector g (corresponding to G) need to
be calculated. This is done with best precision, if all other
parameters of (6) are known. We assume here an extensive
calibration process has been performed, comprising of single
camera calibration (eg as described by Zhang [12]) for ci plus
photogrammetric computation of tk. Targets have to be
manufactured precisely, to get well known locations of target
features Xh.

SIMULATION AND ANALYSIS OF THE MODEL

A random and isotropic distribution of the image position
errors 'u can be assumed, because systematic errors are
removed in a careful system calibration step. We assume 'u
having a Gaussian distribution characterized by its standard
deviation V.
The pixel noise directly translates into an error of the pose
measurement. The effect of this translation strongly depends
on the used camera configuration. Therefore we developed a
corresponding error propagation model in this section, in order
to find a camera configuration, which is robust against these
errors.
A. Error Propagation
Image position errors'u result in pose errors. To minimize
pose errors for a given V, we employ standard error
propagation techniques, writing the image positions as a sum
of the ideal image position u0 and pose parameters g0 plus the
errors 'u, 'g:

u 0  'u

g

g 0  'g

u0

f g0

'u | J  'g

(7)

(10)

(11)

With the Jacobian:

Indexing the
1,..., L equations while keeping a table to
look up which ℓ corresponds to which camera i, target k, target
feature h and image coordinate (i.e. row or column) further
simplifies the expressions. This results in an equation system:
u =f g

u

… linearizing f with the Jacobian J resulting in an
equation for the errors:

Equation (6) may be abbreviated by omitting all known
parameters:
u i , k , h = fi , k , h g

(9)

As a solver we employ a Levenberg-Marquard algorithm
[13]. Starting values may be the nominal robot pose, or
because of the high measurement frequency the previous
results.
IV.

The full model for multiple cameras i, targets k, each
target having reference points h can be described by:

sui , k , h = Ci  P  Ei  G  Tk  Xh
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J

(8)

For calculating the 6 parameters of g, L t 6 equations are
needed. For good statistics much more equations are good
practice. As an example we frequently use a 9 x 12 target grid
and a minimum of two cameras, resulting in 9·12·2·2 = 432
equations.

§ wf1
¨ wg
¨ 1
¨ :
¨
¨ wf L
¨ wg
© 1

wf1 ·
wg 6 ¸¸
: ¸
¸
wf L ¸
..
wg 6 ¸¹
..

(12)

B. Singular Value Decomposition
For analysis of error propagation we use singular value
decomposition (SVD) [14] of the Jacobian J, which in our
case is a real L x 6 matrix. J may be written as:

The equation system is solved in a standard way by least
squares minimization of the nonlinear equation system:
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where U is a L × 6 column orthogonal matrix, 6 a 6 × 6
rectangular diagonal matrix with nonnegative numbers on the
diagonal, and VT is a 6 × 6 row orthonormal matrix. The
diagonal entries 6i 6i ,i of 6 are known as the singular
values.

image position errors

¦ 'g cv
i

i

(14)

i

A well-known fact of SVD is, one can interpret the linear
mapping of J as: every vi gets mapped to the corresponding
column vector ui of U, being scaled by the singular value:
J vi

6i ui

pose errors

J

The linear mapping of a vector 'g to 'u by J is easy to
visualize, in case of representing 'g in the basis of the row
vectors vi of VT. In this basis we get the coordinates 'gic
fulfilling:

'g
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Figure 4: 2D-example of isotropic errors linear mapped with SVD
vectors shown

are on average close to S, average position magnitudes ( x )
may have much larger values for small length units. We
decided to scale the position components with scale factor s.
Equal error contributions means:
sx |S d

(15)

Sd

s

(19)

x

This makes (11) if the right side of (14) is used for 'g to:
6

'u | ¦ 'gic 6i ui

Length scale is introduced in the model by the units of
target 3D points X h . By scaling these coordinates with s the
correct balance is attained.

(16)

i 1

C. Isotropic errors
The easiest case to consider is a random and isotropic
distribution of 'u. This may result from shot-noise of the
image sensor, or errors in the subpixel interpolation algorithm
for target-feature detection. Isotropic means: all coordinates
'ui of 'u have the same standard deviation ( 'ui | V ) in
every orthonormal basis. In case of 'g pointing in direction of
one of the vectors vi (i.e. 'g 'gi vi ), this makes (16) to:

V ui | 'gi 6i ui

(17)

V
6i

V

'g max

6imin

vimin

(20)

Optimizing the setup means maximizing 6imin , since for a
given target and imaging system V is fixed, and vi is of unit
length.

Resulting in an error for the pose component:

'gi

E. Maximum error
The maximum pose error is on the largest semi-axis 'gi
(18). If imin is the index of the smallest singular value,
maximum pose error is:

F. Expected error of pose components
The expected error is estimated by summing over the
squared error components (18) with component j of vi:

(18)

This illustrates the well-known property of SVD, that an
isotropic distribution of 'u is linearly transformed to an
ellipsoid, having semi-axes of length 'gi (18) in direction of
vi. Fig. 4 illustrates this in 2 dimensions.
D. Balancing error magnitudes
Before deriving maximum and average errors different
weights of the pose components have to be balanced out. An
optical measurement system detects positions having a
distance d from the location the pose g refers to. Position error
components of g are position errors directly, angular
components correspond to measurement errors 'D d . Also
angle and position values may differ in length-scale. Angles

'Pj

V

6

vi2, j

¦6
i 1

2
i

(21)

The square root in this equation will be dominated by the
largest summand, so optimizing an apparatus with respect to
the expected error means finding minimal max vi , j 6i . Our
experience is, optimizing a setup with respect to the maximum
error also means getting minimum expected error. So the
criterion for an optimized configuration is being 6imin as small
as possible.
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V.

SIMULATION OF DIFFERENT CAMERA CONFIGURATIONS

In the simplest case a single camera observing at least 3
object points of a known reference target is sufficient to
reconstruct a full 6D pose. In practice, such a pose
measurement is very inaccurate. While a displacement in right
angle to the optical axis of the camera directly translates into a
shifted image positions of the points depicted, the image is
much less influenced by a change in distance, especially when
using small reference targets and/or a small angle of view due
to a telephoto lens. The same is true for camera pan and tilt
around the target, showing up as a small perspective distortion
of the image only.

B. Simulation results
Table I shows the simulated noise in pose measurement of
the different design principles for various degrees of pixel
noise (indicated by the standard deviation) and two different
measurement distances (0.75m and 1.0m) between the
respective camera and its reference target. The last column of
the table shows the result for a real 3 camera/120° test system
(presented in the next section) with a measured pixel noise of
V g 0.013px . These values allow direct comparison of
simulation and real hardware.
TABLE I.

A. Comparison of three different multi-camera concepts
These problems are solved by multi-camera systems, in
which a second or a third camera compensates the
shortcomings of a single camera. The simplest approach is an
arrangement of two orthogonal cameras (Fig. 5c). Our analysis
shows, that specific spatial movements also result in hard to
sense minimal changes in the image and thus having similar
problems as with the single camera.
Three cameras provide acceptable results. However, even
here, there may still be massive construction-related
influences to measurement errors. Our simulation analysis
identifies problematic designs and gives a criterion (20) for the
best design principle.
A naive approach seems to be an assembly of three
orthogonal cameras (Fig. 5a). However, such an approach
suffers from several mechanical disadvantages, as the cameras
need to have a clear view of the reference targets. Also it can
be shown, by analysing the Jacobian matrix, that for this
solution the pixel noise of the cameras results in quite large
pose noise (see Table I). The best results are provided by 3
cameras arranged in a plane at an angle of 120 ° (see Fig. 5b).
The accuracy (in terms of a low pose-noise) of this concept is
almost twice as good compared to the orthogonal 3-camera (a)
arrangement. In addition, the installation of the system is
simplified because the visual axes of all cameras now lie in a
plane, which may be perpendicular to the end effector axis,
avoiding occlusion by robot hardware. Other arrangements
also have been investigated, but no further improvements were
achieved.

a)
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FROM CAMERA PIXEL-NOISE TO POSE-NOISE IN THE
RECONSTRUCTED SYSTEM POSITION.

Config.
a) 3x90°
b) 3x120°
c) 2x90°

d=1m
10.4 μm
6.4 μm
75.5 μm

d=0.75m
8.9 μm
5.5 μm
45.0 μm

d=0.75m
1.2 μm
0.7 μm
5.9 μm

C. Visualizing the simulation results
Fig. 6 illustrates the simulation results. The three 3D-plots
are schematic representations of the camera systems shown in
Fig. 5 (a, b, c). Each camera is represented by a pyramidal
shape where the top of the pyramid is the origin of the local
camera coordinate system. The coloured crosses indicate the
coordinate axes, X, Y, Z (red, green, blue). The Z-axis (blue)
coincides with the optical axis. Each camera observes a
reference target arranged in a distance of 1m along its optical
axis (not visible in the figure).
The objective of this figure is to show, which poses of the
camera system are possible changes in the camera image, not
exceeding pixel noise. The largest uncertainty (in the direction
of the smallest singular value) in the pose measurement is
indicated by a greyed version of the camera system, whose
displacement indicates the largest possible pose error. While
the two-camera system (c) provides an unacceptable large
pose error, the orthogonal 3-camera-90° design (a) provides
acceptable results. Arrangement (b) shows substantial
improvement over (a), so (b) is implemented in practice and
examined in the next section.

a)

b))

c)

b)

c)

Figure 5: Three different configurations for a 2-3 camera position
measuring system

Figure 6: Maximum pose-errors for the three configurations
examined. Faint lines indicate maximum pose change of the three
examined concepts of multi-camera system
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VI.

COMPARISON WITH A REAL SYSTEM

The goal of the following experiments is to demonstrate,
the camera system reaching the static repeatability (transfer of
pixel noise on pose noise) expected from simulation. To
demonstrate some effects addressed in the last section, the
standard deviation of a pose reconstruction with a single
camera was recorded also.

Eds. Leo J De Vin and Jorge Solis

C. Results
Table II shows the impact of the pixel-noise on the
accuracy of the measured position V x , V y , V z and orientation

V D , V E , V F , listed as standard deviations. The units are pixel
[px] for image-coordinates, microns [μm] for the position and
micro-rad for the orientation.

A. Experimental setup
The planar 3-camera-120 ° system (Fig. 5b) was set up and
is shown in Fig. 7. Three reference targets were arranged in a
distance of about 0.75m in front of each camera (in the same
way as shown in Fig. 3). A target has dimensions 13x10cm,
consisting of an equidistant grid of 12x9 (in sum 108)
reference points.

Cameras

VPix
[px]

Vx, Vy, Vz
[μm]

VD, VE, VF
[μrad]

1 cam.

0.013

1.41, 1.40, 17.48

The cameras1 were mounted on a stable aluminum base
plate. Various adapters allow mounting the system on a 3-axis
coordinate-measuring machine (for calibration and testing) or
on an industrial robot.

460.12, 470.68,
30.52

3 cams.
120°

0.013

0.51, 0.62, 0.50

0.42, 0.30, 0.47

TABLE II.

EMPIRICALLY DETERMINED STANDARD-DEVIATION IN
IMAGE-PIXELS AND MEASURED POSE.

D. Discussion of results
The simulation predicts standard deviations V x , V y , V z
close to 0.7μm in the measured position for a pixel noise level
V Pix 0.013 px (Table I, col. 3). The experimental values
(Vx 0.51μm, Vy 0.62μm,Vz 0.50μm) of the three cameras
confirm the simulation.
As expected in the last section, a single camera delivers an
acceptable repeatability in the horizontal and vertical direction
(V x , V y | 1.4μm) , but not for distance (V z | 17.48μm) . Also
a poor repeatability for target orientation around the X- and Yaxes are observed, due to minor perspective image distortions
due to these movements.
Figure 7: Test setup of the Camera Position Measuring system

For testing the static repeatability, the camera system was
held fixed, also with respect to the targets.
In a first calibration step all unknown system parameters
(camera parameters, target poses, etc.) were measured or
calibrated.
B. Experiments
In the 1st Experiment the 6D pose is reconstructed with
only one of the three cameras using standard methods [11].
In the 2nd Experiment the 6D pose is measured with all
three cameras using the reconstruction method described in
section III of this paper.

1

Camera type: The Imaging-Source CCD-monochrome
camera DMK23G274 with a 12mm lens, a resolution of
1600x1200px in 4.4μm Pixels on a 1/1.8" Sony CCD-Sensor
and a 12 Bit ADC [15].

In the three-camera configuration, the repeatability for
orientations improved dramatically. Furthermore, the X, Y, Z
errors are uniform, because the distance insensitivities of a
single camera is compensated by the other cameras.
VII. CONCLUSIONS
On the basis of theoretical considerations an optical
camera position measurement system (CamPMS) for tracking
and calibration of industrial robots was designed. The system
is mounted near the robots tool centre point (TCP) and
observes optical reference targets fixed in space.
A mathematical model of the CamPMS was set up,
allowing assessment of various design concepts. By
linearization of the model and detailed analysis with singular
value decomposition three design proposals were considered,
a system of two orthogonal cameras, a system of three
orthogonal cameras and a planar system of three cameras in a
triangular 120° arrangement. The result of the error
propagation model starting with known "pixel noise" of the
cameras and resulting in the position measurement
repeatability was used for performance assessment. A threecamera system with a planar camera arrangement in an angle
of 120 ° was identified as the best design concept.
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The simulation demonstrates the feasibility of 10μm
repeatability, including all the necessary design data, such as
spacing and arrangement of the cameras, but also inner camera
parameters as lens focal length and resolution.
The results of the simulation have been verified in an
experimental setup.
In the next steps the robot guidance system shall interact
with an industrial robot of manufacturer ABB to correct the
robots calibration during operation and to provide correction
data for short-term path deviations. In order to achieve an even
higher sampling rate, it is planned to execute the most timeconsuming algorithms on a graphic processing unit (GPU) in
order to achieve a sampling rate of 100 Hz, being is sufficient
also for "high-speed" applications or reduce errors by
averaging over a larger data-set.
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Abstract— In this paper, a proposed method to support
adaptability of assembly systems in grasping operation is
introduced. The method intends to exploit the assembly features
of a product to determine the required grasping skill in the
assembly system. The required technical parameters of the
“grasping” skill are proposed to be determined by extracting
assembly features from a CAD assembly model. Assembly
features are any information, geometrical, non-geometrical and
functional, that is significant to assembly operations. Based on
this definition a new set of manipulating (moving and orienting)
features are derived such as gripping features. A preliminary
analysis of these features is conducted through a feature- based
model derived from product topology.
This analysis is
illustrated by a four – part assembly example. A literature
survey for assembly features is also conducted. The method is at
present in its validation phase and thus only the proposed
method is described herewith.

I.

INTRODUCTION

Mechanical products rarely consist of a single part. Cost
efficient moving and joining of parts in assembly systems are
fundamental challenges in realizing a product. According to
[1] assembly costs of industrial products correspond to more
than 30 per cent of total industrial product costs. Hence,
Assembly process plays a very important role in the overall
product realization.
The grasping operation is one of the basic assembly
operations in assembly systems. To realize grasping, grippers
are widely used in automated assembly systems. According to
[2], “Grippers can be the most design-intensive components of
an assembly system”. Most industrial grippers can be only

used for a very limited range of products [3]. To add more
adaptability to assembly systems, general-purpose grippers are
developed to enable grasping for a wider range of products.
In this paper, a proposed method to support adaptability of
assembly systems in grasping operation is proposed. The
method utilizes assembly features of a product to determine
the required grasping skill. Skills describe functional
capabilities of assembly resources, which are hardware or
software entities involved in process execution [5]. A
particular functional capability is associated with a skill
concept name, such as grasping skill. Skills have parameters,
which represent the technical properties and constraints of
resources. For the grasping skill, parameters such as “number
of fingers”, “maximum and minimum opening range” and
“grasping force” determine the range and constraints of the
skill. In the proposed method, the required technical
parameters of the grasping skill are determined based on
assembly features extracted from a CAD assembly model.
A feature, in this context, is a carrier of product
information, which may aid design or communication between
design and manufacturing, or between other engineering tasks
[4]. Features include both geometric information and
functional characteristics (shape, type, tolerance and material)
of the product data [12]. Assembly features are defined as
“features with significance for assembly processes” [3], and
may be exploited to improve the link between product design
and production system [13] by facilitating the knowledge
transfer between product design information and process
planning. This approach takes into consideration the
continuous changes of manufacturing resources capabilities
over time [14].
This paper is organized as follows: section two gives a
background about using skills to represent production
resources in adaptive systems. Section three includes analysis
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and representation of assembly features. In this section a
proposed representation model of extracted assembly features
is described by a case-study example. Section four includes a
proposed method for defining gripping features for a part in an
assembly. A method to determine the “number of fingers” as a
parameter of a grasping skill is illustrated in this section.
Section five draws conclusions and gives an outlook for future
research. Detailed validation of the method is currently being
conducted and will be subject of a forthcoming publication.
II.

Eds. Leo J De Vin and Jorge Solis

the bounding relationship between them and which have
engineering/functional implications and/or provide assembly
aid, such as a center line of a hole, on an object’’ [6], [7]. In
other words, form features are geometrical mating entities,
which include mating features. More information about
classifications of form features can be found in [26]. Figure 1
illustrates the definition of assembly features.

RELATED WORK

The Skill concept was first used to fill the gap between
processes and equipment in the ontology of the EUPASS
project. In this project’s ontology the skills were divided into
basic skills and complex skills. The basic skills are the most
fundamental skills, whereas the complex skills are
combinations of more simple skills [15]. These ideas were
based on [16], in which a multi-agent-based control
architecture for a shop floor system (CoBaSa) which supports
fast re-engineering and plug and play capabilities was
presented. The ontology is used to identify which basic skills
are necessary to provide complex skills [17].
SIARAS3 project [18], [19], [20] proposed two
approaches for skills: a top-down (AI, artificial intelligence,)
approach and a bottom-up (engineering of components and
programming of individual tasks) approach. Ontologies have
been used to store skills and their relations, which are used for
automatic reconfiguration of production systems. ROSETTA4
project [21], [22], [23] defined robotic skills in a production
system. Huckaby and Christensen [24] proposed a taxonomy
for assembly tasks. They defined the required skills necessary
to accomplish an assembly task.
Other authors use a similar approach but exchange the
term skill with capability. Smale and Ratchev [9] proposed a
capability-based approach for multiple assembly system
reconfigurations. Their work comprises a reconfiguration
methodology, by providing a means to compare the product
requirement with the existing resource capabilities, supported
by capability model and capability taxonomy (may be
understood as a result of the EUPASS project mentioned
above). Järvenpää [25] proposed an approach for capability
modeling where capabilities are functionalities of resources
that have parameters, which present the technical properties
and constraints of resources. Also capabilities can be
combined in a dynamic fashion to accomplish combined
capabilities. Combined capabilities are combinations of other
capabilities, usually formed by a combination of devices, such
as a robot and a gripper.
III.

Figure 1.

Assembly features, modified from [8].

The aim of assembly feature analysis is to deduce
assembly information from a product design such that it can
be connected to the required assembly processes and
capabilities in the production system. According to Smale &
Ratchev [9] the basic core of assembly processes are “Moving
Part x” and “Joining Parts x and y”. A process has to be added
to this basic core after “Moving Part x” and before “Joining
Parts x and y”, and that is “Orienting Part x”. Based on this
reasoning, handling, mating and form features of a product
have to be defined, represented and extracted to enable
allocation of manipulation (moving and orientation) features,
which are a set of process features include all the functional,
geometrical information and constraints significant for
allocating moving and orienting processes and skills required
to assemble a product. Figure 2 illustrates extraction and
derivation of process features.

ASSEMBLY FEATURES: ANALYSIS AND
REPRESENTATION

Assembly features are divided into mating (connection)
features (such as final position, insertion path/point,
tolerances), handling features, (characteristics that give the
location/ orientation of an assembly component such that it
can be safely handled by a gripper during assembly) [3], and
form features. The latter are ‘‘A set of geometric entities
(surfaces, edges, and vertices) together with specifications of

Figure 2.

Extraction and derivation of manipulating features

Handling features of a component constitute a generic
form of assembly information (independent of the actual
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position and orientation of the component within an
assembly), from which information about feeding, fixturing
and grasping can be retrieved [3]. Handling features are
generic for some assembly components, such as the base
component (the component upon which all remaining
assembly operations are carried out). For the assembly
components, handling features are needed in order to derive
fixturing, feeding and gripping features, while mating and
form features are mainly used for orienting, positioning and
alignment assembly processes. Figure 3 shows assembly
design example that consists of four parts, while Figure 4
illustrates a proposed feature-based model for the assembly
design example. In this figure, assembly and manipulation
process features for each part in the assembly product design
are specified.

Figure 3.

Eds. Leo J De Vin and Jorge Solis

Four-part assembly design example.

In Figure 3, the dimensions of the parts (P1-P4) are specified,
with P4 as a base for the assembly. The radius of each hole
(R1-R6), the center (C1-C6) and the exact locations of all
holes are specified (e.g. hole with radius R1, center C1 is
specified with (D1, D2) dimensions from both edges of P1 and
with H1 as depth of the hole). So hole one can be described as
(R1, H1), (D1, D2), and all the other holes are described in the
same way. In Figure 4, for each part, first a handling and form
features are specified, mating features are specified between
different form features in different parts, while joining features
are specified between different parts. Manipulation process
features are specified under the specified handling features for
each part. For example P2 and P3 have handling features that
are expressed as a gripping and feeding features specified by
the radius of each cylinder (R3, R4). Mating features for P2
and P3 are characterized by hole centers (C3, C4) with a
mutual aligned relation between (C1, C2) in P1 and (C5, C6)
in P4. For P4 (base) a fixturing, feeding and gripping features
are specified with (A, B) dimensions for the first two features,
while internal gripping can be used through (C5, C6) since the
two holes are simple holes. Gripping and feeding features for
P1 will be specified in more details in next section.
Specifying manipulation features for different parts in an
assembly is a dynamic process, each part should be checked if
it is a base part or not, then it should be checked if it is fed part
or not and finally checked for grasping. The manipulation
processes will be performed after checking for the available
required skills. This can be illustrated as a flowchart in Figure
5.

Figure 4.

Feature-based model for the four- part assembly design example
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The application of a skill on a part in an assembly will
generate a sequence of tasks with ordering constraints (e.g.
task A must follow directly after task B) [5]. The execution of
theses ordering tasks will achieve the required process. Figure
7 illustrates the sequence of tasks required to perform
assembly processes (AP) for the case-study example in Figure
3.

Figure 5.

Flowchart for specifying manipulation features for a
part in an assembly

In Figure 5, after specifying the related features, the
availability of the related skill should be checked by matching
the manipulating features with the parameters of the available
skill, if the skill is available, the related process will be
achieved; otherwise the part should be redesigned for a new
set of handling features compatible with the available skills.
An example for matching feeding and fixturing features with
the required skills is illustrated in Figure 6.

Figure 7.

Assembly graph for the case-study example

In Figure 7, four assembly processes (AP1-4) are required
to assemble the case-study example. AP1, applied for P4,
consists of three tasks includes fixturing as P4 is the base part.
AP 2-4 consists from the same tasks starting by feeding and
ending by assembling (joining) the next part.
IV.GRASP PLANNING FOR ASSEMBLY

Figure 6.

Mapping fixturing and feeding features to the related
skills capabilities.

Grasp planning is the process of planning the collision-free
motion of the gripper fingers around an object to obtain a
stable configuration for manipulating the part [11]. Gripping
features can be used as an intermediate stage to integrate part
design and grasp planning. As any process features, gripping
features include geometrical, functional information and
constrains. One of the geometrical information included in
gripping features is gripping planes, which are spatially
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opposing faces with face normal that diverge away (antiparallel) [8]. These planes are not included in any joining,
fixturing and feeding assembly processes.
Gripping planes include grasping areas, areas that
guarantee a good balance between forces and torque, where
grasping process will take place. These areas include finger
domains, which are collision-free motion contact Points that
are reachable by the gripper fingers. Figure 8 illustrates this
procedure of grasp planning from gripping features until the
determination of finger domains where actual grips will take
place. Gripping and feeding features for P1 in Figure 3 is
illustrated in Figure 9.

Figure 9.

Gripping and feeding features for P1

In Figure 9, the indicated gripping planes are not included
in any joining processes and they do not contain any mating
entities. To determine grasping areas, center of mass for a part
should be taken in to consideration in order to achieve a
balance (equilibrium) and stability between the weight of the
component and the forces exerted by the fingers. Feeding
features for P1 are (B1, A1).
Figure 8.

Grasp planning procedure based on gripping features

The finger domains can be used to determine the gripper
fingers required to grasp a part. Different types of grippers are
used in grasping process and can be defined as a grasping
skill, such as finger, magnetic, pincer and vacuum grippers.
Figure 10 illustrates the selection of the required gripper based
on the determined finger domains.
If the number of finger domains in the gripping feature
matches the number of the fingers in the resource skill, this
skill can be used; otherwise a new constraint (ex. weight) has
to be entered by the user (Figure 2), which will be used to
match a parameter (weight, grasp force) in a new skill (e.g.
vacuum cup in Figure 8).

Figure 10.

Mapping grasping features to grasping skill.
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V.

CONCLUSION

In this paper, a method to increase adaptability of
assembly system based on product design aspect is introduced.
For grasping operation adaptability of assembly system is a
shared task between product design and assembly system.
Adaptability of assembly system can be increased by using
general-purpose grippers and may be eventually be proven to
be enhanced by utilizing assembly features to determine
grasping areas for different parts in an assembly. In the future
the work will move to the validation phase in which the
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Abstract—Modern agriculture sees an increasing diffusion of
information systems to support the farmer for a more accurate
and efﬁcient activity, in particular through a continuous and
global environmental, operational and crop monitoring.
Focusing on the crop monitoring, i.e. the direct observation of
the tree canopy in order to obtain a series of agronomical information, new and effective sensors, together with an integrated
mechatronic approach and mobile robotic platforms, can be the
ingredients for future smart and effective solutions.
In this work, following the approach of Sanz-Cortiella et
al. and Lee et Ehsani [1], [2] for ground level tractor-based
scanning, a ﬁrst attempt concerning the development of a LIDAR
sensor integrated in an autonomous or tele-operated mobile robot
equipped with position and inertial sensors is presented. The
purpose of the work is to evaluate the feasibility and performance
the of the idea that consists in the monitoring, scanning, digital
detection and recognition of both the canopy and the fruit
situation in orchards, by means of an emulated environment.
Preliminary experiments in an emulated environment have been
conducted with the aim of using these sensors together with
autonomous robots in agriculture.

I. I NTRODUCTION
The modern and effective management of orchard and
vineyards passes through a detailed information collection
about the morphological characteristics of the canopy; this is
made not only in function of the sustainable use of pesticides,
but also for the proper use of resources to maintain an optimal
vegetative-productive balance on the plant. These aspects are
of the main importance for obtaining high yields of quality
and healthy products. Indeed, the geometry of the canopy
is strongly correlated to the growth of the plant and its
productivity [2] and this information has been used by various
authors to make predictions about production [3], [4], for
applications of fertilizers in citrus [5], water consumption [6]
and in measuring the density of biomass [7].
The structure of the fruit trees canopy varies greatly depending on many parameters such as the vegetative stage,
the plant specie and the type of cultivation; the application
of pesticides without taking into account the structure of the
orchard/vineyard is in contradiction with the general relationship that the pesticide released in environment and the foliar
deposit should be in the ratio 1:1, regardless of the plant size
and density of the canopy [8]. If made, this has an impact on
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the relationship between the amount of product issued by the
atomizers and the residue deposited on the culture of reference
[9], [10]. The objective of pursuing this principle leads to a
considerable increase in the effectiveness and efﬁciency of the
treatments, thereby reducing the amount of plant protection
products requests, in accordance with the latest European
trends (European Parliament. Directive2009/128/CE), and limiting the problems due to environmental contamination [23],
[24].
The canopy characteristics can surely be manually measured; then, by calculating the average of height and width
of the crop, it is possible to estimate the total volume of the
crown in the spin, the so-called TRV - Tree Row Volume
[m3 ]. This parameter has been widely used to determine the
appropriate amount of product to be distributed, but these
manual measurements require a homogeneous structure and
it should be extrapolated from different measurements inner
the cultivated area [25], [24], [26]. Thus, this method is very
expensive in terms of resources and time, and not completely
reliable if applied to not homogeneous plots of land. Also the
leaf area index (LAI) and the total leaf area can be measured
manually: this measurement is generally carried out through a
destructive method, i.e. the total defoliation of the entire area
of the crop sample and subsequent laboratory measurements
on each single leaf surface, resulting in a time and resources
wasteful method. Moreover, also in this case, the values are
obtained by taking into account only a speciﬁc area and
possible estimation errors should occur since they need to
be extended to the entire area resulting from the lack of
information.
At today, thanks to the availability of smart and new sensors,
these manually performed actions can be automatized and
made more efﬁcient both in terms of precision and required
time thanks to the application of mechatronic and proximal
and remote sensing approaches. In this regard, the Lidar
(Light Detection And Ranging) is one of the most promising
technologies.
A. Lidar
The Lidar is a remote sensing technology that uses a laser
pulse to determine the distance of an object or a surface. This

406

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

is achieved by measuring the time-of-ﬂight, i.e. the elapsed
time between the emission from a laser pulse source at a
speciﬁc wavelength and the reception by a receiver of the
backscattered light. The result gives a point cloud that, postprocessed, can be exploited for the construction of a 3D image.
The LIDAR uses short wavelengths, typically those in the
visible and near-infrared but also in the ultraviolet, that allow
it to detect and obtain information even on very small objects
like particles released from livestock in atmosphere [11] or
volcanic ash [12], [13], [14]. This feature makes it ideal for
measuring non-metallic objects, which represent a problem in
radar-measurements since it works with longer wavelengths,
i.e. microwave. Indeed, in such a high wavelengths, metal
objects produce a good reﬂection while non metal ones, such
as the tops of the trees, produce very weak reﬂections resulting
almost invisible.
The LIDAR technology has found employment in different
sectors both in a static and mobile applications.
In particular, thanks to the development of the global
positioning system (GPS), it has found new application such
as for mapping coastlines, coral reefs and bathymetric surveys
[15], [16], [17], as well as for studying the rivers morphology
[18].
Today, the use of this technology spaces in many areas; for
example, it has been used to monitor and better understand
the dynamics and sedimentation processes after the retreat of
the glacier [27], for measure the mass balance and dynamics
of a glacier [28], or for simply make a mapping [29]. In
seismology, it is used to study and monitor the gradual shifting
of tectonic plates along a fault [30], [32]. Forestry has become
another important ﬁeld of application of LIDAR technology:
it is used to perform mapping of forest biomass [33], for
estimating the bushy biomass in Mediterranean areas [34] and
for mapping areas at risk of ﬁre into the forests [31].
Various attempts and experiences can be found also in
agriculture where the sensor is used in association with a land
mobile equipment, e.g. tractor, to collect and provide data over
the zone examined. Rosell et al.[19] concluded that a LIDAR
system is capable of measuring the fruit plants geometrical
characteristics with sufﬁcient precision to satisfy the majority
of agronomic practices. In viticulture this technology has
been used to determine the volume of perennial biomass of
Vitis vinifera to facilitate the calculation of annual biomass
production, accumulation and carbon cycle within the vineyard
[20], but also for the characterization of the drift during the
pesticide treatment [21].
In robotics, the Lidar technology is being used for the
perception of the environment as well as object classiﬁcation,
e.g. in Surface Localization and Mapping (SLAM) activities.

In this work, a LIDAR sensor SICK LMS111 has been used
(Fig.1). The LMS111 falls within the short-range devices, has
a maximum radius of 20 meters, a working-angle of 270o and
it is suitable for outdoor applications. Table I shows the device
main technical characteristics.

B. Aim of this work

B. NI Mobile Robot

In this paper, the Lidar technology in conjunction with an
(semi-)autonomous mobile robot has been used to create a
new robotic system application able to be tele-operated or
navigate inner an orchard for monitoring activities. Indeed,
as previously pointed out, on one hand the Lidar technology

In order to develop an emulator system able to travel
in semi-structured environments in an autonomous way and
collect the required data, the Lidar sensor has been mounted on
a mobile platform. The chosen system is a four-wheel mobile
robotic platform equipped with ultrasonic and inertial sensors.

Fig. 1.

Lidar SICK LMS111

TABLE I
L IDAR SICK LMS111 CHARACTERISTICS
Features
Max Range
Scanning Angle
Angular resolution
Scanning frequency
Response time
Error (stat)
Sender
Light source
Operating temp

LMS111
20 m / 18 m
Max 270o
0.5o / 0.25o adjustable
50 / 25 Hz
20 ms / 40 ms
12 mm typ.
Pulsed laser diode
Infrared (905 nm)
-30o C to 50o C

has started to be adopted in agriculture in conjunction with
tractor motions, on the other hand mobile robots have usually
exploited the Lidar sensor for different purposes and not, as
here, for 3D image reconstruction and volumes and fruits
identiﬁcation.
The purpose of the work is, then, to develop a tele-operated
or autonomous robotic system able to carry out an intrarow navigation and a 3D shape reconstruction to obtain a
better estimation of the Tree Row Volume parameter, usually
estimated by manual measurements, and a more efﬁcient
working activity since both the tractor and the farmer can be
employed in other tasks.
II. M ATERIALS AND METHODS
A. LIDAR SICK LMS111
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Fig. 3.

Fig. 2.

NI Labview Robotics Starter Kit

Such an autonomous or tele-operated system can be adequately
controlled to follow a direction with a predeﬁned velocity.
The mobile system is the NI LabVIEW Robotics Starter Kit
robot that is equipped with a NI Single-Board RIO-9632 [22],
Fig. 2, that can be linked and programmed by means of the
Labview Robotics module.
The NI sbRIO-9632 embedded control and acquisition device integrates a real-time processor, a FPGA, and I/O on
a single printed circuit board (PCB). A 400 MHz industrial
processor and a 2M gate Xilinx Spartan FPGA are mounted.
The sbRIO-9632 offers a -20 to 55 C operating temperature
range, thus can be suitable for outdoor applications, and
nonvolatile memory for storing programs and data logging,
256 MB. This solution allows to support the Lidar sensor and
to follow a straight line or a row inner a vineyard at a constant
speed, or to modulate speed to search the optimal response and
be able to assess which appears to be the more satisfying. To
develop the control software, the Labview software has been
exploited.
C. Software
Two separate software systems have been adopted for the
deﬁned purpose. One one hand a system able to interact with
the Lidar and talk and send the acquired data to a host PC has
been developed; on the other hand, an independent program
has been set-up for the control of the robotic platform.
Sopas Engineering Tool (ET): the Lidar device can be
conﬁgured with the software SOPAS ET that allows to change
the parameters of the device, as well as those of scanning
according to the needs. The acquired data are saved in a .log
ﬁle that can, if properly transmitted, be automatically postprocessed for the user purposes.
A second software, the Hercules setup utility, has been
selected for the information communication and sending, in
particular time, luminance and distance.
The mobile robotic platform has been programmed and

Eds. Leo J De Vin and Jorge Solis

Selected objects for the chosen test-case

controlled through the NI LabVIEW Robotics Module software that allows to develop and deploy a robotics application
using LabVIEW. The implemented code allowed the robot to
move autonomously along a linear path and avoiding possible
obstacles.
The acquired data, obtained by the sensors, are in hexadecimal format string. Through a Matlab script ad hoc developed,
they are post processed and managed to obtain the desired
information and 3D reconstructed ﬁgures.
D. Experimental Set-up and scenario
In order to perform the scanning measurements, the Sick
LMS111 LIDAR sensor has been mounted on a horizontal
plane, parallel to the ground, which was in turn ﬁxed above the
mobile robot. In this way it was possible to scan an artiﬁcial
wall, which has the aim to simulate a wall inside a foliar
orchard. Tests have been performed in a dynamic way, i.e. they
have been executed in motion and not between steady-state
conﬁgurations, in order to reconstruct in a lab environment a
possible realistic scenario.
The measurement tests have been set by means of different
scenarios. For instance, a vertical wall, homogeneous and
uniform, i.e. a cork panel, on which were hung four different
objects both in terms of type and size have been evaluated.
They are, Fig.3:
• an apple, with a diameter of 8 cm and a height of 7 cm;
• a lemon, with a diameter of 7 cm and a height of 8 cm;
• a perfect polystyrene sphere (diameter 10 cm);
• a rectangular cardboard box of height 13 cm, length 19
cm and depth 17.5 cm.
The objects were placed on the panel at a height and at a
known distance, Fig.4.
The LIDAR sensor placed on the self-propelled vehicle was
in turn located at an height of 28 cm.
Straight trajectories parallel to the wall at three different
distances, i.e. 50 cm, 100 cm and 150 cm, have been performed
to evaluate the different responses of the sensor to the distance
parameter. Different sampling frequencies and angular resolutions, i.e. 25-50 Hz and 0,50o -0,25o have been tested.
For each acquisition conﬁguration and wall distance, four
acquisitions have been performed; moreover, different downsampling conditions have been applied in order to evaluate
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Test-case scenario

the proper acquisition frequency. The robot sensors have been
exploited to measure the traveled distance and the robot
position and orientation with respect to time in order to build
the 3D plot of the scenario.
In addition, in order to better emulate a real environment,
apple branches are currently used as test-case, and both the
distance and luminance information are used to discriminate
between fruits, leaves and wood, Fig.5.
Currently, new outdoor tests in an orchard are planned and
the mechatronic system is under calibration for evaluating the
performances in a real environment.
III. T ESTS AND RESULTS
All the acquired data have been post-processed and put in
a plot form by an ad-hoc developed Matlab software.
In this section, some signiﬁcant results that lay the basis for
the future development of the autonomous robotic platform
for crop monitoring are shown.In addition, some comparisons
related to perspective, surface distance and traveling velocities
are made.
In Fig.6 a scanned side view (Z axis: height - Y-axis:
distance robot-panel 0,50 m) with acquisition frequency 50
Hz, resolution angle 0.5o and robot speed 0.1 m/s is shown.
The object boundaries are clearly visible and recognizable;
the peaks correspond to the actual scanned diameter of the
spherical objects while regarding the cardboard box, the depth
is approximately respected. The real shapes are superimposed:
the orange ellipse represents the lemon, the green the ball
while the rose one the apple and the yellow rectangle represents the box. The discrepancy can be explained by the

Fig. 5.

Test-case scenario with an apple branch

fact that the acquisition has been carried out in a bottomtop condition, thus the laser beam intercepts objects not at
right angles, offsetting slightly the data. Fig.7 shows the
same acquisition but from above the panel. Peaks of different
scanned objects are clearly distinguishable. In this case, the
measured dimensions reﬂect the real objects, given that the
length of the arrows color is proportional to the size of each
object.
If different down-sampling are applied, the lower allowable
frequency, i.e. the one for which the objects can be adequately recognized, can be estimated. In Fig. 8, a comparison
between different frequencies and same angular resolution
(0.5o ), distance (1 m) and speed (1m/s) are shown. The
sampling frequency in the different graphs has been 50, 5,
2 Hz respectively. By looking at the graphs, it can be easily
appreciated how, with a 5 Hz frequency, thus one sample each
0.02 m, there is still the possibility to have a sufﬁcient amount
of data for recognizing the different objects under evaluation.
Taking into account different traveling velocities, up to 0.5
m/s, it can be assumed that a sampling frequency greater than
25 Hz should be adopted for a proper shape recognition.
IV. C ONCLUSION AND FUTURE WORK
In this paper, a ﬁrst approach for the development of a
LIDAR sensor integrated in an autonomous or tele-operated
mobile robot has been presented. The idea consists in the
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(a)

Fig. 6. Test-case scenario: acquisition at 50 Hz, 0.5o , 0.1 m/s, 0.50 m
distance; side view

(b)

(c)
Fig. 8.

Fig. 7. Test-case scenario: acquisition at 50 Hz, 0.5o , 0.1 m/s, 0.50 m
distance; top view

3D plot at different sampling frequencies: 50, 5 and 2 Hz

monitoring, scanning, digital detection and recognition of
both the canopy and the fruit situation in orchards, in an
emulated environment, with an autonomous robotic system. A
four-wheel mobile robotic platform programmed by LabView
through a FPGA within a 2D LIDAR able to scan 270o
and give information on distance and luminance, has been
set-up. The system has been developed by coordinating and
synchronizing the two devices and the robot proprioceptive
sensors in order to have a consistent monitoring while the
robot is moving. Acquired data are sent to a supervisor PC
platform where they are post-processed and the 3D shapes
reconstructed, plotted and evaluated by means of a Matlab
routine. Preliminary experimental tests in a semi-structured
environment with different kind of surfaces and shapes show
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encouraging results and encourage to convey the system on a
real scenario.
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Abstract— For a fast and safe start up and shut down of steam
power plant, there is a growing interest in the optimization of
turbine bypass controllers and actuators which are mainly used
during transients. This work is focused on the development of a
simple and fast code for real time simulation of a steam plant for
the Hardware In the Loop (HIL) simulation of turbine bypass
controllers and actuators. The idea is to build a Simulink library
of simplified plant components such as valves, turbines, heaters
and so on that could be easily assembled in order to simulate
with a very simplified approach different plants and operating
scenarios. The code, which is implemented for a fixed, discrete
step solver should be easily compiled for a real time target such
as a Texas Instrument DSP in order to be executed in real time
on a low cost industrial hardware. In particular two different
uses of the developed code should be considered: the first one is
the development of a virtual environment that should be used
for HIL testing of controllers and actuators. The second one is
the creation of Real Time (RT) models of complete plants or
subsystems for the development of model based controllers.

Variables:

I.
INTRODUCTION
In the modern generating units [29], plant efficiency and
cost of energy production are continuously improving in terms
component size, working pressures and temperatures. In
addition, a high flexible operation [11] (e.g., the cyclic
operation) is becoming an important specification in the
design even of large power plants. Different commercial and
technological reasons are enforcing this trend:

A flexible exercise of the plant involves even higher
reliability, availability, and duration of components which are
more subjected to potentially dangerous thermo-mechanical
stresses [28] especially in the transitional phases (start-up,
shut-down) or load disturbances, due to rapid changes in the
steam conditions. Many companies are recently developing
high efficiency Turbine Bypass Systems (TBS), which can
contribute to fulfill all these specifications in order to achieve
flexible plant operation, including:

݉ሶ

Mass Flow Rate [kg/s]

݄

Specific Enthalpy [kJ/kg]

ܶ

Temperature [K]

ܲ

Pressure [Pa]

ܳ

Heat Flow [kW]

Subscripts / Acronyms:
BVHP/ BVLP

MIMO

CND
DTP

Discrete Tortuous Path

ECO

Economizer

RT

Real Time

ECU

Electronic Control Unit

TBS

Turbine Bypass System

EV

Evaporator

TBV

Turbine Bypass Valve

FW

Feed Water

TBVHP/TBVLP

GAS

Gas from the Gas Turbine

HIL

Hardware In the Loop

HP/LP

High/Low Pressure

MCR

Maximum Continuous
Rating

MXHP/ MXLP

Multiple Input Multiple
Output
High/Low Pressure Mixer

High/Low Pressure Bypass
Valve
Condenser

PID
RH/ SH

THP/TLP
TVHP/TVLP
WVHP/WVLP

Proportional Integral
Derivative Controller
Reheater/ Superheater

High/Low Pressure Turbine
Bypass Valve
High/Low Pressure Turbine
High/Low Pressure Turbine
Valve
High/Low Pressure Spray
Water Valve

x

Delocalization of energy production and growing use of
renewable energy sources.

x

x

Fast and repeated
components life) [26].

Liberalization of the energy market [27].

x

Quick restoration of the power supply to the network,
if any disturbance occurs.

x

Maintaining of the main physical variables, for
instance ܲ, ݉ሶ and ܶ, in a desired working range.

413

start-up

(maximizing

the

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

x

Separation of boiler and steam-turbine operations in
transient operating mode and load disturbances.

Bypass systems are typically used during plant transients,
(e.g. start-up and shut-down operating conditions) where
pressure and temperature conditions are controlled to avoid
potentially dangerous working conditions such as extreme
pressure and temperature or multiphase flows and to smooth
thermal gradients to which are subjected many components
such as heat exchangers and turbo-machines. Typical
applications are in large fossil fired steam plants and more
recently in combined gas-steam turbine power plants [29].
In particular, for this second category of applications, fast and
frequent start-up and shut-down transients are often required.
This involves an objective difficulty to simulate the
controlled plant since most of the components of the plant are
working in off-design conditions during these transients.
Main components of a TBS are described in Figure 1. : an
inlet steam mass flow rate goes through a DTP (acronym of
Discrete Tortuous Path) lamination valve, represented in
Figure 2. . Valve is controlled in order to produce a desired
pressure drop. This is a control related application, so a
smooth linear response of the valve and a noiseless vibration
free behavior are highly recommendable. As visible in Figure
2, a DTP valve (Kwon [9]) is composed by a set of stacked
discs on which is produced a tortuous path in radial
directions. By controlling the axial position of a piston is
possible to change linearly the equivalent valve orifice area.
Considering the typical operating conditions of this valve, the
flow in the tortuous path is chocked, so the valve should be
used also to proportionally control the steam mass flow rate
in the plant. As stated by different works in literature, this
kind of construction is robust, reliable and reduces
considerably noise and vibrations associated to fluid
lamination [10]-[15]. The lamination process inside this valve
can be approximated as an adiabatic, isenthalpic
transformation.
In order to control the outlet steam temperature, the
specific enthalpy of the flow is reduced by injecting some
cold water in the steam flow. This operation is performed by
a second valve, called Spray Water Valve visible in the
scheme of Figure 1.
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an electronic control unit. In this work authors proposed to
use a bond-graph approach which is often used to obtain
simplified lumped models [2]-[3] able to capture the
dynamical behavior of complex systems.
The effectiveness of the proposed approach is also
confirmed by considering previous experiences in the
modeling of both Thermal Hydraulic plants [4] (complex
lubrication networks of Turbo-Machines auxiliary systems)
and pneumatics (railway brake plants) using customized
codes [5] or commercial software [6].
As consequence the final goal of this work is to
demonstrate that is possible to implement on a small cost, low
performance hardware, a simplified plant model that should
be used both for HIL testing of TBSs with a reasonable
quality of simulated results respect to limited available
computational resources. Hence, the plant is modeled using
an hybrid approach in which dynamical model of the steam
boiler available in literature [21] and tabulated data from offdesign simulations [8] performed offline (for calculations of
the boiler heats and temperatures) are used at the same time.

Figure 1.

Typical layout of a TBS (courtesy of ABV Energy S.p.A.).

In order to improve the response of the turbine bypass
system, an efficient design of both actuators and control
system is mandatory. In literature there are some examples
concerning study and development of TBSs [1],[26].
Recently there is an increasing interest in the application
of HIL techniques to large energy production facilities,
including thermal plant controllers [30], electrical power
management systems [31] or large Hydro-Power Plants [32].
Aim of this work is to apply the HIL approach to the
testing and to the fast prototyping of both controllers and
actuators for TBSs reusing a consolidated know-how and the
previous experiences taken from vehicular applications as
proposed by Pugi, Malvezzi and Allotta [17]-[19].
In particular, the application of HIL techniques involves
the development of an efficient and modular approach to
implement simulated plant models that can run in real time on

Figure 2. Scheme of DTP (internal tech doc. of ABV Energy S.p.A.).

DISCRETIZATION IN RESISTIVE AND
CAPACITIVE ELEMENTS
The dynamical behavior of a continuous fluid system
should be properly represented considering the equations
governing the mass balance (continuity/mass conservation),
momentum (Navier Stokes equations) and energy (enthalpy
balances and more generally expressions derived from the
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first principle of thermodynamics). Considering even very
complex plants, most of the components should be modeled
as mono-dimensional elements in which elementary
exchanges of mass, momentum or energy occurs; in particular
according an approach which is often followed in literature
[2]-[3] most of the components of a plant should be
approximated in lumped Resistive and Capacitive ones:
x

x

adjacent Capacitive Blocks. Relationship between the
flow and the pressure drop takes count of both the
valve state (open/closed) and the turbine.

Resistive Elements: in resistive elements only a
momentum balance is performed, the mass flow ݉ሶ is
calculated considering the inlet and outlet pressure ܲ
and temperature ܶ conditions which are supposed to
be calculated by adjacent capacitive elements or by
imposed boundary conditions. Typical resistive
elements are orifices, valves and almost every
component in which drag or inertial effects are
dominant while energy and mass exchanges are
absent or negligible.
Capacitive Elements: in capacitive elements ܲ and ܶ
of a control volume are calculated imposing mass and
energy/enthalpy balances. Balances are performed
assuming known mass and energy/enthalpy
exchanges as input calculated by external resistive
elements or imposed by boundary conditions. Typical
components which can be represented as Capacitive
elements are tanks, heat exchangers, junctions in
which is modeled the mixing of different inlet flows
and more general components associated to energy or
mass exchanges.

APPLICATION OF THE RESISTIVE-CAPACITIVE
DISCRETIZATION TO A STEAM POWER PLANT
WITH TWO PRESSURE LEVELS
Figure 3. shows a scheme of a generic steam power plant
[1] which is mainly composed by the following components:

x

Bypass and Spray valves (BVHP, WVHP) of the
bypass system for the HP level (RESISTIVE
ELEMENTS): the steam flow on BVHP and the
water flow on WVHP depends both from inlet and
outlet pressure conditions and by the valve state.

x

Mixer MXHP and reheater RH (CAPACITIVE): this
block represents the mixing of different flows coming
by THP and by turbine bypass stage and the
following reheating in the RH stage of the boiler.
Inlet flows ݉ሶ ்ு , ݉ሶௐு and ݉ሶு , are calculated
by turbine and valves resistive blocks. Performing
mass and enthalpy balances is possible to calculate
the corresponding pressure ܲெு and temperature
ܶெு of the mixed flow. Neglecting pressure drops
in the reheater stage (ܲெு ൌ ܲோு ) and knowing the
heat flow ܳோு from the boiler the outlet temperature
ܶோு is calculated using tabulated data from off-design
simulations.

x

Low Pressure Turbine (TLP), bypass and spray
valves (BVLP, WVLP ) (RESISTIVE ELEMENTS):
as the corresponding blocks of the high pressure level
(the implementation is the same), these components
calculate their corresponding inlet and outlet flows
from known inlet and outlet pressure conditions.

x

Condenser CND (CAPACITIVE / boundary
conditions) and low pressure Mixer stage MXLP: this
block represents the condenser which is modeled as a
reference (imposed) boundary pressure condition.
Temperature of the mixed flow obtained by merging
݉ሶ ் , ݉ሶௐ and ݉ሶ , is obtained through a
simple enthalpy energy balance.

III.

x

x

The Boiler (CAPACITIVE ELEMENT): The boiler
is represented by a single block including evaporator
(EV) economizer (ECO) and Superheater Stage (SH).
The boiler model includes also the part concerning
the thermal exchange of the Reheater (RH). ܲௌு is
calculated as functions of the heat provided by an
external source (the burner) and by the steam flow
required by connected HP Turbine Stage and Bypass
Valve. Heat flows exchanged along the various subsections and ܶௌு are calculated using tabulated data
from off-design simulations [8] performed offline. In
this way it’s possible to roughly simulate the way in
which the heat produced by a single input (hot gas
produced by combustion) is distributed between the
various component of the boiler (Economizer,
Evaporator, Superheater and Reheater) without using
a complete dynamical model which is unaffordable in
terms of computational resources for a real time
implementation.
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Thanks to this modular architecture, this approach should
be easily applied to the simulation of plants with different
pressure levels.

High Pressure Turbine, THP with its regulating valve
TVHP (RESISTIVE ELEMENT): the steam flow of
the turbine is calculated as a function of inlet ܲௌு , ܶௌு
and outlet ܲோு conditions which are calculated by
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Figure 3. Simplified scheme of the studied plant with adopted simbols and
corresponding discretization in capacitive (“C” green capital letters) and
resistive (“R” red capital letters ).
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IV.

possible to smoothly start the plant while the
turbines are still excluded (Bypass Start-up) and in
the following Turbine Run-Up where TVHP and
TVLP are opened.

IMPLEMENTATION OF DIFFERENT CONTROL
STRATEGIES

Proposed control strategies differs in the way is supposed
to be controlled the boiler and more generally the plant
respect to the functionality of the turbine bypass system. In
particular, to simplify the system description and
comprehension, the two simplified approaches followed in
this work are indicated with the capital letters “A” and “B”.
Both the strategies are implemented in order to control the
plant start/initialization which is schematized in three subphases:
x

Bypass Start-up: boiler gradually starts to produce
steam which is not used to feed turbines, since
TBVHP and TBVLP are closed. All the steam flow
passes in the bypass system. ܲ and ܶ are smoothly
increased to reach the minimal conditions needed to
start the turbines.

x

Turbine Run-up: turbine valves are gradually opened
while an appreciable part of the flow is still passing
in the bypass system. Flow rates through turbines is
gradually increasing.

x

Bypass Shut-down: in this final phase, bypass valves
are gradually closed. At the end of this phase bypass
system is deactivated and all the steam produced by
the boiler is processed by the turbines.

A. Strategy A
The boiler pressure ܲா ǡ ܲௌு is supposed to be controlled
as visible in the simplified scheme of Figure 4. . Pressure ܲா
is controlled by increasing/decreasing the heat flow provided
to the boiler, considering a simplified approach in which a
simple PID regulator is considered.
In particular bypass valves TBVHP and TBVLP control
the steam flows through the two stages of the plant;
As a consequence small changes of the heat provided to the
boiler produces null or negligible changes in terms of steam
flows, respect to appreciable variations of the boiler pressure
PSH. Different control strategies are supposed to be applied
respect to three phases of the plant initialization described
above:
x

Bypass Start-up and Turbine Run-up phases:
TBVLP valve is regulated in order to control the
total steam flow ݉ሶே , which is discharged in the
condenser. ݉ሶே differs from the corresponding
steam flow produced by the boiler ݉ሶௌு only for the
contribution of the water injected by the two spray
waters WVHP and WVLP. Both WVHP and WVLP
are regulated in order to control respectively ܶெு
and ܶெ in order to protect respectively the
reheater and the condenser from excessive thermal
loads and gradients. Since the flow is mainly
regulated by WVLP, the pressure in the reheater ܲோு
is controlled by the WVHP valve. In this way it’s
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x

During the Bypass Shut-down, the controllers
smoothly transfer their functions, adopting a
bumpless switching strategy inspired by examples
available in bibliography [24], [25]: TBVHP
regulates the mass flow through the whole high
pressure stage and consequently through the reheater
݉ሶெு ; TBVLP regulates the pressure in the
reheater ܲோு . Also during the Bypass Shut-down,
both the water spray valves WVHP and WVLP
continue to regulate respectively temperatures
ܶெு and ܶெ .

Figure 4. Simplified scheme of strategy A control.

B. Strategy B
In this second case, as shown in the simplified scheme of
Figure 5. , the bypass valve stages TBVHP and TBVLP are
used to control the pressure levels of both boiler ܲௌு and
reheater ܲோு ; as a consequence, a variation of the heat
provided of the boiler produces a null or negligible variation
in the boiler pressures ܲா respect to the corresponding
variation of the produced steam flow ݉ሶௌு .
For this reason, the boiler is modeled as a flow controlled
system in which a simplified PID regulator adjusts the heat
flow ܳ provided by the burner to roughly control the steam
flow ݉ሶௌு .
Outlet mean temperatures of the high and low pressure
stages ܶெு and ܶெ are regulated with the same approach
described for the A Strategy: spray valves WVHP and WVLP
regulate respectively ܶெு and ܶெ by injecting a variable
amount of cold water in the steam flow.

416

Figure 5. Simplified scheme of strategy B control.
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For the benchmark plant [1] are also available some
reference data which are briefly described in TABLE I. : in
particular the values of the main plant parameters during the
three phases of the starting transient are shown. These values
are referred to a time history which is defined respect to an
initial condition in which the initial pressure of the evaporator
ܲா is 68 bar.
TABLE I.

0

0

0

[bar]
[C°]

time[s]
Operating
phases
݉ሶெு
(total)
݉ሶு 
݉ሶௐு 
(bypass)
݉ሶ ்ு
(turbine)
݉ሶெ
(total)
݉ሶ 
݉ሶௐ 
(bypass)
݉ሶ ்
(turbine)
ܲௌு
ܶௌு

68
571

68
571

85
572

Unit

HP level

[kg/s]
[kg/s]
[kg/s]

LP level

[kg/s]
[kg/s]

HP level

[kg/s]

LP level

BEHAVIOR OF THE REFERENCE PLANT TAKEN FROM
LITERATURE [1].
0

200
1000
Bypass
Start-up

3000

3300

Turbine
Run-up

30

35

60

125

125

0

30

35

60

60

0

0

0

0

0

65

125

0

35

43

75

130

125

0

35

43

75

75

0

0

55

125

117
573

117
572

123
572

[C°]

ܶெு

300

300

300

300

330

330

[bar]
[C°]
[bar]

ܲோு
ܶோு
ܲே

0.5
440
0.28

3.7
455
0.28

4
500
0.28

5.3
538
0.28

5.3
538
0.28

11.75
538
0.28

[C°]

ܶெ

210

210

210

210

210

210

TABLE II.

REGULATED PLANT PARAMETERS FOR STRATEGIES A AND B
AND BOILER LOOP DURING THE DIFFERENT PHASES OF THE PLANT START-UP.

HP Level

Operating
phases

Bypass
Start-up

Turbine
Run-up

Bypass Shutdown

A(boiler loop)
B
A/B
A/B

A(boiler loop)
B
A/B
A/B

݉ሶெு (total)
݉ሶா
ܶெ

B(boiler loop)
A/B

B(boiler loop)
A/B

A(boiler loop)
B
A/B
A/B
A
B(boiler loop)
A/B

݉ሶெ (total)

A

A

A

ܲௌு
ܶெு
ܲோு

All the results shown in this work are referred to the real
time implementation of the model directly on the ECU on
which the RT Simulink Model is implemented.
In Figure 6. some results in terms of simulated mass flow
rates are compared considering both strategy “A” and “B”
during the Start-up, Run-up and Shut-down phases:
differences between the reference benchmark and simulation
are quite small. It’s interesting to notice that also in the
reference work [1] the adopted strategy is the “A” one; in the
work [1] gains of the regulator are not explicitly mentioned.
However, a good agreement between results of the simulated
“A” strategy and the benchmark data are quite encouraging
for the validation of both model and regulator. Higher errors
should be noticed in the transition between Run-up and ShutDown on the LP stage. These differences are mainly caused
by the hot gases from the starting turbine stages which are
compensated by the temperature controllers increasing the
amount of water which is introduced through the spray water
valves. It’s also interesting to notice that the mass flows
݉ሶெு and ݉ሶெ are different for the contribution of the
water injected by the spray valves.

3600
Bypass
Shut-down

0

system, while other values are supposed to be regulated by
the boiler loop.

LP level

V.
SIMULATION RESULTS
A. Reference Test Case
In order to verify the reliability of the simplified model
proposed in this work, results of the proposed models have
been compared with a benchmark case available in literature
[1]. The proposed benchmark is referred to an oil-fired
generating unit, characterized by 4 X 500 MW Power,
1.343.666 kg/h of nominal steam flow, while nominal ܲௌு ൌ
ͳͺbar and nominal ܶௌு ൌ  ܶோு ൌ ͷ͵ͺ °C. The plant layout
is almost equal to the scheme of Figure 3. for a two level
pressure steam plant.
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B. Simulation and Verification with Benchmark Test Case
As previously introduced the plant model developed by
authors was verified considering as benchmark test-case a
plant and the corresponding results from a work available in
literature [1]. The bypass valves are controlled using simple
PID controllers whose layout is described for the two
proposed control strategies “A” and “B” described in Figure
4. and Figure 5. Gains of the controller have been manually
tuned in order to fit the response of the proposed benchmark
test-case using both proposed control strategies. These
simplified approach was followed since the aim of the
activity was to evaluate the potential accuracy of a simplified
dynamical model optimized for RT implementation. In order
to make clearer how different control plant strategies affect
the plant simulation, TABLE II. shows what are the main
plant parameters regulated in both cases. In particular some
parameters are not directly controlled by valves of the bypass

Figure 6. Comparison between the reference benchmark and the simulated
control strategies (A and B) in terms of mass flow rates.

Also good results have been obtained in terms of pressure
and temperatures which are respectively visible in Figure 7.
and in Figure 8. : according with results commonly available
in literature the controlled pressure seems to be very stable,
while the temperature control exhibits a more nervous
behavior especially at the beginning of the bypass Start-up
and during the bypass Shut-down phases.
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TABLE III.

In both cases temperature control performed by spray
valve shows a nervous behavior associated to a “chattering”
of the controlled temperature. This behavior should be
explained considering that when temperature chattering
occurs, the steam flow passing through the bypass is quite
small; as a consequence also the amount of injected water
respect to the size of the spray valve is very small making the
control quite difficult to be performed. Finally a statistical
analysis of the mean relative error between simulated and
desired values of plant pressures, flows, and temperatures are
visible in TABLE III. : for both the proposed control
strategies results are quite good, higher values of the relative
error are recorded on the regulated flows.
In particular for the “A” strategy higher errors are
recorded during shut down and start up phases. This behavior
can be easily explained considering that the flow control is
mainly performed by a single bypass valve in both phases
(TBVHP or TBVLP) so the total controlled flow is more
affected by disturbances introduced by both boiler dynamics
and temperature control performed by spray valves.
In the case of strategy “B” higher errors on regulated
flows are also recorded in the turbine Run-up phase. Also in
this second case this behavior should be easily explained that
in this control configuration bypass valve controls pressure
levels and only in an indirect way the flow. As a consequence
in the transients associated to the insertion of turbines,
pressure behavior is more stable than the flow one, which is
also affected by boiler dynamics.

Figure 7. Pressure behavior, for SH and RH stages; comparison between
reference value and controlled ones for Strategies A and B.

Eds. Leo J De Vin and Jorge Solis

BEHAVIOR OF THE RELATIVE ERROR BETWEEN SIMULATED
VALUES AND REFERENCE ONES.

ሶࡹࢄࡴࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ሶࡹࢄࡴࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ሶࡹࢄࡸࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ሶࡹࢄࡸࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࡼࡿࡴ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࡼࡿࡴ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࡼࡾࡴ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࡼࡾࡴ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࢀࡹࢄࡴࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࢀࡹࢄࡴࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࢀࡹࢄࡸࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ
ࢀࡹࢄࡸࡼ ሺ࢙࢚࢘ࢇ࢚Ǥ ሻ

Bypass Start-up

Turbine Run-up

Bypass Shut-down

<4%
<0.1%
<0.5%
<0.7%
<0.1%
<0.1%
<0.1%
<0.1%
<0.4%
<0.2%
<0.2%
<0.2%

<0.1%
<0.1%
<3.5%
<6.5%
<0.1%
<0.1%
<0.1%
<0.1%
<0.2%
<0.3%
<0.2%
<0.4%

<0.1%
<0.2%
<6.5%
<8.5%
<0.1%
<0.1%
<4%
<4%
<2%
<0.9%
<3%
<3%

VI.
REAL TIME IMPLEMENTATION
As previously said one of the most important aspects of
this work was the implementation of the proposed model on a
low cost commercial electronic control. For the purpose of
this work it was chosen for the RT Implementation a
commercial DSP (Digital Signal Processing) Board by Texas
Instruments. The board was chosen considering the following
criteria:
x

The chosen DSP board is supported by Matlab Real
Time Workshop™ so Simulink Code can be easily
compiled and download for RT execution on the
board.

x

The cost of the proposed board is very low respect to
a possible industrial application.

x

The chosen board provides a wide range of analog
and digital I/O in order to be easily integrated in a
complex mechatronic system including sensor,
actuators and communication bus (CAN and Serial
communication modules).

RT implementation of the Simulink™ models should
depend from the features of the chosen hardware and the
corresponding Target™ for which Mathworks Real Time
Workshop™ compiles the model, producing a program which
is clearly optimized for a specific environment. Hence, a
simplified model is necessary in RT simulations, since the
computational resources of the chosen hardware are limited.
A complex model would result in an excessive computational
load, consequently HIL testing would be impossible.
In particular, Authors adopted the following approach:
x

Figure 8. Temperature behavior of the outlet mixed mass flows rates after
the bypass turbine stages; comparison between reference value and
controlled ones for Strategies A and B.
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Integration: according to Target specifications, the
integration of continuous states in differential equations
using Matlab-Simulink™ integrators should be supported
or not. In order to avoid potential portability and stability
troubles related to specific features of the target, authors
implemented all the differential equations in terms of
discrete states (Bi-Linear ‘Tustin’ conversion method is
adopted) with assigned integration steps corresponding to
execution frequencies of tasks. A non-secondary
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advantage of this approach is an higher numerical
efficiency of the generated code granted by a multitasking
implementation.
Heavy
calculations
corresponding to systems with a quite slow dynamic
behavior such as the boiler are implemented considering
an integration step of few Hertz, reserving higher
integration frequencies (102-103 Hz) to the simulation of
fast transients and dynamics as the ones associated to the
closed loop controllers of valves and or to safety and
communication tasks of the system. Numerical stability
of the fixed step, multi-tasking integration is verified by
comparing obtained results with the corresponding
solution obtained with a robust variable step solver
running on an offline simulation (Matlab solver ode23tb
[23] ).
x

Data Types: the use of data types is accurately optimized
in order to reduce Data Type conversions.

x

Specific Target Blocks: some of the implemented blocks
or instructions cannot be independent from the chosen
Target™, in particular when affecting or interacting with
low level hardware functions such as I/O conversions or
communications. These tasks are clearly separated
respect to the other ones and can be easily customized
without altering significantly the core model of the plant.

x

Modularity: the structure of the Simulink model is
organized in different subsystems, whose topology
resembles the structure of the simulated plant. The
proposed approach also makes easier modifications of
the simulated plant layout.

Implementation was quite successful considering that all
the results shown in the previous section have been produced
performing a RT simulation on the chosen board. The
configuration in which both the simulated plant and the
actuators of lamination stage are simulated corresponds to the
layout described in Figure 9. where an external PC is
connected to the board in order to provide to download the
code and to provide indispensable Interface functionalities.
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the generation of state plant estimator or for the development
of adaptive controllers.
In order to reduce needed computational resources the
plant is modeled considering an hybrid approach considering
both a simplified model of the boiler [21] and tabulated data
produced by off-design simulations [8] performed offline.
A preliminary validation based on the comparison of
results respect to a test case available in literature [1] has
produced encouraging results considering that the model was
able to reproduce the reference behavior considering two
different control configurations of the simulated plant.
Also for RT Simulations results are encouraging since the
model has been successfully implemented on a low cost DSP
board directly from a modular Simulink system which can be
easily customized to simulate steam plants with different
pressure levels.
VIII.
FUTURE DEVELOPMENTS
The next step of this work is the development of an HIL
test rig in which for the testing of discrete tortuous path
valve, and/or spray valves in which the actuation and control
system is tested in a near to realistic environment according
the scheme of Figure 10. Further developments of research
activities will also regard to the development of more
accurate plant models and controllers and their
implementation for RT applications.
In particular, for the plant model, the inertial effect
introduced by thermal capacities of components should be
better implemented and also the model of the boiler should be
further refined.
Also plant controllers should be further improved
considering MIMO regulators and the adoption of adaptive
filters/controllers to improve system performances and
robustness respect to non linear and uncertain plant
parameters.

Figure 9. Preliminary implementation in which both plant tested valves are
simulated.

VII.
CONCLUSIONS
In this work a simplified dynamical model of a steam
plant has been presented. The proposed model is optimized
for RT implementation on low cost commercial DSP board in
order to be used for HIL testing and for model based design
of plant controllers. In fact the availability of reliable real
time models of the controlled plant should be exploited for

Figure 10. Hardware In the Loop testing of the bypass stage valves.
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Abstract—With automatic panel benders complete products are
manufactured from sheet metal. In order to satisfy the high demands on precision, cycle times and versatility of the production
process, a good knowledge of the complex mechatronic system
and its essential parameters is necessary. For this sake, efficient
simulation models and tools for parameter identification have
been implemented. Experimental verification shows a significant
improvement of the production process.

I.

INTRODUCTION

An automatic panel bender, as shown in Figure 1, is a very
complex mechatronic system. More details have been
presented in [1] and [2]. With such a machine, complete
products of sheet metal can be manufactured with high
precision and versatility. Some products are shown in Figure
2. The automatic production process of sheet metal products
consists of feeding the machine, positioning and manipulating
the sheet metal, bending, cutting and unloading.

In order to guarantee the desired precision of positioning,
a good knowledge of the relevant parameters is necessary,
e.g. geometrical dimensions, stiffness of gears, bearings and
the machine parts, clearances etc. A multibody dynamics
simulation code has been developed considering all these
effects. In a second step, a parameter identification algorithm
has been implemented based on the multibody model. As
input, measured bending forces and positions with and
without loads are required. Finally, the identification tool has
been successfully applied to a large number of measurements.

Figure 1. Automatic panel bender

In this paper we focus on the bending process. The sheet
metal part is clamped by clamping tools and bent by a
moving bending tool fixed on a kinematic mechanism, which
represents a flexible multibody system. Depending on the
specific machine type, the motion is controlled by either
electric or hydraulic drives. The kinematic concept depends
on the specific machine type.

Figure 2. Products of an automatic panel bender

In order to obtain the desired product quality, a deep
insight in the highly non-linear bending process is required:
large deformations, non-linear material behavior, and
complex contact with friction. Considering all these effects,
advanced Finite Element models have been implemented, see

*Corresponding author
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[3], [4] and [5]. In an iterative modelling process, the models
have been calibrated by extensive measurements of
displacements, forces, strains etc. Material parameters are
obtained by tension tests, cf [4], and friction coefficients have
been identified from measurement results. In the Finite
Element model the kinematic mechanism is implemented in a
simplified form with the identified compliances. Clearances
and dynamic effects are neglected in the Finite Element
model but considered in our multibody simulation code.
In order to consider the high versatility concerning
process parameters like sheet thickness, length, material
behavior, sheet surface, deformed geometry (bending angle,
curvature, leg length) etc, the models are parameterized. In an
automatic computation process the simulation model is
adapted to the respective set of parameters, the Finite
Element analysis is started, and finally the post-processing is
performed. With such automated simulation tools extensive
parameter studies and optimization processes are performed
with high efficiency.
This paper is organized as follows: the Finite Element
model is described in chapter II, and in chapter III the
parameter identification methods and tools and some
identification results are presented.
II.
FINITE ELEMENT MODEL
As mentioned above, a detailed Finite Element model has
been implemented using ABAQUS [6], modelling the bending
process with high precision. All essential process parameters
are considered: machine dimensions, geometry of the tools,
sheet thickness and length, material behavior, surface of the
sheet, tool path, bending angle, side length, curvature of the
bent contour, etc.
The model consists of elastic parts (tools, machine frame
etc), the sheet metal (plastic behavior) and connector elements
representing actuators, sensors, bearings and drives. With
respect to computational efficiency sub-structuring techniques
are applied. Using similarity analysis, the complex threedimensional structures are finally represented by very compact
analytical formulations.
In order to adjust the Finite Element model to the real
machines, several parameters are identified from measurement
results: Friction coefficients, stiffness coefficients, effective
material properties, etc. In an iterative process, the simulation
results have been compared to measurement results, and the
respective parameters have been tuned.
As an exemplary result of three-dimensional Finite
Element analysis, Figure 3 shows the v.Mises stress in the
deformed state, when a bending angle of about 135° is
reached. The figure shows the stresses in the bent sheet, the
clamping and bending tools.
A second result is shown in Figure 4 for the normalized
bending force, i.e. the total contact force between sheet and
tool related to the elastic limit force. The figure shows a
comparison of the Finite Element result with the
measurement on the automatic panel bender, showing a very
good coincidence.
With the implemented Finite Element models detailed
parameter studies are performed. Results are, e.g.: optimized
tool paths and clamping tools to minimize marks on the
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product, and a significant reduction of the bending forces by
an optimized tool path. This in turn implies a significant
reduction of energy consumption.

Figure 3. 3D Finite Element results: v.Mises stress

Figure 4. Normalized bending force: Comparison Finite Element analysis
and Measurement

In order to obtain such precise results in practice, an
appropriate positioning of the bending tool is necessary. The
bending tool is part of a complex flexible multibody system
consisting of flexible parts, gears, bearings and drives. A
simulation code for this flexible multibody system has been
implemented as a MATLAB/C++ tool. The essential
parameters have been identified as presented in the following
section.
III.

PARAMTETER IDENTIFICATION

In chapter II, a very detailed Finite Element model of the
bending process has been presented. The kinematic
mechanism which controls the bending process has also been
modelled in a simplified form, i.e. compliances are
considered, clearances and dynamic effects neglected. In
order to consider these effects, a multibody simulation code
has been developed. For the electric and hydraulic drives,
accurate dynamic models have been implemented. This
simulation code is also used for the identification of
clearances and compliances from measurement results. The
identified compliances have also been implemented in the
Finite Element model for further refinement.
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To obtain accurate identification results, measurements
are required for positions, angles, torques and forces during
the motion of the automatic panel bender with and without
load. For the bearings a model according to Figure 5 has been
implemented. The distance δ between the two parts of a
bearing is given as
δ = csign( F ) + CF ,

ș = [θ1 , θ 2 ,..., θ N ] , Ν = 23.

ș opt = min(γ (ș)) .

(F,CF+c)

(0,c)
(0,−c)

(F,CF−c)

F

θi → θi : θ =

By considering all these effects and by an efficient
parameterized implementation, we obtained a very good
coincidence of measured and simulated bending forces for
several machine configurations.
Most important for obtaining realistic behavior of our
simulation model is the identification of the essential
parameters. The goal of the identification process is the
search of a nonredundant and physically consistent parameter
vector for optimal accordance of measurement and simulation
results. Most important parameters responsible for differences
of the trajectories of the bending tool from measurements
with and without loads are the clearances and compliances, so
the main focus was to identify the optimal parameter vector
ș opt , which contains the latter quantities c and C of each
bearing.
For the identification process with discontinuous effects
in the models like clearances, it is essential to use a zeroorder algorithm. Examples are the particle swarm
optimization [7], genetic algorithms, cf [8] and [9] and the
Nelder – Mead simplex method [10]. The latter method has
been applied in this work. The following steps have been
performed and implemented in MATLAB.
The names of the recorded data of the measurements with
and without load are indexed and stored in a data base. The
data of the different measurement records with and without
loads are mapped to the measurement index,
(2)

(4)

The order of magnitude of the optimal physical parameters
θ i ,opt dedicated to the effect of clearances and compliances is
very different. Detailed analyses of identifications with
varying starting parameter vectors led to different
identification results with different cost function residuals.
Thus, the first identification results were strongly dependent
on the values of the user defined starting parameter vector ș0
which is needed by the Nelder – Mead simplex method for
minimization of the cost function γ . In order to avoid
problems due to the different order of magnitude of the
parameters, the starting parameters and the parameters for the
minimization with the Nelder-Mead simplex method are
normalized with appropriate factors θi* ,

Figure 5. Extended bearing model with clearance

im ={1, 2, ... , N m }.

(3)

The optimal parameter vector ș opt follows from the
minimization of the cost function γ with respect to the
physical parameters,

(1)

where c is the clearance, C the compliance and F the bearing
force.

δ(F)
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θi
, i = {1, 2,..., N } .
θ i*

(5)

The normalized cost function is defined to use the normalized
parameters as argument and leads to similar cost function
values,

γ ( ș ) = γ ([θ1 θ1* ,θ 2 θ 2* ,...,θ N θ N* ]) .

(6)

The minimization of the normed cost function leads to the
normalized optimal parameter vector șopt ,
șopt = min(γ (ș )) .

(7)

The optimal parameter vector șopt is obtained by the inverse
transformation,

θ i ,opt = θi ,opt θi* , i = {1, 2,..., N } .

(8)

The cost function has been introduced as follows: From
the measured and simulated positions with and without load,
the deviation of the motion Δ due to the load is computed
along the path. For the im -th measurement the cost function
γ m,im is obtained from the integral of differences of the
deviation between simulation Δim , simulated and measurement
Δim ,measured along the normalized path distance ξ,
1

The vector of physical parameters, i.e. the clearances and
compliance coefficients, is denoted as
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(

γ m,im = ³ Δim , measured − Δ im , simulated
0

)

2

dξ .

(9)

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

γ=

Nm

¦ γ m,i

im =1

m

(ș) wim .

(10)

The weights wim allow to scale the influence of certain

measurement results to the minimized cost function γ . This is
very important in order to deal with measurement results
which are not enough precise or representative, or simulation
results, which are not identified accurately enough.
The Nelder – Mead simplex method is an unconstrained
nonlinear minimization technique. The search of the negative
values of compliances and clearances does not make sense
from a physical point of view. Due to this reason, the
unconstrained minimization may lead to unrealistic results. In
order to solve this problem, the cost function γ in Eq. (10) is
only valid for positive parameter values. In case of negative
parameter values θi , an additional penalty term γ p with

sorted the parameters with respect to their sensitivity. The
idea is to stepwise increase the number of parameters which
have to be identified by our process – the others are set to
zero.
After each successful identification process, the optimal
parameter vector is stored and reused as starting parameter
vector for the following identifications, if the cost function
can be reduced with the additional parameter. If the cost
function is not reduced, the additional parameter is set to zero
for the further identifications.
The stepwise minimization progress of the cost function
with the zero-order algorithm is shown in Figure 6. It has
turned out that good convergence is obtained if physically
reasonable start values are chosen. This has been investigated
by appropriate Monte Carlo simulations.
0.021
0.02
0.019

cost function

The total cost function γ is defined as the weighted sum
of the individual cost functions,

large penalty factors pi in case of negative parameters,
 p = 0∀θ i ≥ 0
γ p = ¦ pi θ i , ® i
i =1
¯ pi >> 1∀θ i < 0,
N

2

(11)

0.018
0.017
0.016
0.015
0.014

is added to Eq. (10) by use of the transformation,

0.013
0.012
0

(12)

In order to obtain an identifiable model structure
according to [11], it is very important to be sure, that the
identification process yields unique values for the
components of the optimized parameter vector and that the
model is equal to the physical system as far as possible.
The search of unique parameters is a complicated task.
Each clearance and compliance parameter of the bearings in
the horizontal and vertical directions has to be investigated
separately to its sensitivity. If the sensitivity of the cost
function with respect to a specific parameter is zero, the
parameter is useless for the identification result and may be
set to zero.
The sensitivity of one parameter may be quantified by the
derivative of the cost function with respect to the parameter.
This would lead just to the local sensitivity depending on the
constant value of all other parameters, so we use another
quantity for the quantification of the sensitivity. The
identification process is performed with each parameter θ i
separately – the other parameters are set to zero in order to
get a measure for the sensitivity si ,

200

400

600

identification step

800

1000

Figure 6. Optimization of the cost function with during identification

The values of the selected parameter θN and the
corresponding cost function during the identification process
are depicted in Figure 7.
0.022

0.02

cost function

γ → γ +γ p .
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0.018

0.016

0.014

0.012

si = − min(γ ([0, 0,..., θ i , 0, 0])), i = {1, 2,..., N } . (13)

30

35

normalized parameter

Some parameters of the model may be redundant. In order
to obtain a unique solution without redundant parameters, we
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40

Figure 7. Dependency of cost function and the selected paramter θN during
identification process of several parameters
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After the identification of clearance and compliance
parameters from the minimization of the cost function with
penalty, see Eqs. (10)-(12), the difference Δ of the position
between the case with and without load shows a good
coincidence for simulation and measurement. An example of
the high accuracy of the achieved results is shown in
Figure 8. It turns out that the results are differing slightly
when the bearing forces change the orientation.

1
measurement
simulation

deviation Δ

0,5

0

−0,5
0

0.2
0.4
0.6
0.8
normalized path distance x

1

Figure 8. Simulated (with optimal parameters) and measured normalized
deviations due to load

IV.

CONCLUSIONS

With the presented advanced simulation and parameter
identification tools the production process has been optimized
significantly: Increase of precision and quality, reduction of
cycle times, minimization of energy consumption and
resources, minimizing of process forces and abrasions.
Furthermore versatility has been increased such that new
areas of application are established.

Eds. Leo J De Vin and Jorge Solis
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Abstract— This paper describes a model-based design
optimization study for a press tending robot system, the twin
robot crossbar (TRX). The aim of the study is to investigate the
potential for increasing the cycle time performance by
manipulating the robot drivetrain, robot positioning and the
mechanical structure of the TRX system. The drivetrain
optimization shows the greatest potential for improving the cycle
time performance. However in combination with optimized
robot positioning, crossbar and linkage bar (Xbar) arm lengths
and cross bar cross section the performance may be increased
even further. The results of this study show that so called “ultrafast” performance can be achieved with a dual robot crossbar
interpress system as the TRX. The model based design
optimization investigations also lead to a greater understanding
of the system and provide a solid base for further development
and improved application setup.

I.

Press lines are moving towards increased efficiency in
throughput and therefore higher performance of the interpress
robots is often demanded by the customer. The most recent
developments for press line automation include a twin robot
solution developed by ABB, the Twin Robot Xbar [1][2]
(Fig.2).

INTRODUCTION

ABB supplies robot automation solutions for press lines. A
press line typically consists of multiple presses in a row, a socalled tandem press line, which molds blanks in different
steps. Automation solutions are common for transportation of
the blanks between the presses (Fig.1).

Figure 1. Robots transferring parts between presses

Figure 2. Twin Robot Crossbar System - TRX

This robotic solution has been designed to compete with
hard automation solutions which are typically more expensive
and less flexible than robotic solutions, but can often achieve
superior performance in terms of cycle time. The aim is to
achieve increased cycle time performance, so called “ultrafast” performance, with the TRX system up to a level which
can be integrated with very fast press lines that today are
dominated by hard automation.
Earlier investigations have focused only on robot drive
train optimization for the TRX [3]. This paper describes a
model-based design optimization study that investigates the
potential performance increase by manipulating not only the
robot drivetrain but also the robot positioning and mechanical
structure of the TRX system.
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II.

METHODOLOGY

A model-based optimization design approach is applied.
Fig.3 visualizes the workflow used for the work presented in
this paper. This includes kinematic and dynamic modeling of
the TRX system as well as formulating multi-objective
optimization problems.

Eds. Leo J De Vin and Jorge Solis

Fig.4 shows the CAD visualization of the complete virtual
TRX system model.

Figure 4. Complete TRX model visualization

For integration into the TRX system model the IRB 760
robots have been modelled in Dymola and have been validated
against an in-house ABB robot simulation tool which is used
for accurate robot performance predictions. Fig.5 shows the
Dymola thread model of the IRB 760 where the robot
structure with corresponding mass centers of each link are
visualized, as well as the same Dymola model but “dressed”
with parts from the CAD model.

Figure 5. Thread model and “dressed” model of IRB 760

Figure 3. Model-based optimization design workflow

The goal of increasing the TRX performance involves
some challenges. The biggest challenge is how to maintain
sufficient gearbox lifetimes in the TRX system when the
motor speeds are increasing. The relation between TRX
performance and gearbox lifetime is therefore an important
part of the analysis.

The two robots and a model of the Xbar constitute the
complete virtual model of the TRX system. Fig. 6 shows the
high level presentation of the model in Dymola. The complete
model allows for detailed analysis and evaluation of the
complete system.

A complete virtual model of the TRX system has been set
up, including two ABB IRB 760 robots [4] and the Xbar.
A number of individual and combined optimizations have
been performed including optimizations of the drivetrain
configuration, robot positioning, and the mechanical structure
of the TRX system (the Xbar arm lengths and crossbar cross
section). The ultimate aim of these optimizations is to
investigate if it is possible to reach faster press line automation
while still maintaining sufficient gearbox lifetimes.
A. Modeling of the TRX System
The TRX system consists of two ABB IRB 760 robots
attached to a crossbar via two linkage bars. The part consisting
of a crossbar and two linkage bars is referred to as the Xbar.

Figure 6. Complete TRX model in Dymola

B. Interpress robot motion
Interpress robots typically have well defined motion
characteristics. Fig.7 shows a typical interpess motion cycle
including values which have been used for the investigations
described in this paper.
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are modeFRONTIER, MATLAB/Simulink, ABB internal
robot simulation tool and Dymola.
modeFRONTIER is the main software communicating
with other software applications in the optimization loop. It
also provides the optimization algorithm and stores the final
results for future analysis. The optimization algorithm used in
these optimizations is a gradient free optimization algorithm,
the multi-objective genetic algorithm MOGA-II [6], which is a
genetic algorithm specifically suitable for this kind of multiobjective optimizations. The optimizations are conducted
using 80 individuals and 15 generations, i.e. a total of 1200
design evaluations. The stop criteria used for the optimization
algorithm is the number of design evaluations.
III.

This section summarizes the results of individual suboptimizations and combined optimizations.

Figure 7. Typical interpress TCP path used for this study

The metal blank is attached to the tool center point (TCP)
between points 2-3, and is not attached between points 1-2 and
points 3-4. When the metal blank is attached it applies
additional load to the TCP. The metal blank is assumed to
have a weight of 50 kg during a working cycle. Different
weights of the Xbar are assumed for the study to take into
account different potential variants of crossbar designs: 60 kg,
80 kg, 90 kg and 100 kg per robot. The 80 kg variant is
considered as the reference case for this study.
C. Optimization objectives
The performance of an interpress robot is typically
measured in terms of strokes per minute (SPM).
ܲ݁݁ܿ݊ܽ݉ݎ݂ݎሾܵܲܯሿ ൌ

RESULTS

Ͳ
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Where CT is the cycle time for one complete motion cycle
measured in seconds. A performance increase of at least 12%
is targeted. We term such a performance as “ultra-fast”, i.e.
the performance required for very fast press lines.

A. Drivetrain optimization
The drivetrain configuration parameters of the robots can
be optimized for better performance of the interpress cycle. In
this case, the design variables are manipulating the stress and
thermal duty cycles as well as maximum motor speed. The
stress duty cycle defines the capacity usage of the gearbox,
whereas the thermal duty cycle defines the capacity usage of
the electric motors. All actuating gearboxes in the robot are
taken into account. Since there are four actuators in the IRB
760 robot, with three design variables each, there are a total of
12 design variables for the drivetrain optimization. The
optimization of drivetrain parameters is conducted using
different weights of the Xbar: 60 kg, 80 kg, 90 kg and 100 kg
per robot.
Fig 8 shows the different Pareto optimal fronts for the
trade-off between performance and lifetime for the different
Xbar weights.

The lifetime of the system is estimated for the gearboxes
[5] according to
ଵൗ
ଷ

ܰ ܶ
 ܶܮൌ  ܭή
ή൬ ൰
ܰ ܶ

Where LT is the lifetime in hours, K is a service factor, N0
and Nm is the rated and average output speed of the gearbox
and T0 and Tm is the rated and average output torque of the
gearbox.
A trade-off between performance in terms of SPM and
lifetime generally has to be made. The aim is to increase SPM
performance while at the same time maintaining lifetime at
acceptable levels.

Figure 8. Drivetrain optimization - Pareto optimal fronts

D. Performance optimization tools and methodology
For the optimizations of the TRX system a number of
software applications have been used and have been integrated
in the optimization workflow. The software applications used

By comparing the four Pareto optimal trade-off curves it is
apparent that a lower weight of the Xbar is preferable in
aspects of TRX performance and gearbox lifetime, as would
be intuitively expected. However, an interesting observation is
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how the TRX performance sensitivity changes with respect to
the Xbar weight. An increase of weight from 60 kg to 80 kg
has less impact on the TRX performance than an increase of
weight from 80 kg to 90 kg, and even less impact than an
increase of weight from 90 kg to 100 kg.
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systematic way by plotting the performance as a function of x
and y (Fig.10).

Table I summarizes the results of performance for different
Xbar weights while keeping the lifetime at the same level. The
design variable values, given as scaling factors, are also
included in the results table.
TABLE I.

DRIVETRAIN OPTIMIZATION

Figure 10. TRX performance as function of robot positioning

It can be seen that it is possible to reach “ultra-fast” TRX
performance (increasing the performance by at least 12 %), for
a Xbar weight up to 90 kg/robot. For an initial Xbar weight of
80 kg/robot a performance increase of 14.4 % compared to the
original design can be achieved.
B. Positioning optimization
A robot typically follows a certain path repetitively.
Depending on where the robot is placed in relation to the TCP
path, the robot works very differently with its actuators, which
will affect its performance and lifetime. The TRX system
typically follows a TCP path as seen in Fig.7. Parameters that
can be changed are the height of the robot in relation to the
path, y, and the distance between the robot frame and the TCP,
x (Fig.9).

It can be seen that a higher performance is achieved as the
height of the TCP path (y direction) increases. Lateral
repositioning (x direction) does not impact the performance
significantly.
In the next step, to evaluate the tradeoff between gearbox
lifetime and the performance of the TRX system when repositioning the robots, a multi-objective optimization has been
performed with x and y as design variables. Fig 11 shows the
different Pareto optimal fronts for the trade-off between
performance and lifetime for the different Xbar weights.

Figure 9. Robot posioning parameters

Figure 11. Positioning optimization – Pareto optimal fronts

A robot positioning optimization has been performed in
order to evaluate what impact the robot placements have on
performance and lifetime of the system.

It can be seen that at 60 kg/robot the performance is less
dependent on the lifetime than for the 100 kg/robot. This
suggests that for a light Xbar the working position will affect
the lifetime more than it will affect the performance. The
opposite can be concluded for a heavy Xbar where the

To understand how the TRX system is affected by the
robot position, the performance is initially evaluated in a
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positioning has a larger effect on the performance than on the
lifetime.
Table II summarizes the results for the best performance
that is achieved for each weight. The optimal height y for the
maximum performance is decreased for a heavier Xbar while
the optimal distance between the robot and TCP x remains
approximately the same.
TABLE II.

ROBOT POSITIONING OPTIMIZATION

Eds. Leo J De Vin and Jorge Solis

It can be seen that the TRX performance is increased by
longer linkage bars and a shorter crossbar. However, for
maximum feasible performance, the crossbar cannot be shorter
than approximately 4 m due to the geometrical constraint that
prevents the colliding of the two linkage bars. It is also notable
that the lengths of the linkage bars play a more significant role
for the TRX performance than the length of the crossbar.
The optimization of performance and lifetime was then
conducted for the design variables ∆l and ∆c using different
initial weights of the crossbar (Fig.13).

It can be seen that for the reference design of the Xbar (80
kg/robot) a robot positioning optimization results in an
increase of the performance by 4.1 %.
C. Xbar arm length optimization
In order to investigate how the lengths of the linkage bars
and the crossbar affect the TRX performance and gearbox
lifetimes the design variables ∆l and ∆c are introduced. ∆l and
∆c are changes in length of the linkage bars and the crossbar,
respectively. A change of ∆l affects the initial joint positions
of the IRB760 robots, whereas a change of ∆c affects not only
the initial joint positions of the IRB760 robots, but also moves
the crossbar end closer to the robots, thus changing the TCP
path. The change of length dimensions of the linkage bars and
the crossbar does not only change the kinematics of the TRX
but also the dynamics, i.e. the mass properties of the linkage
bars and the crossbar. These considerations have been taken
into account in the simulation for optimization. Also
geometrical constraints to avoid collisions are evaluated to
identify feasible solutions.
Fig. 12 shows a contour plot of the TRX performance in
the design space for a Xbar with initial weight of 80 kg/robot.
In the contour plots the geometrical constraints are visualized
as a black line. The region on the right hand side of the
constraint is feasible. Red contour lines refer to high values
(high performance) while blue contour lines refer to low
values (low performance).

Figure 13. Xbar arm length optimization – Pareto optimal fronts

Table III summarizes the results of the Xbar arm length
optimizations for the best achievable performance for different
Xbar weights.
TABLE III.

XBAR ARM LENGTH OPTIMIZATION

In general a lower initial weight of the Xbar affects the
TRX performance and gearbox lifetime positively. However,
it is also notable that, by changing the initial weight of the
Xbar from 60 kg to 100 kg per robot the TRX performance is
only increased by approximately 1.7 %. It is possible to
increase the TRX performance by 3.2 % compared to the
default configuration, for the original Xbar weight of 80 kg.
This is achieved with a crossbar length of 4.1975 m and a
linkage bar length of 1.798 m, despite a weight increase of 3.5
%.
D. Crossbar cross section optimization
The crossbar beam is the largest part of the Xbar. The
basic early TRX model consists of a square aluminum profile
with eight brackets, for the suction arms, bolted to its frame
(Fig.14).

Figure 12. Xbar arm length design space contour plot of TRX performance
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The size of the point loads and the distributed load, when
looking from the xy-plane, depends on gravity and the
acceleration in y-direction. When looking from the zx-plane,
they only depend on the acceleration in z-direction.
The crossbar cross section parameters are used as the
design variables for the optimization. Constraints are
formulated for the material in terms of minimum allowable
factor of safety and maximum allowable beam deflection. The
factor of safety, S, is defined as the factor between σyield and
σmax for the beam.

Figure 14. Xbar components

The latest TRX model also includes a more complex
crossbar which allows flexible handling of double parts. For
this study a simple single part cross bar beam is considered
which consists of a hollow aluminum profile as shown in
Fig.14.

Fig.17 shows the results from the optimization. Unfeasible
solutions are obtained when a constraint is violated and are
marked in the solution space plot.

Design variables for the cross section optimizations are the
height, h, width, w, and thickness, t. A change in crossbar
cross section parameters will result in, except to a change in
weight, a change in dynamics as well as strength properties for
the crossbar beam. To be able to analyze crossbar deflection
and stress analytically, flexibility was introduced to the
crossbar by applying Euler Bernoulli’s analytical beam theory.
The Euler Bernoulli beam theory is well suited for long
slender beams, where the length of the beam is much greater
than its width and height, which it is in this case. Fig. 15 and
Fig.16 show the loading cases for which the stress and
deflection were calculated during the optimization.
Figure 17. Crossbar cross section optimization solution space

As can be seen there is no prominent Pareto optimal front
since both lifetime and performance are favored by a
decreased crossbar weight. Table IV summarizes the results
and as can be seen the increase in performance is only 0.35 %
when the crossbar beam weight is reduced by 27 %.
TABLE IV.

CROSS BAR CROSS SECTION OPTIMIZATION

Figure 15. Loading case on crossbar – xy plane

The result of the optimal cross section in comparison to the
original cross section is illustrated in Fig. 18.

Figure 16. Loading case on crossbar – zx plane
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Figure 18. Initial cross section (red) and Optimized cross section (blue)

It is notable that the circumference of the crossbar cross
section has been reduced and the shape has changed from
square to rectangular. The width of the beam is less than its
height, which indicates that the beam has to withstand higher
forces in its vertical plane than in its horizontal plane.
E. Combined optimizations
The results from the optimizations described in the
previous sections indicate that the TRX performance can be
increased to different degrees in different ways. By
manipulating the drivetrain, robot positioning, Xbar arm
lengths and crossbar cross section, the TRX performance is
increased by 14.4 %, 4.1 %, 3.2 % and 0.35 % respectively,
compared to the original TRX design. This makes the
drivetrain optimization superior in terms of increasing the
performance. This conclusion is partially explained by the
robots nature of multi functionality: its initial drivetrain
configuration is never optimized for a single working cycle.
As a natural step in investigating how the TRX performance
can be further increased, this section summarizes results of a
study that assesses the impact of optimizations performed on
the drivetrain in combination with the other design variables.
The combined optimizations that have been conducted are
drivetrain optimization combined with robot positioning, arm
lengths and cross section respectively (see Table V). For all
combined optimizations, the same set of objective functions,
constraints, design variables and design space are used as for
the individual optimizations. The optimizations are conducted
using the different initial crossbar weights; 60 kg, 80 kg, 90 kg
and 100 kg per robot with 80kg/robot being the reference case.
TABLE V.

Figure 19. Combined Optimization: drivtrain and robot positioning

For the drivetrain and Xbar arm lengths optimization
(Fig.20) it also is possible to reach “ultra-fast” for initial Xbar
weights lower than or equal to 100 kg/robot. For the initial
Xbar weight of 80 kg/robot this corresponds to an increase of
14.6 % compared to the original TRX design, even though the
total weight of the Xbar is increased by 1.3 %. It is also
notable that when increasing the initial weight of the Xbar, the
lengths of the linkage bars and the crossbar increase less
compared the original lengths. One important conclusion from
this optimization is that the impact from the drivetrain
optimization is much more critical, in terms of TRX
performance, than the optimization of arm lengths of the Xbar.

COMBINED OPTIMIZATIONS
Figure 20. Combined Optimization: drivetrain and Xbar arm lengths

Fig 19 shows the results for the drivetrain and robot
positioning optimization. An increase of 19.3 % compared to
the original TRX design can be achieved. The optimization of
robot positioning and drivetrain at the same time is very
interesting from a practical point of view in a sense that it does
not require manipulation of any hardware. The result of this
optimization can therefore be implemented very time and cost
efficiently.

For the drivetrain and crossbar cross section optimization
(Fig.21) it is possible to reach “ultra-fast” performance for an
initial Xbar weight of 80 kg/robot. This corresponds to an
increase in performance of 13 % compared to the original
TRX design. One of the main conclusions from this
optimization is that a standing rectangular cross section of the
crossbar is more suitable for this application since it is lighter
while still stiff enough for the loads it is exposed to during a
working cycle. The same conclusion was already made when
investigating the crossbar cross section alone.
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positioning and the mechanical structure of the TRX system
has been investigated.
The drivetrain optimization shows the greatest potential
for improving the cycle time performance. However in
combination with optimized robot positioning, Xbar arm
lengths and cross bar section the performance may be
increased even further. The results of this study show that
“ultra-fast” performance can be achieved with a dual robot
crossbar interpress system as the TRX and can guide further
development and improved application setup based on the
understanding of the system gained by the model based design
optimization investigations.
Figure 21. Combined Optimization: drivetrain and crossbar cross section

IV.

CONCLUSIONS

A model-based design optimization study for a press
tending robot system, the twin robot crossbar (TRX) has been
described. The potential for increasing the cycle time
performance by manipulating the robot drivetrain, robot
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Current collector for heavy vehicles
on electriﬁed roads
Mohamad Aldammad∗ , Anani Ananiev and Ivan Kalaykov
AASS, School of Science and Technology
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70182 Örebro, Sweden
Abstract—This paper presents a prototype of a novel current
collector manipulator that can be mounted beneath a road vehicle
between the front and rear wheels to collect electric power
from road embedded power lines. The ground-level power supply
concept for road vehicles is described and the kinematic model
of this two degree of freedom manipulator is detailed. Finally,
the power line detection, based on an array of inductive sensors,
is discussed.

I.

Siemens [5]. This system consists of equipping the highway
with overhead catenary lines that transmit electric power to
hybrid HGVs (Heavy Goods Vehicle) via an intelligently
controllable pantograph to establish contact with the overhead
wire. Wherever there is no overhead line, the pantograph
retracts automatically and the eHighway HGVs automatically
switch over to their diesel-hybrid drive system.

I NTRODUCTION

The tendency to replace the fossil fuels used by vehicles with electrical energy nowadays is clearly identiﬁed
worldwide. While the solution of storing electrical energy in
batteries for small vehicles seems to be relatively effective,
large vehicles like trucks and buses require a non-realistic
large amount of batteries. Therefore, transferring electricity
continuously to vehicles while driving seems to be the solution
[1]. This requires equipping the roads with electrical lines and
the vehicles with a current collecting subsystem.
Two main approaches to collect electric power exist. The
inductive approach is using wireless power transfer from the
road-embedded power line to the vehicle through an antennalike pick-up module allocated at relatively small distance to the
road, like in the On-Line Electric Vehicle OLEV concept, Fig.
1, in Korea [2] and the PRIMOVE technology of Bombardier
[3], [4]. The power can be wirelessly transfered to both
stationary and moving vehicles.

Fig. 1: OLEV concept (taken from [2])

The conductive approach is popular since many years,
mainly in city transportation (trams, trolleybuses) and trains,
using pantograph to connect to an overhead catenary line. Such
concept is used by the eHighway system, Fig. 2, developed by
∗ Corresponding author, mohamad.aldammad at oru.se
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Fig. 2: eHighway concept (taken from [5])

Alternatively to overhead lines, the conductive approach
can use road-embedded power lines with current collector
shoes mounted beneath the vehicle, like the Alstom’s APS
“Alimentation Par le Sol” technology [6], [7], or Ansaldo’s
STREAM concept [8], [9], or like the traditional underground
trains (metro) power supply system. The STREAM system
has more complex and expensive infrastructure and the APS
technology has already proven efﬁciency for tramways, due to
the ﬁxed rails and “third rail” power line. However, applying
APS technology to road vehicles is a big challenge because:
•

Road vehicles can slightly “maneuver” around the
power line, which necessitates a current collector
system performing active lateral positioning.

•

A high voltage will be available on the road surface,
needing safety measures to be implemented.

•

Different types of vehicles are sharing the electriﬁed
road, which requires the system to distinguish groundlevel powered vehicles from other ones.

If we consider that the ground-level power supply technology exists and has been proven already, and heavy vehicles
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equipped with electrical or hybrid powertrain also exist, a
central point in the development is to create the interface
between the electriﬁed road and the vehicle. In this paper we
present a novel current collector system with its main concepts
and current status. It is designed for use in combination with
adapted Alstom’s APS technology, where two conductive metal
power lines are embedded into the road surface. Obviously, the
main requirements and constraints for the proposed system aim
to achieve highest safety, to withstand harsh road and extreme
weather conditions and have an acceptable dynamic response.
The feasible proposed solution is a two degrees of freedom
manipulator with current collector shoes attached to its endeffector. However, how to control its motions such that the
arbitrary driving style and the unknown location of the power
lines can be combined to achieve stable contact at various
and varying conditions is not straightforward. The perception
of relative distance between the three parts - vehicle, power
line and shoes, is hindered by lack of sensors able to function
in all-weather and all-road conditions. Therefore, we propose
an array of inductive sensors attached to the end-effector
for power lines detecting, collector shoes positioning, and
automatic compensation of any lateral deviation of the shoes.

turned off because the electricity will only be available when
the vehicle velocity is over a certain speed limit, ﬁxed in our
case to 60 km/h. All these measures make this electric feeding
from the road safe from an electric point of view.

In Section II of the present work we describe the concept
of the ground-level power supply system for heavy vehicles,
which sketches the framework in the development of our
solution. In Section III we present the kinematic model of
a novel current collector mounted beneath the vehicle. The
proposed perception system concept for detection of the roadembedded power lines and position the collector shoes on it
is discussed in Section IV.

Robustness to harsh road and weather operational conditions
implies direct requirements to the design concept. The current
collector has to mechanically withstand any probable abnormal
road condition that may arise, like bumps and small stones.
When it comes to big obstacles the current collector should be
lifted up to avoid damage. Resistance to salty road condition
has to be considered in the design of the collector system, as
well as operation in rainy, snowy and icy conditions.

II.

G ROUND - LEVEL POWER SUPPLY CONCEPT

The proposed APS technology adapted to road vehicles
consists of embedding electriﬁed lines into the road as depicted
in Fig. 3. The two power lines run along the road’s entire
length. One is a positive pole “+Vpower ”, and the other is the
“Ground”. The lines are sectioned into segments of 22 m
each, so that live current is only delivered to a collector
mounted at the rear of, or under, the vehicle if an appropriate
signal is detected. Only one segment is powered at a time,
and this is achieved when the vehicle is positioned over this
segment, leaving the other segments unpowered. Consequently,
to assure a continuous power supply to the vehicle along
the road, a switching between the consecutive segments is
achieved when the vehicle passes from one segment to the
next one. For this purpose, the vehicle is equipped with a
radio emitter, which the road segments can sense. If an electric
vehicle passes a road segment with a proper encrypted signal,
then the road will energize the segments that sense the vehicle
[10], [11]. We highlight here that we aim to prove the concept
of ground-level power supply for heavy vehicles.
Safety of people and animals is the most important requirement when feeding electric power to vehicles from roadembedded electriﬁed lines. This safety issue is assured through
the design of the feeding lines which are sectioned into short
segments that are only energized when the vehicle passes over
them. If someone steps over an energized section then he will
most probably be run over by the vehicle before he gets an
electric shock. If the vehicle should stop the electricity will be
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Fig. 3: APS concept applied to road vehicles (taken from [12])

Dynamic properties of the current collector system have to
comply the dynamically changing operational conditions. It has
to respond quickly to any command from the vehicle control
system, for example lower down and lift up when entering
an electriﬁed section of the road automatically, or when the
vehicle starts an emergent maneuver. It has to operate at wide
range of vehicle speeds, e.g. between 30 − 100 km/h, and be
robust to any undetermined disturbances like payload, status
of tires, tank, etc. Last but not least it to absorb all mechanical
effects resulting from the speciﬁc suspended allocation beneath
the vehicle.
III.

C URRENT COLLECTOR KINEMATIC MODEL

Having in mind all above considerations and some speciﬁc
requirements, we have developed a prototype of a current
collector, Fig. 4, to interface the ground-level power supply
line and the vehicle. Fig. 5 shows the real testing environment
with the prototype attached at the rear to enable easier access
and monitoring of its performance. At the end, the current
collector will be mounted beneath the vehicle between the
front and rear wheels. In fact, it is a two degree of freedom
manipulator having the current collector shoes attached to
its end-effector. The collector shoes slide on two conductive
power lines embedded on the road surface.
A lot of uncertainty in the relative positions of the vehicle
and shoes with respect to the lines exists, as there are no
reliable techniques to measure these positions accurately. The
system operates at dynamically changing situation with no
reference point for the vehicle and the shoes to be followed.
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surface at a suitable height, so-called “scanning level”. On this
level the manipulator further scans horizontally to localize the
power lines. When the lines have been detected, the manipulator moves down to the so-called “tracking level” until the
shoes contact the power lines. Once the shoes are on “tracking
level”, the power lines have to be tracked continuously and
independently of the driver’s behavior. The driver is unable
to keep constant relative position of the vehicle with respect
to the lines along the path. There is no guiding proﬁle or
groove to keep shoes centered around the lines, as done in the
Elways concept [13] for example. Therefore, only relatively
small deviations of the shoes on the lines can be tolerated by
the manipulator control system.

Fig. 4: The developed current collector prototype

For easier understanding, a simpliﬁed kinematic model of
the proposed manipulator is depicted in Fig. 6, where xOy
and xOz are the horizontal and vertical planes respectively,
O, PR , PL , QR and QL are passive spherical joints, PM is a
passive revolute joint around PL PR horizontal axle, QR PR and
QL PL are prismatic joints driven by linear actuators MR and
ML respectively, PR PL and OE are ﬁxed length links with
PM PR = PM PL = b, OPM = R and PM E = e.
The joints O, QL and QR are allocated on a vertical plane
such that QL and QR are on the same horizontal level and
QM QR = QM QL = a and OQM = c. The constants
a, b, c, e and R deﬁne the size of the manipulator. We assume
hereinafter that the manipulator end-effector is located at E,
where the collector shoes block is attached.
z
y

O

Fig. 5: Field test of the current collector

c QR

Therefore, for energizing the vehicle a dedicated sequence of
actions has to be executed:
•

x
MR

ﬁrst the position of the power lines has to be detected
by a specialized perception system, preferably while
the manipulator is at its “home”;

•

then the manipulator must move the collector shoes to
arrive over the lines, and

•

ﬁnally the manipulator have to move the shoes down
to establish contact with the lines.

Key problem in performing these actions is the perception
system because it has to provide continuously to the vehicle
and the manipulator control system the relative coordinates of
the power lines. It has to work at very harsh conditions - some
already mentioned in Section II, others are given in Section IV.
Preferable and cheap option is to use vision-based perception,
which, however, do not work properly in the presence of
dust, snow, water/mud drops, or when the power lines are not
well visible due to any possible reasons. That’s why in this
prototype we use inductive proximity sensors, which have as
main limitation the short distance sensitivity. It requires the
manipulator to bring the sensors along with the shoes closer
to the road surface (i.e. to the power lines).
For positioning the sensors and shoes the manipulator
moves down vertically from home until they approach the road
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PM
PL

e
E
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Fig. 6: Manipulator simpliﬁed kinematics

To illustrate the horizontal motion, Fig. 7 presents the projection of the manipulator kinematic model on the horizontal
plane containing joints PR and PL . One possible pose is shown
by QL PL0 E0 PR0 QR (dashed line) when the two joints QR PR
and QL PL have the same length. The pose QL PL EPR QR
results from the previous one QL PL0 E0 PR0 QR after a rotation
of the vertical plane containing OE0 around the axis Oz with
an angle α. To make this motion prismatic joint QL PL0 expands and QR PR0 retracts, as by construction PL PR is always
perpendicular to PM O. To move in the opposite direction joint
QL PL0 retracts and QR PR0 expands.
Tracking the power line during the vehicle movement
means the shoes always have to be over the conductive lines
and have to keep parallel orientation to the line. Fig. 8 shows
two situations, which correspond to two different relative
lateral positions of the vehicle with respect to the power line.
Namely, at Position 1 the vehicle is more ”centered” around the
power line, while at Position 2 the vehicle is more on the left
side of the power line, therefore α2 > α1 . Of course, negative
values of α are possible when the vehicle drives more on the
right side of the line. Additional mechanism (not described
here) keeps the shoes block orientation unchanged.
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PR

The vertical motion is not so important for tracking the
power lines, but for keeping constant contact pressure of the
shoes to the lines. A good contact pressure is needed to have a
good electrical connection. Nevertheless, this pressure should
not be so high such that the resulted high friction could render
the system “heavy” in tracking the power lines and cause an
accelerated shoes wear. Mostly, the vertical motion is used for
bringing the manipulator to scanning and tracking levels or for
retracting to home.

E

b
. PM
b

MR

PL

L

MR

QR

PR0
β

a

α

IV.

b
.

β

O

L

PM 0

E0

ML
PL0

QL
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Fig. 7: Horizontal projection of the manipulator model

y

Line (position 2)

E2

Line (position 1)

In our perception solution we exploit the inherent metallic
property of the power line by using an array of inductive
proximity sensors, because there is no single sensor that can
provide a signal proportional to the deviation of the shoes with
respect to the lines in the above mentioned ambient conditions.
The major drawback of such sensors is their relatively short
sensing distance of not more than few centimeters for reasonably small and light sensors. Therefore, the searching of the
power line to be at a level above the road surface, where the
power lines are “visible” to sensors, namely at the described
in Section III scanning level. When the lines are detected on
this level, the manipulator moves the end-effector down to
the tracking level, where the manipulator starts to correct any
deviation of the collector shoes with respect to the lines.

E1

Collector shoe

α2

α1

x

O

Fig. 8: Line tracking with the manipulator (top view)

The vertical motion is depicted in Fig. 9 after projecting the manipulator kinematic model on the vertical plane
containing OE. A possible pose is shown by OPM EQM .

The pose OPM
E  QM (dashed line) results from the previous
one OPM EQM after a rotation of OE in the vertical plane
containing it around the joint O with an angle θ −θ. To realize
this motion the prismatic joints QL PL and QR PR are retracted
simultaneously.
z

z

θ

R
L

We propose a sensor array composed of two long range
sensors for detecting the power line in the scanning level and
four short range sensors for tracking it in the tracking level.
The green color indicates an activated sensor and the red color
indicates a deactivated one in Fig. 10, Fig. 11 and Fig. 12. It
is assumed that the long range sensors 1 and 2 are already
in activated state after they have detected the power line at
scanning level. Then short range sensors 3, 4, 5 and 6 respond
to deviations of the shoes with respect to the conductive lines
in three various ways given in details below.
1. Short range sensors respond when going out of the line

x, y

PM

e
E

QM

zP M

R

L

P OWER LINE DETECTION

Detecting the road-embedded power line and then positioning the collector shoes on it is a major problem that has to be
resolved. When detecting a power line at a speciﬁc position
under the vehicle, the manipulator positions the collector shoes
on the line and maintains the established connection as long as
the line is present under the vehicle, and thus track the line in
real-time with the vehicle maneuvers. The current collector
has to work in extreme weather conditions, rain, snow or
dust, or during low visibility situations, or even when the
road is covered with snow, ice, sand, mud or small stones.
This implies the robustness to weather, ambient light and road
conditions and the reliability of the power line detection system
are important characteristics to be met.

x

b

a

O
zP M
z
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The short range sensors 3 and 4 are allocated near the
inner edge of the conductive line qualitatively expressed on
Fig. 10. When the shoes are exactly positioned on the line,
these two sensors are “on” as they stay over the metal line.
If the shoes deviate slightly, but still sliding on the line, one
of sensors becomes “off” to indicate left or right deviation
and consequently activates corrective motion of manipulator.
The rules to drive the manipulator depending on the perceived
sensor outputs are given in a Table 1.

θ

PM

e
E

Fig. 9: Vertical projection of the manipulator geometric model
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Sensors block
1

Sensors block

3

2

1

Ground

+Vpower

4

+Vpower
Electriﬁed line

5

Ground
Electriﬁed line

(a) Sensors on scanning level

(a) Sensors on scanning level

Sensors block
1

Sensors block

3

2

1

Ground

+Vpower

4

+Vpower
Electriﬁed line

5

Ground

(b) Sensors on tracking level aligned

Sensors block
3

Sensors block
4

+Vpower

2

1
Ground

5

Ground
Electriﬁed line

(c) Sensors deviated to the left

(c) Sensors deviated to the left

Sensors block
3

Sensors block
4

+Vpower

2

6

+Vpower

Electriﬁed line

1

2

6

Electriﬁed line

(b) Sensors on tracking level aligned
1

2

6

2

1

Ground

5

+Vpower

Electriﬁed line

2

6
Ground

Electriﬁed line

(d) Sensors deviated to the right

(d) Sensors deviated to the right

Fig. 10: Sensors respond when going out of the line

Fig. 11: Sensors respond when come over the line

S-3
off
on
off
on

S-4
off
off
on
on

Deviation
Unknown
To left
To right
Null

Table 1
Action
Error: line not detected
Move to right
Move to left
Do not move

Sensors block
1

3

5

6

2

4

+Vpower

Ground
Electriﬁed line

(a) Sensors on scanning level
Sensors block

2. Short range sensors respond when coming over the line

1

The short range sensors 5 and 6 are allocated near the
inner edge of the conductive line, but over the nonconductive
area between the two power lines, qualitatively sketched on
Fig. 11. When the shoes are exactly positioned on the line,
these two sensors are “off” as they face nonmetalic surface.
If the shoes deviate slightly, but still sliding on the line, one
of sensors becomes “on” to indicate left or right deviation and
consequently activates corrective motion of manipulator. The
rules to drive the manipulator in this conﬁguration are given
in Table 2.
Table 2
S-5 S-6 Deviation Action
off off
Null
Do not move
on
off
To left
Move to right
off
on
To right
Move to left
on
on Unknown Error
3. Mixed short range sensors
In this conﬁguration, Fig. 12, all short range sensors 3, 4,
5 and 6 are aligned exactly like in previous two cases.
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3

5

6

2

4

+Vpower

Ground
Electriﬁed line

(b) Sensors on tracking level aligned
Sensors block
1

3

5

6

4

2

+Vpower

Ground
Electriﬁed line

(c) Sensors deviated to the left
Sensors block
1

3

5

+Vpower

6

4

2

Ground
Electriﬁed line

(d) Sensors deviated to the right

Fig. 12: Two sensors respond when come over the line and two
sensors respond when going out of the line

Due to this arrangement, the behavior of the two pairs (3
and 4) and (5 and 6) is following the above logic. Therefore,
when the shoes deviate, two sensors (one of each pair) will
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respond. In contrast to the previous two conﬁgurations, this
mixed conﬁguration introduces a redundancy in the logic that
renders the localization system more robust. In this case the
rules to drive the manipulator are obtained by merging the
previous two tables as shown in Table 3.

S-3
on
on
off
off

S-4
on
off
on
off

S-5
off
on
off
on

S-6
off
off
on
on

V.

Deviation
Null
To left
To right
Unknown

Table 3
Action
Do not move
Move to right
Move to left
Error

C ONCLUSION

We have designed and built a novel current collector that
can be mounted beneath a road vehicle between the front and
rear wheels to collect electric power from road embedded
power lines. It is a two degrees of freedom manipulator
equipped with current collector shoes attached to its endeffector. The kinematic model of the developed prototype
has been exposed and detailed. After the electric connection
has been established, the manipulator compensates any lateral
deviation in the position of collector shoes with respect to the
line, which allows consequently a vehicle maneuvering without
loosing the electric connection. We have shown that an array
of inductive proximity sensors to detect the allocation of the
electriﬁed line and then maintain the position of the shoes
over it is a simple and feasible solution for the existing harsh
ambient conditions. Three minimal conﬁgurations of the sensor
arrays have been presented and tested in real environment. The
results from ﬁeld tests proved the feasibility of the groundlevel power supply for road vehicles using the proposed current
collector prototype.
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I.
Abstract—In this contribution we discuss the implementation of
a novel MEMS-based EH (Energy Harvester) concept within an
already existing technology platform available at the ISAS
Institute (TU Vienna, Austria). The device, already presented by
the authors, exploits the piezoelectric effect to convert
environmental vibration energy into electricity, and presents
multiple resonant modes in the frequency range of interest (i.e.
below 10 kHz). The experimental characterization of sputter
deposited AlN (Aluminum Nitride) piezoelectric thin-film layer
is reported, leading to the extraction of material properties
parameters. Such values are then incorporated in the FEM
(Finite Element Method) model of the EH, implemented in
Ansys WorkbenchTM, in order to get reasonable estimates of the
converted power levels achievable by the proposed device
solution. Multiphysics simulations indicate that extracted power
values in the range of several μW can be addressed by the
MEMS EH concept when subjected to mechanical vibrations up
to 10 kHz, operating in closed-loop conditions (i.e. piezoelectric
generator connected to a 100 kΩ resistive load). This represents
an encouraging result, opening up the floor to exploitations of
the proposed MEMS EH device in the field of WSNs (Wireless
Sensor Networks) and zero-power sensing nodes. Comparisons
of simulated and measured extracted power performance will be
carried out as soon as the fabrication process of physical
samples will be accomplished.

INTRODUCTION

A. State of the Art in Energy Harvesting
Remote and distributed sensing is becoming the turning
point of novel applications aimed to improve peoples’ quality
of life, in particular for ageing society, through enhanced
connectivity based services. Nowadays, acronyms like IoT
(Internet of Things) [1] and AAL (Ambient Assisted
Living) [2] are important driving forces in research and
applications. Massive exploitation of small, smart and
capillary distributed WSN (Wireless Sensor Networks) [3], i.e.
the building blocks of the afore mentioned scenarios, poses
critical demands in terms of power availability to ensure
proper operation. Batteries (traditional or super-capacitor
based [4]) are the most diffused solution to power sensing
nodes, despite the intrinsic limitations in terms of long-time
duration and miniaturization. On the other hand, the field of
EH (Energy Harvesting) [5] has proven in the last decade to
be a valuable solution to extract energy from environmental
sources, like mechanical vibrations, thermal gradients,
electromagnetic waves, etc., and to make it available to the
systems/devices to be powered. Given the trends of
integration, miniaturization and ultra-low power consumption
followed by WSNs based applications, MEMS technology is
recently being investigated to manufacture EHs (Energy
Harvesters) [6]. This decreases the achievable power levels
addressed by traditional devices, but pushes significantly
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down dimensions and opens, in turn, the floor to on-chip
hybridization of active sensing electronics and power supply.
Vibration based energy harvesting, i.e. the conversion of
mechanical energy scattered in the environment into electrical
energy, represents a research stream of particular interest in
modern wireless devices and networks. Starting from
mid-nineties, the interest of research commenced to focus on
the realization of energy autonomous strategies for electronic
devices. The solution reported in [7] exploits a piezoelectric
energy converter housed in athletic shoes. It is one of the first
relevant examples of environmental EH devoted to powering
electronic modules. Since then, research on vibration based
EH devices took significant steps forwards, fed by the
continuous trend of decreasing in ICs’ (Integrated Circuits’)
power consumption, making the scenario of self-powered
(wireless) devices [8] and traditional batteries’ replacement
possible. Given these considerations, next challenges for
vibration EHs are, namely, miniaturization and integration
with active electronics, opening up the floor to a massive
exploitation of MEMS (MicroElectroMechanical-Systems)
and microsystems technologies.
There are basically three methods to convert MEMS
energy scavengers’ vibration into electrical power:
piezoelectric, electromagnetic and electrostatic [9]. In the first
case, the piezoelectric effect is exploited to extract electricity
from the mechanical vibration of a suspended proof mass [10].
In electromagnetic scavengers, instead, the oscillation of a
permanent magnet induces an electric current in a coil [11].
Finally, the electrostatic transduction is based on charge
displacement in two capacitor electrodes in relative
movement [12]. Obviously, shrinking down dimensions from
macro to micro domain brings a dowry of numerous pros and
cons. First of all, scaling down devices’ footprint means
reducing the harvested power. At first sight this looks like a
disadvantage. Nonetheless, if, on one side, supply of low
power and ultra-low power electronics is less and less
demanding (as mentioned above), on the other hand,
development of micro fabrication technologies enables to
enhance energy conversion efficiency of MEMS based
vibration EHs. To this end, piezoelectric conversion in the
micro domain exhibits power densities that are even larger
than traditional macro devices, as reported in [13]. Differently,
electromagnetic [14] and electrostatic micro devices are in
general less performing, despite also less mature, if compared
to piezoelectric solutions [13], and thereby still admit
considerable margins of improvement.
Another issue arising from miniaturization of EHs is the
scaling of operating frequency. As is well known, resonant
frequency of a vibrating device increases when its mass and
geometry are shrunk [9]. On the other hand, most part of
ambient vibration energy is available below a few kHz (e.g.
busy street, car engine, industrial/domestic appliance, etc.) [8].
State of the art solutions to circumvent this problem are
available. They are based on up conversion of ambient
vibration frequency until reaching the converter resonance.
For instance, this is achieved by exploiting complementary
magnets [15], or by designing the mechanical structure so that
snap [16,17] and buckling induced pulses [18] are imposed to
the micro converter. Additional solutions directed to widen
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vibration EHs’ spectrum of sensitivity are also discussed in
literature. By making the elastic behavior of a vibrating mass
non-linear, device’s frequency response exhibits a chaotic
behavior (Duffing mode resonance) [19]. This extends the
frequency range of operability and, in turn, the level of
extracted power [20,21]. Moreover, tuning of the EH’s
resonant frequency is also studied to maximize extraction in
the widest possible range of operability [22].
Concerning technology, the scientific literature is
populated by findings in the field of material science and
thin-film deposition techniques, resulting in relevant
improvements in power conversion of vibration EHs. Starting
from piezoelectric materials, the optimization of deposition
conditions (e.g. temperature, grain growth) [23,24] and in
patterning of layers (i.e. interdigitated) [25] reflects in large
enhancements of piezoelectric response. Concerning
electrostatic (i.e. capacitive) EHs, the conversion capabilities
are importantly boosted by deposition of densely charged
electrets, i.e. permanently charged/polarized dielectric
layers [26,27].
Finally,
miniaturized
electromagnetic
scavengers, previously considered to be not successful
because of scaling issues [14], recently started to benefit from
the development of efficient techniques for patterning [28] and
bonding [29] of thin layers with improved magnetic
properties. This increases the magnet to coil coupling, and, in
turn, the EHs’ performance.
Given the rather wide scenario depicted above, the focus
of this work is confined around the operability extension of
MEMS based harvesting devices. This is achieved by means
of the pronounced converter’s sensitivity distributed on a wide
range of excitation frequencies. The target can be reached by
referring to a couple of different fashions. On one side,
redundant employment of MEMS resonators with varied
suspended mass and/or elastic constant extends frequency
operation of the whole array [30]. On the other hand, another
viable solution consists in designing the MEMS mechanical
structure in such a way to exhibit a large number of resonant
modes in a certain frequency range (i.e. multi modal resonant
structure) [31,32].
B. Brief Description of the Paper
In this contribution we discuss the implementation of a
novel MEMS based EH (Energy Harvester) concept within an
already existing technology platform available at the ISAS
Institute (TU Vienna, Austria). The device, already presented
by the authors, exploits the piezoelectric effect to convert
environmental vibration energy into electricity, and presents
multiple resonant modes in the frequency range of interest
(i.e. below 10 kHz). The experimental characterization of
sputter deposited AlN (Aluminum Nitride) piezoelectric thin
film layer is reported, leading to the extraction of material
properties parameters. Such values are then incorporated in the
FEM (Finite Element Method) model of the EH, implemented
in Ansys WorkbenchTM, in order to get reasonable estimates
of the converted power levels achievable by the proposed
device solution. Multiphysics simulations indicate that
extracted power values in the range of several μW can be
addressed by the MEMS EH concept when subjected to
mechanical vibrations up to 10 kHz, operating in closed-loop
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conditions (i.e. piezoelectric generator connected to a 100 kΩ
resistive load). This represents an encouraging result, opening
up the floor to exploitations of the proposed MEMS EH
device in the field of WSNs (Wireless Sensor Networks) and
zero power sensing nodes. Comparisons of simulated and
measured extracted power performance will be carried out as
soon as the fabrication process of physical samples will be
accomplished.
The paper is arranged as follows. Section II discusses the
work developed up to now by the authors, framing the context
of the following activity reported in this paper. Section III
briefly introduces the technology for the fabrication of the
discussed MEMS energy harvester concept and then focuses
on the experimental activities carried out around the
characterization of thin-films with piezoelectric properties.
Section IV discusses the details concerning multiphysics
simulations of the proposed MEMS EH concept, also
comprising the piezoelectric conversion effect and estimates
of the achievable harvested power levels. Section V eventually
reports some final considerations and further perspectives for
the future development of this work.
II.

Figure 1. SEM (Scanning Electron Microscopy) photograph of an FLC
physical sample (sole mechanical resonator) fabricated at the DIMES
Technology Center [33].

III.

DEVELOPED WORK

Previous work by the authors already discussed the
development of high-performance, wide-band MEMS based
vibration EH devices [33]. The solution we propose is based
on a circular shaped Silicon suspended mass (diameter of
6-8 mm; thickness in the range 300-500 μm) named FLC
(Four-Leaf Clover). It presents multiple resonant modes (i.e.
multi-modal resonator) in the below-10 kHz vibration
frequency range, i.e. where most part of the scattered energy is
distributed (e.g. busy streets, car engines, industrial/domestic
appliances, etc.). The FLC MEMS EH is conceived to
transform vibrations into electric energy through piezoelectric
conversion mechanism. Currently, physical samples of the
sole FLC mechanical resonator have been manufactured at the
DIMES Technology Center (the Netherlands) (see Fig. 1) and
tested at Munich University of Technology (Germany) [33],
showing resonances already starting from 300-400 Hz in
ambient pressure conditions. FEM (Finite Element Method)
simulations performed in Ansys WorkbenchTM have been
confronted against experimental results for validation
purposes. The comparison proved the good accuracy
achievable with the analysis methodology in predicting the
mechanical dynamic behavior (i.e. resonant modes).
Optimized samples of FLC design will be manufactured in
the microfabrication facility of the ISAS Institute (TU-Vienna,
Austria). They will also include high-performance AlN
(Aluminum Nitride) piezoelectric layer, leading to the
realization of complete MEMS-based EH converters, as
discussed in the following pages.

EXPERIMENTAL CHARACTERIZATION OF ALUMINUM
NITRIDE PIEZOELECTRIC LAYER

A suitable technology for the manufacturing of FLC
MEMS EHs was described in [33]. It is based on double
etching (front-/back-side) of SOI (Silicon On Insulator) wafers
with DRIE (Deep Reactive Ion Etching), for the release of
deformable springs (thin Silicon) and proof masses (thick
Silicon). Concerning the piezoelectric thin film, it has to be
deposited on the front side of the device. Moreover, it must be
sandwiched between two metal layers (bottom and top) in
order to ensure the redistribution of electrical signals. Such
technology process is available at ISAS Institute (Vienna).
The focus of this section is going to be spent around the
experimental characterization of mechanical properties of
sputter deposited AlN performed at the Institute.
In order to determine the mechanical properties such as
film stress and Young’s modulus of AlN thin-films, a load
deflection method is applied. Using this approach, the bending
curve of a freestanding, circumferentially-clamped diaphragm
under a uniformly distributed differential pressure load pm is
measured. The pressure is applied using a syringe pump
system, which is described in more details in [34]. The
bending curve is measured by a white light interferometer
from Polytec. The membrane is fabricated by sputtering a
366 nm thin AlN film on a silicon wafer covered with silicon
oxide layer. During deposition the chamber pressure was
p = 6 μbar, substrate-target distance dST = 65 mm and plasma
power P = 800 W, respectively. Using standard processing
techniques, the membrane is created by DRIE etch step. The
measurement is then analyzed using a new analytical model
described in [34]. The measured bending curve is fitted using
a polynomial

w(r )
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with the membrane radius R, the measured bending curve w(r)
and the maximum displacement w0. The coefficients α2m are
the fit parameters and are determined by the bending shape.
Using M = 2 yields a good agreement between (1) and the
measurement, as shown in Fig. 2.
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attributed to effects related to the specific microstructure and
the film thickness.
IV.

MULTIPHYSICS SIMULATIONS

As mentioned in Section II, a multiphysics simulation
procedure based on Ansys Workbench was set up for FLC
devices and validated against experimental results [33]. In this
section such a simulation methodology is exploited in order to
assess the extracted power levels achievable with the
discussed MEMS EH design concept. As already pointed out
before, full processing of physical FLC EHs comprised of AlN
piezoelectric layer will be performed at the ISAS Institute
(Vienna). Thereafter, all the simulations reported in this
section are tailored to the material properties and geometry
features typical of such technology platform.
The geometry features of the simulated FLC device are
listed in Table I. Details of the double mass-spring systems
(m1, k1; m2, k2) realized by each petal are visible in the
schematic reported in Fig. 4.
TABLE I.

Figure 2. Normalized bending curve. The lines show the fit of the
theoretical model compared to pure plate behavior.

Geometry feature
Suspending beam length (X-axis)
Suspending beam width (Y-axis)
Suspending beam thickness (Z-axis)
Radius of petals
Angular aperture of petals
Length of inner flexible petals membrane (k1)
along radius
Length of outer flexible petals membrane (k2)
along radius
Length of inner petals proof mass (m1) along radius
Length of outer petals proof mass (m2) along radius
Thickness of flexible petals membranes (k1 and k2)
Thickness of petals proof masses (m1 and m2)

Applying different pressures pm and measuring w0(pm), the
standard bulge-test equation

pm ( w0 )

C1 (D 2 m )

V f dw0
R2

 C2 (Q , D 2 m )

Ydw03

R4

GEOMETRY FEATURES OF THE FLC MEMS EH
SIMULATED IN ANSYS WORKBENCH

  

can be applied to determine the film stress σf and the Young’s
modulus Y. The coefficients C1 and C2 are derived from α2m
according to [34] with the Poisson ratio fixed at ν = 0.24 [35].
The film thickness is denoted by d and measured to
d = 366 nm. Fig. 3 shows an excellent agreement between
measurement and theory as well as a good reproducibility.

Value
4100 μm
120 μm
20 μm
4000 μm
30○
1500 μm
750 μm
1000 μm
750 μm
20 μm
350 μm

Figure 4. Workbench bottom view of the double mass-spring system
(m1, k1; m2, k2) implemented by each petal of the FLC EH concept.

Figure 3. Load-deflection curves measured for 3 different samples
showing excellent agreement between measurement and theory as well
as good reproducibility.

The stress is determined to σf = (285 ± 15) MPa and the
Young’s modulus is Y = (227 ± 10) GPa. Those values are
smaller than the values obtained for bulk-AlN [36]. It can be

The thickness of the FLC flexible spring parts and of the
proof masses are compliant with the SOI 4 inch wafer
typically employed at ISAS. Thickness and properties of AlN
layer are those mentioned in Section III. It must be noted that
the detailed FLC configuration does not represent an
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optimized design. It is rather a pilot device that will be further
improved before being physically manufactured.
While modal (eigenfrequency) analysis allows to extract
resonant frequencies [37], it does not enable to couple the
mechanical and electrical domains. Thereafter, we chose to
perform harmonic simulations to observe the FLC power
output in response to a mechanical stimulus imposed to the
resonant structure. Sketching of the parameterized 3D FLC
model, definition of boundary conditions (e.g. mechanical
constraints and stimuli) and mechanical properties of materials
are manageable within the Ansys Workbench environment
[38]. Conversely, the piezoelectric effect cannot be properly
modeled in such a framework, but should be defined in Ansys
Classic. The Workbench tool offers the possibility to integrate
sets of APDL commands (Ansys Parametric Design
Language) [39] in the simulation flow. This enables the
coupled-field analysis of piezoelectric materials. Fig. 5
highlights the project tree in the GUI (Graphical User
Interface) of Ansys Workbench, within which we added three
sections of APDL commands in order to model the AlN
piezoelectric layer.
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suspended structure is anchored to the surrounding Silicon
frame). Then, we imposed a vertical displacement (along
Z-axis) of 30 μm to the outer circular edge of two opposite
petals, with a phase shift of 120○. This is a reasonable first
attempt to reproduce typical conditions to which a physical
FLC sample would be subjected to in a real environment.
Nonetheless, other approaches for the stimulation of the
mechanical structure are being investigated by the authors
(e.g. imposition of acceleration and pressure or random
vibration analysis). In the case reported in this paper, the
phase shift between the displacement imposed to the two
opposite petals is introduced in order to stimulate a deformed
shape of the FLC as much asymmetric as possible. Fig. 6
shows the vertical deformation (along the Z-axis) of a point on
the FLC surface chosen in correspondence with the edge
between k1 and m1 (see Fig. 4). The behavior is predicted by
Ansys Workbench up to 500 Hz.

Figure 6. Vertical deformation (Z-axis) of a point on the FLC surface
placed at the edge between k1 and m1, predicted by Ansys Workbench.

Figure 5. GUI of the Ansys Workbench. The project flow, where APDL
commands are inserted to model the piezoelectric effect, is highlighted.

Such code sections are arranged as follows:
x

Section 1, defined in the geometry of the project flow,
states the mechanical properties of AlN (e.g. Young’s
modulus and Poisson’s Ratio) as well as the piezoelectric
coefficients. The AlN layer is modeled with the
SOLID226 [40] accounting for the piezoelectric effect;

x

Section 2, defined in the harmonic response of the project
flow, implements the voltage reading at the top and
bottom faces of the AlN layer. It also defines the load
resistor (modeled with the CIRCU94 [40] element)
connected to the FLC piezoelectric generator;

x

Section 3, defined in the solution part of the project flow,
finally collects all the commands necessary to save on file
the power level generated by the FLC EH at each
frequency step defined in the harmonic simulation.

At resonance (i.e. 230 Hz) the vertical displacement of the
selected point is 644 μm. It shows an amplification of the
imposed stimulus (30 μm at the external edges of two opposite
petals) of more than 20 times. On the other hand, Fig. 7 and
Fig. 8 show the distribution of equivalent von-Mises stress and
shear stress (on the XY plane), respectively. Such magnitudes
are depicted through the overall FLC mechanical structure, as
predicted by Ansys Workbench at resonance (230 Hz).

The harmonic simulation of the FLC structure is conducted
in the frequency range from 0-10 kHz, where environmental
vibrations are typically scattered. Concerning mechanical
constraints, we anchored the four beams’ ends (i.e. where the
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Figure 7. Distribution of equivalent von-Mises stress through the whole
FLC structure at resonance (230 Hz).
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The maximum values ranges, i.e. 360 MPa and 155 MPa
for the equivalent von-Mises and shear stress, respectively,
are well below the critical thresholds investigated in literature
for Silicon [41]. This indicates that the FLC mechanical
structure should reliably operate in the chosen field of
application (i.e. environmental vibrations). Looking again at
Fig. 7 and Fig. 8 it is visible that, as expected, most part of
the stress is concentrated in the thin Silicon membranes of
petals (springs k1 and k2 in Fig. 4).

Figure 10. Plot of the FLC EH output power with the generator loaded
by a 100 kΩ resistor up to 10 kHz. The μW threshold is indicated to
help reading the graph.

Figure 8. Distribution of shear stress (on the XY plane) through the
whole FLC structure at resonance (230 Hz).

Fig. 9 reports the power generated by the FLC EH when
mechanically stimulated as previously discussed. As visible, at
resonance the extracted power reaches a peak value of
10.6 μW, which then drops down to a few nW up to 500 Hz.

Figure 9. Plot of the FLC EH output power with the generator loaded by
a 100 kΩ resistor. At resonance (230 Hz) the harvested power
approaches 11 μW.

In order to collect more information on the energy
conversion capabilities of the FLC device, we conducted
harmonic analysis on a wider range of frequencies. Fig. 10
depicts the converted power simulated in Ansys Workbench.
It considers the same conditions of the previous discussed
analysis, this time in a frequency range up to 10 kHz.

Apart from the resonant frequency at 230 Hz, already
discussed before, the plot now exhibits two additional
resonances at 1.96 kHz and 5.65 kHz, corresponding to peaks
of generated power of 20 μW and nearly 4 mW, respectively.
The latter mode should not be considered as exploitable, since
it leads to vertical deformations of the FLC structure larger
than 1 mm, that might jeopardize its mechanical robustness.
More interestingly, the behavior at and off resonance should
be observed as a whole. If we arbitrarily set a power threshold
of 1 μW, as indicated in Fig. 10, assuming it as a watershed
imposed by specs, it becomes interesting to analyze what
happens around resonant peaks. In light of this consideration,
the generated power remains above 1 μW in a bandwidth of
less than 10 Hz around the 230 Hz resonance. Such a
bandwidth widens to about 60 Hz around the 1.96 kHz
resonant mode. Furthermore, it becomes nearly continuous in
the 5-10 kHz range. The just discussed case represents an
important indication concerning the way the multi-modal
resonant response of FLC MEMS EH concept should be
interpreted. This means not only with focus on how many
resonant frequencies are scattered in the range of vibrations of
interest, but paying attention to the extracted power levels
between one mode and another, as well. This is, according to
our view, the right approach to be adopted in broadening the
operability and enhancing the performance when conceiving a
novel EH device. Thereafter, it represents the address we will
follow in the further development of the FLC MEMS EH
design concept.
To conclude this section about multiphysics simulation of
the FLC MEMS EH concept, a few considerations have to be
listed. As mentioned before, the analyzed FLC configuration
has not to be considered as optimal, neither in terms of
tailoring the geometry degrees of freedom (dofs), nor for what
concerns the simulated model. Regarding the first aspect,
thorough parametric investigation of all the available dofs will
be conducted prior to the fabrication of physical samples. The
target will be the maximization of harvested power in the
frequency range of interest, and enhancement of mechanical
stability and reliability of the device as well.
On the other hand, some further developments concerning
the 3D model and the simulation settings themselves will be
operated, aiming to FLC performance enhancement and, on
the other side, to a better prediction capability of the Ansys
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Workbench simulation tool. In the first place, the deployment
of AlN layer above the FLC surface will be optimized. In the
simulations reported in this paper the piezoelectric layer was
placed on the whole top surface of the device. This represents
a worst case scenario. As it is well-known, in case of
deformation in opposite direction, like it is in the resonant
mode configuration here discussed, charge with different sign
can accumulate on the same surface of the AlN material. This
gives rise to cancellation phenomena that decrease the actual
level of power achievable by the structure. To avoid this
problem, both in the simulation as well as in the physical
device, we are planning to deposit the piezoelectric material
separately on petals’ surface. In this way each mass-spring
system will work as an independent generator.
Eventually, for what concerns the refinement of
simulations, we will include top and bottom metallizations
(i.e. on the two surfaces of the piezoelectric material) in the
3D model. This will take into account the influence of those
materials on the dynamic behavior of the structure. Moreover,
we will better consider the influence of air viscous damping
on the resonant behavior of the FLC device. It is currently set
on the basis of a conservative quality factor value referred to
measured ambient operation conditions. We will examine
different ways to apply mechanical stimuli to the resonant
structure.
V.

CONCLUSIONS AND FURTHER WORKS

In this work we discussed ongoing activities related to the
manufacturing of high-performance MEMS-based EHs
(Energy Harvesters). Such devices are able to convert part of
the environmental vibration energy into electrical power by
means of the piezoelectric effect. The design concept, named

[1]

[2]

[3]

[4]

[5]

[6]

FLC (Four-Leaf Clover) and already presented by the authors,
exploits circular shaped suspended Silicon mass-spring
systems. This configuration enables multiple resonant modes
exploitable for energy conversion. FLC EH physical samples
will be fabricated at the ISAS Institute (TU Vienna, Austria).
Thereafter, the simulated results presented in this paper were
tailored to the characteristics of such a technology. First of all,
experimental activities conducted on sputter deposited AlN
(Aluminum Nitride) piezoelectric thin-film layers were
reported. These led to the extraction of the typical material
parameters. Afterwards, such measured properties were
included in the Ansys WorkbenchTM FEM (Finite Element
Method) tool in order to simulate the multiphysics behavior of
the FLC MEMS EH with good accuracy. Electromechanical
harmonic analysis shows that harvested power levels in the
range of several μW are achievable for vibrations up to
10 kHz when the EH is operating in closed-loop conditions
(100 kΩ resistive load). These preliminary results are
encouraging for the further development of the whole activity.
Further steps consist in the optimization of all the available
FLC geometry degrees of freedom (e.g. aperture of petals,
length of springs and proof masses, and so on) and of the AlN
pattern schemes on the top-side of the device. The target is to
enhance the power conversion performance of the
micro-generator. Subsequently, physical samples will be
manufactured at the ISAS Institute and experimentally tested
in order to verify the actual power levels generated by the
devices when subjected to mechanical vibrations. Together
with the development of FLC physical samples, effort will be
directed as well to the realization of appropriate packaging and
encapsulation solutions for the MEMS EH and to the setup of
integrated active electronics for the extraction and storage of
energy.
[7]
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Abstract—Powered exoskeletons are gaining more interest in
the last few years, as useful devices to provide assistance to
elderly and disabled people. Many different types of powered
exoskeletons have been studied in the past.
In this research paper, a soft lower limb exoskeleton driven
by pneumatic artiﬁcial muscles (PAMs) is presented. It features
a lightweight, ﬂexible solution to attach actuators to human
limbs without imposing restrictions on limb movements. Ankle
plantarﬂexion and knee extension by both legs are assisted.
Surface electromyography (sEMG) sensors are used to measure muscle activity, which are ampliﬁed and used as input
to control the pressure in the corresponding PAMs proportionally to sEMG activity level. No force or torque measurements/estimations are performed, this is not strictly necessary
because of the similarity between human muscles and PAMs.
Employing the principle of assistance-as-needed, allows for a
range of activities to be supported, such as walking, standing
up and climbing stairs.
Metabolic measurements in different scenarios did not register
a signiﬁcant change in energy expenditure when the (passive)
exoskeleton is worn, even not when it is activated although the
assistance can be experienced physically. More research is needed
to optimize the whole system in different aspects, in order to
obtain a signiﬁcant reduction in energy expenditure and make
the system practical.

(a) First prototype

(b) Second prototype

Fig. 1: Earlier exoskeleton prototypes at University of Canterbury.

I. I NTRODUCTION
Powered exoskeletons are useful in giving assistance to
those who need extra support in the limbs. Example users are
eldery people and patients recovering from a stroke or other
injuries.
Many different kinds of powered exoskeletons have been
proposed, designed and built. At the University of Canterbury,
research focuses on lower limb assistance at (combinations
of) the knee, hip and ankle joints, where pneumatic artiﬁcial
muscles (PAMs) are being used as actuators.
One key problem in designing a powered exoskeleton is
the transfer of forces from actuators to the human body. Most
often, rigid exoskeletons with mechanical joints are used, but
these tend to be very heavy. More recently, soft exoskeletons
with no rigid structure have been investigated with some
positive results.
Useful assistance can only be given when the actuators
operate in accordance with human movements and intentions.

One way to register these intentions, is to measure muscle
activity with surface electromyography (sEMG) sensors.
A. Earlier research at University of Canterbury
Research at University of Canterbury about sEMG-controlled exoskeletons started in 2011. The ﬁrst published paper [1]
focused mainly on the task of estimating knee joint torque
from sEMG measurements. A ﬁrst prototype of a powered
exoskeleton (Figure 1a) was demonstrated by end-2012. It
involved assisting the knee joint both in extension and ﬂexion
direction, but it was limited to one leg only [2].
In 2013, a second prototype (Figure 1b) was designed
and constructed [3]. This one features a rigid structure with
mechanical joints, and involved assistance for the knee and
hip joints for both legs using PAMs attached to the structure.
Rotary encoders measured the angles and angular velocity of
the hip and knee joints, which was used to drive the PAMs in
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(a) HAL-5, Japan

Eds. Leo J De Vin and Jorge Solis

(b) Harvard’s exosuit

Fig. 2: Exoskeletons from Japan and Harvard.

the gait cycle.

Fig. 3: Exoskeleton developed at University of Twente.

B. Research elsewhere
In Japan, the Hybrid Assistive Limb (HAL) exoskeleton
has been developed by Tsukuba University and Cyberdyne
[4]. The last prototype (HAL-5, Figure 2a) consists of a fullbody rigid structure in which motors drive the joints. sEMG
sensors are used to register muscle activity signals; these and
other sensors control the motors such that human motions are
ampliﬁed. Assistance level has proved to be very effective;
when wearing the powered exoskeleton, one can carry much
heavier weights than without exoskeleton. The product is
mature and already being used in some hospitals.
At Harvard University’s Wyss Institute, a soft exosuit has
been designed (Figure 2b). It does not use a rigid structure,
but constructs anchor points on the body using a web of straps
over the body. The exosuit is only intended to support the
human gait cycle; sensors register the current phase in the gait
and assistance is given at certain moments for ﬁxed durations.
Currently, the active exosuit does not increase or reduce energy
expenditure compared to not wearing the suit [5].
At University of Twente, the Mindwalker has been developed (see Figure 3), a lower limb exoskeleton providing active
gait assistance. Steps are initiated by the user by shifting body
weight to the left or right, after which the exoskeleton performs
a single step in the gait [6].
Other examples of exoskeleton studies are the quasi-passive
knee exoskeleton [7], and Berkeley’s lower extremity exoskeleton [8].
II. E XOSKELETON DESIGN
At start of the project at University of Canterbury, the
second prototype [3] was about to be ﬁnished. The original
plan was to upgrade this one by equipping sEMG sensors and
redesigning the software.

A. Redesign
The second prototype gave many useful insights, but it
did not provide enough assistance. The excessive weight and
certain design issues severely limited the effectiveness of the
PAMs, which could not be solved. So a new exoskeleton had to
be designed. Part of the pneumatics and sEMG sensors of the
ﬁrst and second prototypes were re-used, the rest was largely
redesigned from scratch.
B. Supported joints
Because the ﬁrst author was the only developer and tester
of the system, it would be most practical if the exoskeleton
could be put on without assistance. The easily accessible joints
(ankle, knee) were thus favoured over the difﬁcult ones (hip,
upper limbs). Ankle plantarﬂexion and knee extension were
seen as the most useful joint motions to provide assistive
support for, because these require relatively large forces in
certain motions involving lifting the body’s centre of mass,
such as the sit-to-stand motion. The antagonist motions were
thus excluded from support.
C. Choice of PAMs
For each of the four actuated joints, a pair of either 285mm
or 330mm long, and 5mm (inside) diameter PAMs was chosen.
When fully contracted, its unloaded length is about 50mm
shorter and the theoretical maximum force (per pair) is 270N.
More powerful PAMs were only available in lengths over
500mm, so these were not an option.
If a PAM shortens by 50mm while the insertion point is
mounted at 50mm from the joint axle (a typical knee joint
radius), then the joint is turned by approximately 60 degrees
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(a) Stepping on a stairs

(b) Walking on treadmill

Fig. 4: Photos of new exoskeleton.

(depending on the actual geometrical layout). A maximum
theoretical torque of 270N · 0.05m = 14Nm can be delivered if
the PAM is at full length, the torque decreases approximately
lineary with the contraction percentage.
D. Exoskeleton structure
Good attachment points (origin and insertion) for the PAMs
are essential. For the ankle joint, the origin of the PAMs are
placed at either side of the knee, and the insertions at the heel;
this can be observed in Figure 4a. For the knee joint, origin
of the PAMs are placed at the side of the hip and the insertion
just below the patella.
To reduce weight, no rigid structure was used. Instead,
anchor points for the PAMs were constructed around the feet,
knees and hips using double-sided velcro tape of different
lengths and widths, with loops consistently facing inwards
and hooks outwards. Velcro tape was also attached to the
threaded end of all PAMs. Strong connections were established
by adding multiple layers, if needed.
Knee pads were used to distribute the pulling force of the
PAMs over a large area, and to protect the knee skin from
discomfort. The velcro tape network around the upper legs
transferred part of the downwards pulling forces to the waist,
more speciﬁcally the ilium parts of the pelvis. Figure 4a and
4b show two images of the assembled exoskeleton.
Comfort level was found to be ﬁne everywhere, except
around the ilium. It is possible to relieve this discomfort by
distributing PAM forces to other parts of the upper body as
well, as has been done in [5]. This was not implemented,
because the discomfort was not a problem in the tests and
because the upper body was already carrying the electronics.
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plated contacts, each 9mm in diameter and its centers spaced
20mm apart. The sensor houses a two-stage 4000x differential
ampliﬁer, of which the output signals are anti-aliased, acquired
by A/D convertors at a rate of 2000Hz and then recorded by a
laptop. The ampliﬁer circuit is protected by a layer of epoxy,
and the whole sensor is attached to the prepared skin with
adhesive tape.
One sensor was placed at the rectus femoris muscle, to
record knee extension effort. Another was placed at the gastrocnemius, which records ankle plantarﬂexion muscle activity.
A ground reference electrode was placed at the skin over the
knee bone. In [1] the reference electrode was set to the average
sEMG electrode potential, but in this study no advantage
was found of this method over simply connecting to ground
potential.
The disadvantage of using only one sEMG sensor per
muscle is that the error level is relatively high. sEMG data
is stochastic in nature, and smoothing operations by means of
a low-pass ﬁlter introduces a phase shift and thus a delay in the
activation signal. The error level can be reduced by combining
information from multiple, independent sEMG sensors. But
when the exoskeleton is worn, available skin surface over
relevant muscles is restricted, making it difﬁcult to position
multiple sEMG sensors.
When two sensors were placed adjacent longitudinally, then
the sEMG signals turned out to be highly correlated. This
may be caused by propagation of motor unit action potentials
(MUAPs) through muscle ﬁbers, resulting in similar signals to
be measured at different locations along the muscle surface.
Because of these complications, only one sEMG sensor was
used per supported joint.
F. Driving the PAMs
The system is powered by an external air supply of 6 bar,
which is commonly available in hospital settings and considering that the exoskeleton is primarily used for rehabilitation
training purposes. A more mobile system would be possible
by using a portable pressurized air tank, although limited to
a few minutes of walking [5], unless some form of pressure
generation or conservation technique(s) are employed.
For each pair of PAMs, inlet and outlet valves (type PVQ336G-16-01, max. ﬂow rate 100/min) were used to adjust the
pressure inside the PAMs. The valves are electrically operated
and airﬂow varies approximately lineary with both the pressure
drop over the valve, and the electrical current.
The pulling force in a PAM depends on both the length of
the PAM, and the pressure of the air inside it. To control the
force (and respond quickly to changing demands), some form
of feedback is necessary. There are two main possibilities:

E. sEMG sensors
To measure muscle activity, active sEMG sensors were
placed on certain muscles. Every sensor has two nickel-

453

•

Force feedback A load cell in series with the PAM
can measure the force, and airﬂow can be applied to
increase or decrease this force, without having to know
the pressure itself. This approach is useful when the
forces applied by the human in the joint are being
estimated, and assistive force derived from it.
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Fig. 6: Example sEMG and pressure graphs.

Fig. 5: Pressure controller performance test.
Pressure feedback A sensor measuring air pressure
inside the PAMs makes it possible to bring the PAM at
the desired pressure quickly. If the PAM length would be
known (e.g. from the joint angle), then the pulling force
could be derived as well.
In this study, pressure feedback is used, because the goal
is to let the PAMs behave as close to the human muscles as
possible. The sEMG signal is a measure of the muscle activity
which translates to PAM pressure, independent of the joint
angle or forces involved.
•

G. Connecting sEMG to PAMs
PAM pressure was set proportional to sEMG activity:
P = αVemg , where P is the PAM pressure in bar, Vemg is
the (ﬁltered, not ampliﬁed) sEMG voltage level in volt (or
mV), and α the gain factor in bar/mV. The set of gain values
for each joint was experimentally derived, by adjusting these
parameters with turn knobs while performing various motions
with the exoskeleton powered on, aiming for maximal effective
assistance.
Joint angles were not measured and no torque estimation
was performed. By placing each PAM approximately parallel
to the muscle it supports, and controlling pressure proportional
to muscle activation level, the natural behaviour of the muscle
is mimicked as close as possible. The idea is that the human
body adapts to the presence of the additional (artiﬁcial)
muscles, and adjust EMG signals accordingly.
A Windows 7 laptop is used to process raw sensor input data
and calculate valve control signals. sEMG signal acquisition
was performed with a NI USB-6009 device, other sensors were
read with A/D converters connected to a NI USB-8451 device,
to which the valve driver circuit was connected as well.
H. Timing
To provide effective assistance, each PAM must contract
and extend simultaneously with the muscle it supports. If the
exoskeleton lags behind, then the assistance is less effective
or may even impede human movements. So a correct timing
is crucial.

There is a delay between ﬁring of the EMG signal and the
corresponding (start of) muscle contraction. Earlier research
found this delay to be about 20ms to 80ms [2]. Ideally, the
assistance system should have about the same delay to keep
on par with the human muscles.
EMG smoothing involves a delay which depends on the
cutoff frequency of the ﬁnal low-pass ﬁlter. Values of 1Hz
to 5Hz have been suggested [2]; a frequency of 2.5 Hz
corresponds with a time constant of 64ms, which is the time
to rise to 63% of the ﬁnal value after a step input.
The periodic task of the control software operated at 30Hz;
higher rates were found to cause irregularities in the task
execution time, likely caused by USB and/or OS real-time
characteristics. At 30Hz, software latency can be as high as
33ms, an average latency of 20ms is assumed.
The pneumatic valves use a linear solenoid actuator. Performance tests showed that when setpoint pressure steps from
2.0 to 4.0 bar, the measured pressure starts rising within 10ms
and reaches 3.8 bar in approximately 80ms, for one of the pair
of PAMs used in the exoskeleton (see Figure 5). The limiting
factors here are the electromechanical valves, for which the
maximum airﬂow is limited.
A measure of the latency from sEMG signal activity to the
corresponding rise of PAM pressure can now be estimated
to be 64ms+20ms+10ms = 94ms. It is higher than the delay
in muscle contraction, so the user may wish to use a higher
sEMG smoothing cut-off frequency to reduce the latency, at
the cost of a less smooth assistance behaviour.
III. T EST METHOD
To determine the effectiveness of the exoskeleton, oxygen
consumption measurements were performed while the test
subject worked through certain scenarios under different situations. A COSMED K4b2 breath analyzer system was used
for this.
When wearing the powered exoskeleton, the test subject was
allowed to adjust parameters for assistance level, left/right assistance balance and sEMG signal smoothing cutoff frequency
while exercising before the test.
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scenario
walk 3 km/h
walk 5 km/h
stairs (1st run)
stairs (2nd run)

VO for treadmill at 3 km/h
2

1600
1400

no exoskeleton
1035 (100%)
1466 (100%)
2316 (100%)
in 1st run only

unpowered exo
1124 (108.6%)
1534 (104.7%)
2222 (95.9%)
1917 (100%)

powered exo
1152 (111.3%)
(skipped)
in 2nd run only
1999 (104.3%)

TABLE I: Average VO2 consumption for different scenarios
and setups, in ml/min and indexed.

1200

VO2 [ml/min]
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Fig. 7: VO2 consumption at 3 km/h.

Two scenarios were set up for quantitative testing: walking
on a treadmill at a constant velocity (3 km/h for ﬁve minutes
and 5 km/h for three minutes), and ascending/descending
an improvised ﬂight of stairs consisting of three steps (plus
ground level) for three minutes, going up and down once every
eight seconds.
In each of the two scenarios, three situations were tested:
without exoskeleton, with passive (unpowered) exoskeleton
and with powered exoskeleton.
Only one full day was available for testing with the breath
analyzer system. This was unfortunate, because the six tests
could not all be taken with the same initial ﬁtness level, and
repeating tests was not feasible.
Because of the time involved to put the exoskeleton on and
take it off, ﬁrst the tests without exoskeleton were performed
in all scenarios. After this, the exoskeleton was put on and
testing continued with unpowered and powered exoskeleton
in all scenarios.
IV. R ESULTS AND D ISCUSSION
Typical values for the gain factor α are 3.0 bar/mV and 4.6
bar/mV for the left and right ankle joints, and 9.6 bar/mV and
9.2 bar/mV for the left and right knee joints, respectively. A
gain factor of 3.0 bar/mV means that PAM pressure is set to
3.0 bar when the average (unampliﬁed) sEMG level is 1.0mV.
The gain is higher for knee joints, because sEMG signal levels
were found to be lower for the rectus femoris muscle (acting
on knee joint) than for the gastrocnemius (acting on ankle
joint).
Figure 6 shows the rectiﬁed and scaled sEMG level (green),
setpoint pressure (red) and measured pressure (blue) of the left
ankle (plantarﬂexion) during 7 seconds, while the test subject
was performing unspeciﬁed motions. It can be seen that the
non-smoothed sEMG signal is stochastic; the setpoint pressure
is much smoother with some delay (50-100ms typically),
and the measured pressure in turn follows the setpoint with

Oxygen consumption measurements for the 3 km/h treadmill scenario are graphed in Figure 7. In the ﬁrst minute of
the test, the oxygen consumption rises slowly to some value
from where it stabilizes. Comparing the stable levels of the
three situations (averaged over the last three minutes), we
can observe that oxygen consumption level differences are
minimal.
Walking at 5 km/h turned out to be too difﬁcult to assist
effectively. With typical gain settings, the exoskeleton was
impeding certain body movements, rather than supporting
them. Lowering the gain factors or changing the time constant
of the sEMG low-pass ﬁlter did not help; optimal gain values
were found to be just zero, so this scenario was skipped in the
powered exoskeleton tests.
B. Stairs scenario
The stairs scenario was the one where the assistive force of
the exoskeleton could be experienced best. When ascending
a stairs, the knee joint slowly goes from 90° ﬂexed to fully
extended position and the ankle joint performs about 30°
plantarﬂexion, while the human body is lifting itself. During
this motion, it was experienced that the PAMs gave signiﬁcant
support. As no load cells were installed, the actual assistive
force is unknown, but the maximum force is known to be
270N. So at a pressure of 6.0 bar and 50% of maximum
contraction, the assistive force would be approximately 135N.
The test with the unpowered exoskeleton in the stairs
scenario was repeated before performing the ﬁnal test with
powered exoskeleton, because the ﬁtness levels were no longer
comparable which inﬂuenced the energy expenditure. So the
scenario is split in two runs.
In the ﬁrst run, wearing the (unpowered) exoskeleton
dropped the energy expenditure by 4%. There is no good explaination for this, other than statistical variation. The second
run shows that powering the exoskeleton increases the energy
expenditure by 4%. Again, this difference is too small to be
statistically signiﬁcant.
Figure 8 shows the pressure graphs of all four PAMs. Climb
is started with the right leg; we can observe that at t=1s, right
knee support is maximally activated, helping to extend the
knee. Left ankle, and then right ankle supports with stepping
up. One second later, the pattern is repeated with the left leg,
and then with right again after which the top of the stairs has
been reached.
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PAM selection Only the smallest PAMs (diameter 5mm)
were used, because the available 10mm and 20mm PAMs
were too long to install on the exoskeleton. Using bigger
PAMs would result in more powerful assistance; the
exoskeleton structure also needs to be reinforced in this
case and valves with higher maximum airﬂow are needed.
PAM control strategy In this research, PAM pressure
was set proportional to muscle activity. This approach
might be too simplistic. By measuring joint angles and
estimating forces/torques, extra information would be
available which might make a more effective support
system possible.

2

V. C ONCLUSION
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Fig. 8: Knee and ankle (setpoint) pressure graph for stairs
scenario.
Around t=5s, descending starts; while right leg goes down,
left knee extension support is maximally activated although
the knee is being ﬂexed, this is to oppose the gravity forces.
At t=8s, ground level is reached after which the entire process
is repeated. We can also observe that the ankle joint support
is more random than knee joint support, this might be because
ankle joint movement is used for keeping balance.
C. Possible reasons for ineffectiveness
An overview of measurement results is shown in Table I.
The energy expenditure did not rise or lower signiﬁcantly
when the exoskeleton was worn, regardless whether it was
powered on or off. For comparison, the second prototype (discussed in [3]) observed a 20% increase in energy expenditure
when the exoskeleton was worn, and no signiﬁcant additional
change when it was powered on.
So, it can be said that the new powered exoskeleton does not
add signiﬁcant load to the person and it does not impede lower
limb movements, but it is also unable to perform a positive,
measurable net amount of work. There are various possible
reasons for this:
• Multisite sEMG Only one sEMG sensor was used per
joint. Combining information from multiple, independent
sEMG sensors would give more accurate muscle activation information, because the signals are random in nature
and need to be smoothed.
• Timing It is crucial that assistance is given at the same
instant when the corresponding muscle contracts, but it
turned out that it is difﬁcult to optimize the time constant
in the sEMG ﬁlter experimentally. If assistance leads or
lags muscle activity, then the human body probably has
to do extra effort to compensate for it.
• Training The human body has to adapt to the presence of
artiﬁcial muscles. It may take a long time to get used to
it and change the gait pattern accordingly to take optimal
advantage of assistance.

When wearing the powered exoskeleton, the test subject experienced signiﬁcant assistive forces in lower limb movements.
The transfer of forces from PAMs to human body was better
than in the second prototype discussed in [3].
Energy expenditure measurements did not show any signiﬁcant change in energy consumption when the exoskeleton
was worn, whether it was powered or unpowered. At least, it
conﬁrms that the exoskeleton is lightweight and easy to wear,
which is an improvement over the second prototype which
recorded a 20% increase in energy expenditure [3] when the
exoskeleton was worn.
Some exoskeletons, such as HAL-5, are powerful enough
to carry the extra weight and still deliver positive assistance.
But exoskeletons involving PAMs might be better suited to
soft exoskeletons.
The use of sEMG signals as input to the assistance control
system gives the user full freedom in the motions. Unlike in
other studies, it is not necessary to stick to a predeﬁned gait cycle to receive assistance. Signiﬁcant support was experienced
when standing up and climbing a stairs, actions that involve
lifting of the person’s own body and thus require considerable
effort.
The system can be improved in many ways. The choice
and attachment of the PAMs could be improved; joint angles
and force measurements could provide more insight in joint
torques, power transfer and work; combining multiple (and
smaller) sEMG sensors could should give smoother signals; a
more detailed training system could result in a better optimized
set of parameters for assistance control.
No earlier research involving a soft exoskeleton driven by
sEMG signals could be found, so this research might be the
ﬁrst of this kind. One can expect that further research will
result in better designs, getting closer to the goals of delivering
signiﬁcant, measurable assistance.
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Abstract— This paper provides a summary of the work carried
out in the ﬁrst iteration in the development of a scaled test track
laboratory, which currently is under development in the Adaptive
systems research group at Chalmers University of Technology.
The scaled test track intended as a tool for research, development, and testing of active safety systems for cars and trucks. The
scaled test track is based on R/C scale model cars, which have
been modiﬁed with on-board computers and cameras. A local
positioning system, based on IR cameras, is used for tracking
vehicle motions, and the execution of the test scenarios is handled
from a central server node. Furthermore, a wireless computer
network is used for sharing data and control signals within the
system. Apart from the physical vehicles, an arbitrary number
of virtual cars can be simulated.
So far, two relevant test scenarios have been successfully
executed in the scaled test track, in order to demonstrate and
verify the functionality.

I. I NTRODUCTION

AND

M OTIVATION

In this paper a novel methodology and test bed for research
and development in connection with active safety systems
for cars and trucks is presented, namely a scaled test track
(STT). It is mainly intended for rapid prototyping, testing, and
demonstration of novel active safety functions and systems.
The main aim with this paper is to describe the ﬁrst fully
operational version of the STT laboratory and motivate its
development.
A. Background
Development of active safety functions and systems for
cars require extensive testing and validation [1]. Contemporary
methodologies include, for example computer simulations,
driving simulators, and test tracks. Recently, other methodologies have also started to emerge in this ﬁeld, such as
augmented reality [2], and scaled test track systems of the
kind described here.
While computer simulations often are a cost efﬁcient approach to developing and testing active safety functions, the
results obtained from such simulations must always be validated using controlled physical proving ground tests. However,
such tests are typically expensive and time consuming, hence
the development of the STT described here. The scaled test
track is intended as an intermediate step between computer
simulations and full scale proving ground testing.
∗ Corresponding

author

B. Aim and Purpose
The main aim with this project is to build a functional test
facility for active safety systems and autonomous vehicles,
using scale model cars.
The purpose with this laboratory is three-fold:
1) To provide an efﬁcient tool for development, testing, and
demonstration of active safety functions, mainly from an
industry perspective.
2) Contribute to research on autonomous vehicles and
autonomous driving of vehicles.
3) Acquire new knowledge about scale model car test
tracks as test beds for active safety systems and autonomous driving.
C. Motivation
The scaled test track is a high impact embodied simulation,
visualization, and user experience tool, for which the principles of embodiment and situatedness constitute the foundation
[3]. The kind of symbols, representations, and solutions that
are developed should be grounded in the physical world, and
not depend on how a computer simulation, or driving simulator
was designed.
In the case of the STT, the downscaling will lead to scale
model car dynamics which differ, in non-linear ways, from the
dynamics of real cars. Furthermore, road conditions, such as
friction, may not scale linearly either. However, while that may
give rise to certain artifacts, the physics is real. Furthermore,
the use of scale models is considered a valid methodology in
other technical areas, such as e.g. vehicle aerodynamics tests
and hydrodynamics in connection with developing ships. Thus,
one may argue that a similar approach can also be useful in
vehicle safety research.
In the case of computer simulations there might be several aspects of physics that are too simpliﬁed, such as the
representation of the environment. The working hypothesis
regarding the usage of the STT as a test bed is the following: It
should mainly be focused on rapid prototyping of active safety
functions, or algorithms, and design of test scenarios, rather
than on driver behavior and the detailed aspects of vehicle
dynamics.
Speciﬁcally, the scaled test track can be used as a debugging
tool for setting up full-scale test scenarios on a test track. It
can also be used for testing near the physical limits and for
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investigating hazardous scenarios, for example those involving oncoming vehicles. Furthermore, it could be used as a
powerful visualization tool and demonstrator, for developers,
sponsors, and customers.
Another strength of the scaled test track is the ability of realtime interaction of real, physical scaled vehicles with virtual
cars, see Subsect. III-B. Thus it provide means for a seamless
transition between computer simulation and physical testing.
D. Paper organization
The rest of this paper is organized as follows: In the next
subsection some related work is described. In Sect. II the
scaled test track system is introduced, and its overall structure
and parts are described. Then, in Sect. III two system tests
carried out with the scaled test track are described, followed
by the results and discussion in Sect. IV. The paper ends
with some conclusions and some directions for further work
(Sect. V).

Fig. 1.

A schematic depiction of the scaled test track.

E. Related Work
There exist some examples of using the concept of scale
model cars in connection with research and development of
vehicles. However, the focus on active safety systems and
autonomous driving issues is, to the authors’ knowledge,
unique for the STT lab.
In [4] a system is presented that also uses a combination of
physical and computer simulations, but in a trafﬁc ﬂow simulation and vehicle-to-vehicle communication research context.
A test bed for studying long-duration multivehicle missions
in a homeland security and surveilance context has been
developed at MIT [5]. It is mainly focused on unmanned
aereal vehicles (UAVs), but it also involves ground vehicles
to some extent. Another example of a physical, experimental
platform is from KTH in Stockholm, where researchers have
built a test bed using scale models of trucks and quadrotors,
[6]. The aim is to bridge the gap between theorethical and
experimental control theory, focusing on multi-agent systems
and cooperative control. Speciﬁcally, applications are on the
form of platooning and surveilance.
II. S CALED T EST T RACK S YSTEM
A. Overview
The scaled test track consists of six major parts, namely;
(1) an arena, or a scaled trafﬁc environment, which should
match the given test scenario; (2) miniature vehicles, i.e.
state–of–the–art radio controlled scale model cars modiﬁed
with on–board computers, sensors and cameras; (3) a local
positioning system (LPS), another essential component of the
scaled test track lab. It provides high accuracy information
about the current position and orientation of the cars in
the arena, in real–time; (4) a driver’s control station. Its
main function is to allow a human driver to steer a car in
the environment, by means of visual feedback from the onboard camera. It should be noted, however, that the miniature
vehicles can be automatically controlled by the system, using
drive ﬁles and driver models; (5) a distributed computer system

used for monitoring and controlling all parts of the STT lab.
The major functions of the server are to steer the execution of
the test scenarios, manage the data logging, and provide the
interfaces for the driver’s control station and the test leader. In
addition, an arbitrary number of virtual cars can be simulated
in the environment, see Fig. 1. The main parts of the scaled
test track will be described in more detail in the following
subsections.
B. Scale model cars
The current set-up consists of two cars, namely a subject
vehicle and a target vehicle. In the context of active safety
testing, the former refers to the vehicle under test, equipped
with the systems under evaluation, and the latter refers to the
vehicle that have the principal interaction with the subject
vehicle during the test.
1) Subject vehicle: As a basis for the subject vehicle a
commercially available state-of-the-art radio controlled (RC)
scale model car was selected, namely the FG Sportsline 10-530
4WD car [7]. The car has a four–wheel drive (4WD) system,
including two differential gears, individual suspension for each
wheel, and Ackermann steering. In the current version, the car
is equipped with wheel brakes only on the front axle.
The scale of the car is approximately 1:51 , which makes
it suitable as a platform for modiﬁcation and as a carrier for
extra equipment, such as computers, sensors, and batteries.
Off-the-shelf, the car was equipped with a powerful, twostroke gasoline engine, which had to be replaced with an
electrical motor, since the car is intended mainly for indoor use
in the current application. Therefore a brushless direct–current
(BLDC) motor was selected as a replacement.
The data communication and computational hardware onboard the car consist of three main parts: (1) A single board
PC with WiFi, (2) a microcontroller as a low-level interface,
1 The scale factor 1:5 refers to a speciﬁc class in model racing, and not to
an absolute scale versus a real car.
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and (3) an electronic speed controller (ESC), interfacing the
BLDC motor.
The on–board power supply of the car consists of three
rechargeable batteries: (1) A 14.8 V lithium–polymer (LiPo)
battery feeding the BLDC motor, (2) another 14.8 V LiPo
battery feeding the on–board PC, and (3) a 6 V nickel–metal
hydride (NiMH) battery for the steering servo and brake servo.
In order to handle the car in a safe and reliable way
during set-up and debugging a physical control panel is
mounted on the car. It constitutes the human-machine interface
(HMI), which enables interaction through switches, buttons
and signaling lamps (LEDs). Thus, the HMI is connected to the
main computer via the low-level interface (Arduino). However,
interaction with the car during runtime is enabled via software,
using the wireless network.
Furthermore, the low-level interface allows a variety of
sensors, such as accelerometers, gyroscope sensors, infra-red
distance sensors etc., to be installed. The choice of sensors in
a particular case depends, of course, on the set-up of the given
target scenario2.
Finally, the subject vehicle is equipped with an on-board
video camera, connected via USB to the on-board main
computer (PC).
2) Target vehicle: The target vehicle is also based on a
modiﬁed RC model car, but more simpliﬁed, compared with
the subject vehicle. During a test it will just follow a given
path at a given speed, thus behaving in a more static fashion.
In the current set-up, the given path is deﬁned by a black line
on the ground, which it should follow. Therefore, the target
vehicle is equipped with a line following sensor underneath. It
has also sensors for detection of obstacles. The target vehicle
only has a micro controller on-board, so it cannot be directly
controlled by the control server using the wireless network,
but its motions are logged using the local positioning system,
similar to the subject vehicle.
C. Local positioning system
A standard motion capture system was selected to provide
the functionality of local positioning [8]. It fulﬁlls the criteria
for real-time properties, accuracy, and range. It is an optical
system that utilizes data captured from image sensors to
triangulate the 3D position of an object. Data acquisition
is implemented using markers, coated with a retro-reﬂective
material, to reﬂect infra-red light that is generated near the
camera’s lens. The reﬂective markers are thus attached to the
objects of interest. The center of the marker is estimated as
a position within the image that is captured. Furthermore, if
several markers are placed at the same object in a certain
pattern, not only position of that object can be determined,
but also its orientation in 3D space.
The current system consists of four Qualisys ProReﬂex
120 motion capture unit (MCU) IR cameras and an Ethernet
communication board, which connects the cameras to the data
acquisition computer. The maximum range of the cameras is
2 A target scenario is a description of a ﬂow of events, leading to a potential
accident.
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up to 8 m, and the maximum sampling rate is 120 Hz. At that
rate, the system can track up to 30 markers simultaneously.
The selection of the Qualisys track manager (QTM) system
was preceded by an investigation of different positioning
systems and an evaluation the current system [9]. It was found
that the QTM system fulﬁlled the criteria regarding accuracy,
real time properties, and range. For example, the maximum
measurement error was found to be less than 5 mm over an
area of 5x5 meters. Furthermore, if compared to, for example,
the popular Microsoft Kinect sensor, this system is much more
advanced. While the Kinect sensor only provides RGB images
with depth information for each pixel, the QTM system can
keep track of all the 6 DOFs of many objects in a volume,
simultaneously.
The QTM real time (RT) server protocol provides the
processed motion capture data (coordinates and timestamps)
from the MCUs over a network connection. The protocol is
described in detail in the RT server protocol manual [10].
D. Driver interface
Another important part of the scaled test track is the driver
interface. Currently, it consists of a seat, a standard off-theshelf gaming wheel with pedals, and a standard computer
ﬂat–screen, placed in front of the driver.
The software for the driver interface includes a graphical
user interface for the human driver, where information about
speed, steering angle and so on is presented. Furthermore,
real–time video, which is streamed from the on-board camera
of the subject vehicle, is presented to the driver on the
ﬂat–screen.
This arrangement provide means of using a human driver
for the subject vehicle. The main purpose is to inject human
driver behavior in the embodied simulation loop, which is less
deterministic than a programmed driver model.
E. Software architecture
Currently, the main functionalities of the software architecture include: (1) a communication framework, (2) simulation
of vehicle and driver models, (3) an interface to the LPS, (4)
manual control of scaled vehicles, (5) logging of any available
data, (6) real-time presentation of data, (7) graphical interface
for relevant parts, and (8) a low level interface to the microcontrollers aboard the scaled vehicles.
The architecture was divided into four main parts, namely:
(1) server, (2) controller, (3) car, and (4) monitor. Each
part runs as separate applications and communicate through
a conventional user datagram protocol (UDP) network. The
UDP protocol was selected due to its good real-time properties.
Each application communicate using a so called service that
deﬁnes their respective capabilities. Below, three services
(server, controller, and car) are described using ﬂowcharts and
the special pseudo code described in Table I.
1) Server application: The server application (Fig. 2)
works as the central node of the software architecture. The
server is responsible for keeping track of all the peers in
the network by holding an updated version of the so called
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TABLE I

send PacketServerPoll to Server at 1 Hz
send PacketCarStateRequest to Car at 1 Hz
send PacketCarStateUpdate to Car at 20 Hz

E XPLANATION OF THE PSEUDO CODE KEYWORDS .
Keyword

Explanation

send
on
update
return

Initiates a communication stream
Responds to a communication stream
Updates an internal model
Starts a new communication stream that is returned
to the original sender
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on PacketCarState
update Presenter
on PacketRoutingTable
update RoutingTable

Fig. 2.

3) Car application: An instance of the car application
(Fig. 4) runs on each scaled vehicle. It is responsible for
relaying incoming control commands, either from a controller instance or a driver model, to the low-level microcontroller. The micro-controller, see Fig. ??, is based on the
ATmega2560 [11] and receives commands from the car application instance through an USB interface. The car application
is also responsible for acquiring and then transmitting data
from the on-board sensors and cameras.

A ﬂowchart of the Server application.

routing table. The table contains the client name and network
address for each connected peer. Also, the server keeps track
of the current state of the user scenario, based on both realworld measurements (typically from the LPS) and simulation.
Importantly, since the server is responsible for the current
state, it can easily inject simulated virtual entities into the
scenario, meaning that real-world objects easily can be mixed
with virtual ones. Furthermore, since the server holds the
current state, it is also responsible for collecting and storing
the logged data. There can only be one server instance running
at any given time.
Server service:
on PacketServerPoll
update RoutingTable
return PacketRoutingTable at 1 Hz

Fig. 4. A ﬂowchart of the Car application. The SerialOut and the SerialIn
objects are connected to the low-level controller of the vehicle. Note: the
DriverModel and ActiveSafety blocks are not yet implemented.

Car service:
send PacketServerPoll to Server at 1 Hz

2) Controller application: The controller application
(Fig. 3) is used for manual control of any scaled (or virtual)
vehicle in the scenario. It provides (1) a graphical interface
presenting a feed from the on-board camera of the controlled
vehicle, and (2) an interface to a steering wheel and pedals.
Any number of controller instances, each controlling a speciﬁed vehicle, can be running at the same time.

on PacketCarStateRequest
return PacketCarState at 10 Hz
on PacketStateUpdate
update Serial
on PacketRoutingTable
update RoutingTable
4) Monitor application: The monitor application is basically used as a graphical interface to the server application. It
presents the current scenario state, the routing table, and other
relevant information to the user. The interface also contains
controls for scenario and logging management. Typically, only
one instance of the monitor is needed.

Fig. 3. A ﬂowchart of the Controller application. The Presenter object
updates the GUI.

Controller service:

F. Interfaces
When using the scaled test track system for development
and research, it is important to provide a modular design and
well-deﬁned interfaces for each module. Here, there are three
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main interfaces: (1) the driver model, (2) the active safety
function, and (3) the vehicle dynamics.

Fig. 5.

A schematic depiction of the driver model interface.

1) Driver model interface: The driver model interface
consists of three output signals and four inputs, see Fig. 5.
The outputs are the control signals brake, throttle, and steering
wheel angle. The brake and throttle signals are ﬂoatingpoint values in the range [0.0, 1.0], as conventional in driver
modeling. In order to generate output signals, the driver model
may use sensor data, or a drive ﬁle, which typically is a
speciﬁcation of a desired vehicle path. In order to follow
the desired path, mathematical models of longitudinal and
lateral control is used, such as described in [12]. Even though
some standard driver models will be included in the software
framework, the intention is also that custom driver models
could be used for speciﬁc purposes. Furthermore, the driver
model is fed with signals from the local positioning system,
and signals from the vehicle itself. In the latter case, it is
typically some kind of alert signal.

Fig. 6.

A schematic depiction of the active safety function interface.

2) Active safety function interface: The purpose of the
active safety interface is to provide a well deﬁned interface for
any active safety function that one wishes to evaluate in the
STT lab. As seen in Fig. 6, the system is allowed to generate
four different output signals, and it can operate using ﬁve
different inputs. As also seen in the ﬁgure, the brake, throttle,
and steering signals can be controlled, observed, or both.

Fig. 7.

A schematic depiction of the vehicle dynamics interface.

3) Vehicle dynamics interface: The main purpose of the
vehicle dynamics model is to provide a connection between the
controller (either human driver, driver model, or active safety
function) on one side, and the car (hardware) on the other. For
example, the throttle signal output from the driver model is a
ﬂoating-point number ∈ [0.0, 1.0] that must be converted in
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four steps: First (1) to an unscaled speed (km/h), then (2) to
a scaled speed (m/s), then (3) to an integer value (∈ [0, 255]),
and then (4) to a three phase pulse–width modulated electrical
voltage, before it reaches the BLDC motor.
The input and output signals of the vehicle dynamics interface are depicted in Fig. 7. The reason for the bi-directional
steering is the fact that the vehicle dynamics might cause
steering due to the aligning torque. Regarding sensor signals,
there are two main types: (1) those that will emanate from the
scaled vehicle, i.e. hardware generated signals, and (2) those
that may be generated in the dynamics model, i.e. simulation
generated signals or simulated sensor output.
III. S YSTEM

TESTS

Two relevant test scenarios have been executed in the scaled
test track in order to demonstrate and verify its functionality,
namely (1) a manually controlled vehicle in a double lane
change (DLC) maneuver (see below), and (2) the motion of
a vehicle controlled by a drive ﬁle in a rear-end collision
scenario. The following two subsections will present these test
cases in more detail.
A. Double lane change test case
Originally, the double lane change maneuver was known
as the ”moose test” and it was then transferred to the ISO
organization [13]. The test track consists of three cone gates
and it is used to simulate an evasive maneuver. The purpose
is often to evaluate the handling performance of a car. In the
current demonstration, the lanes have been scaled down to ﬁt
the STT arena.
During the test, the task for the driver is to drive the car
from the current (start) position to this side of the nearest pair
of cones (end), via the lane deﬁned by the four cones in the
middle, as fast as possible. See Fig. 8.

Fig. 8. Photo of the scaled test track for the double lane change demonstration. There are two lanes in the track, deﬁned by the red cones shown in the
picture. Furthermore, the four Qualisys ProReﬂex 120 MCU IR cameras of
the local positioning system are placed on the tripods in the background of
the picture.

The driver was sitting in front of the driver’s interface, using
the steering wheel, pedals (throttle and brake), and the visual
feedback for control. See Fig. 9.
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and thus the vehicles are about to collide, and the truck brakes.
This event takes place after a distance of about 350 m from
the beginning of the test track, which is totally 600 m long.
The purpose with a test like this is, for example, to investigate at what distance an active safety function, such as
automatic braking, is triggered and if that is sufﬁcient to avoid
a collision.
Longitudinal position versus Time
400

350

lateral position [m]

During the whole maneuverer, the LPS was measuring the
position of the car, in real time, as shown in Fig. 10. It is
interesting to note that, apart from being very accurate and
performing measurements in real time, the QTM system is
robust as well. As seen in Fig. 10 some data points are missing,
due to the fact that some of the reﬂective markers on the roof
of the subject vehicle was occluded for a short moment, but as
soon as all three markers were visible again the measurement
was just resumed. Such artifacts are to be expected when using
QTM, and can be dealt with by carefully rearranging cameras
or the reﬂective markers.
Vehicle position in double lane change
1
0.5
0
-0.5
-1
-4

-3

-2

-1

0

1

2

3

4

longitudinal position [m]

Fig. 10. The subject vehicle’s position in the test track during the double
lane change maneuver, as measured by the LPS.

B. Drive ﬁle test case
The second test case is a modiﬁed version of an actual active
safety test, performed at the Test Center Autoliv in Vårgårda,
Sweden [14]. It is a high speed test, which simulates a potential
rear-end collision, carried out on a test track at the nearby
airﬁeld. There are two vehicles involved in this test, namely a
subject vehicle, in form of a truck, and a target vehicle. The
latter is a so called balloon car, a remotely controlled vehicle
which follows a ﬁxed track on the ground. Furthermore, both
vehicles are following drive proﬁles, which are predeﬁned in
a drive ﬁle. A drive ﬁle consists of a list of desired positions
(x, y) as a function of time (t), at a sample rate of 100 Hz.
Two such drive proﬁles are depicted in Fig. 11.
The test at the airﬁeld is carried out in such a way that the
faster subject vehicle (truck) is approaching the slower target
vehicle (balloon car) from behind, at a relative speed of 20
km/h. At time t = 39 s the graphs shown in Fig. 11 coincide

Longitudinal position [m]

Fig. 9. The picture is showing the driver’s interface, with a display of the
real time video stream, on top of a photo of the subject vehicle in a section
of the double lane change test track, performing a DLC maneuver.
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Fig. 11. The graphs are showing the drive proﬁles for a subject vehicle and
and a target vehicle, respectively.

An instance of this test was set up in the STT lab, albeit
with some modiﬁcations, mainly due to space limitations. A
modiﬁed version of the authentic drive ﬁle was used.
Similar to the full-scale test brieﬂy described above, both
vehicles drive in the center of the lane and the subject vehicle
approaches the target vehicle from the rear. When the vehicles
are at a predeﬁned, narrow distance from each other, they stop.
Both vehicles follow a velocity proﬁle shown in Fig. 11, using
closed-loop controllers.
However, in this case only the subject vehicle is a real
physical car and a simulated vehicle is used as target vehicle.
The position of the physical vehicle is tracked by the LPS
in real time, and a representation of it is inserted into the
simulation, see Fig. 12. Thus, the real, physical car and the
virtual car can interact in the virtual world, using e.g. virtual
sensors.
IV. R ESULTS AND D ISCUSSION
The result so far consists of an implementation of a ﬁrst,
completed version of the scaled test track. It has been demonstrated, see Sect. III, to have the anticipated functionality in
line with the initial goals that where set up in Subsect. I-B.
Speciﬁcally, the ﬁrst version of the subject vehicle is completed, and a preliminary version of the ﬁrst target vehicle has
been completed (Subsect. II-B). The subject vehicle can be
controlled (speed, brake and steering angle) from the driver’s
interface, via the wireless network, using a standard gaming
wheel. Furthermore, an on–board video camera has been
installed and connected with the data communication software.
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(b) Finish

Fig. 12. Depiction of the second test case. It shows both the real physical car and a visualization of the virtual simulation. See the main text for a description.

The data communication framework has been implemented,
including all necessary backbone functionality, e.g. streaming
video, transmitting control signals, and logging functionality.
See Sect. II-E.
In addition, a local positioning system has been investigated
and integrated with the overall system, see Subsect. II-C
and [9]. Thus, closed-loop control of the vehicles has been
achieved, and motion logging.
There is, however, need for improvement and further development of some parts. For example, at this point it is not very
easy to manually steer the subject vehicle, using the streamed
video for feedback. In fact, it was rather difﬁcult to drive
through the DLC test track (see Subsect. III-A) without hitting
any of the trafﬁc cones, even at very moderate speeds. Most
likely, this stems from the fact that the visual ﬁeld becomes
rather narrow when seeing through the wind screen of the car,
using the rather simple video camera currently installed in the
car. Additionally, the lack of depth seeing is probably also a
cause for that problem.
Furthermore, the vehicles must be repositioned to their
starting positions manually, when doing repeated tests. After
a while, that becomes rather cumbersome. There is, of course,
also a risk that the human operator ruins the tests by lack of
precision when carrying out the repositioning.
The scaled test track is primarily intended for use in
connection with development, testing, and validation of active
safety functions for cars and trucks. It is not meant to replace
any of the current tools and methods, such as computer
simulations, driving simulators, or full–scale proving ground
tests. It should be seen as a novel, complementary tool, which
could provide new insights to the ﬁeld. The reliability of
results obtained in any of these tools will depend on the
validity of correctly captured vehicle dynamics, test scenario
set–up, the human driver’s perceptional inputs etc. Neither of
these tools, including the scaled car test track, are perfect in
that sense, but they all have their advantages and disadvantages. In the light of the existing methodologies, it seems
reasonable to think that the scaled car test track lie closest
to simulations. It can be seen as an embodied simulation,
rather than a one–to–one down–scaling of full–scale, physical,
proving ground test environment.

V. C ONCLUSIONS

AND

F UTURE W ORK

A. Conclusions
So far, the STT concept seems to bee a promising approach,
see Subsect. IV. However, it also poses some challenges, in
order to become a really useful test bed. However, its potential
is large, e.g. in terms of making the test process faster and
more efﬁcient, and provide new insights into test methodology.
B. Future Work
As indicated above, in Sect. IV there is a need for improvement of various aspects of the scaled test track. For
example, the visual feedback system must be improved, in
order to become a useful component of the STT lab. There
might be need for replacement of the actual camera, perhaps
there should be more than one camera in the car, as well as
modiﬁcations of the vision software. That will be topic for
further investigations.
Another urgent modiﬁcation is to enable automatic, repeated
testing, while minimizing the need for human intervention in
the test process. That could be achieved by letting the car
repositioning itself to the start position, or by introducing a
return path for the vehicles. Since the local positioning system
is both accurate and robust, that should be possible by just
extending the number of IR cameras. The QTM system allows
for up to 256 cameras in the same set up. That big number
of cameras should not be needed, but we aim to extend the
current system of four cameras, to a total of eight cameras in
the near future.
As pointed out above (see Subsect. I-C), the dynamics of
the STT lab does not scale linearly compared with full scale
physical cars, so test aspects involving detail vehicle dynamics, including road conditions, cannot be directly compared.
Therefore, a method should be developed for analysing the
boundary of validity of the STT lab.
Furthermore, an ambition is also to extend the context of
the of the scaled test track, to also include simulation of
site vehicles (such as dump trucks, articulated haulers, and
wheel loaders) in a realistic setting. These kind of construction
vehicles are often used in conﬁned areas, such as a rock
processing plant, or an open pit mine etc. We are convinced
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that the STT lab could be an excellent basis for a test bed for
this type of application.
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Abstract— The complexity of mechatronic systems in general and
their control software in particular keeps increasing. For years
already, model-based development promises to ease a lot of the
challenges in the development of mechatronic machine
controllers. Still, its adoption by machine builder companies often
remains limited to the algorithmic part of the controller, typically
using tools such as Mathworks® Simulink®.
This paper explains how model-based development can support
other aspects of a mechatronic controller (such as its
componentization) and how machine builders can adopt the
required techniques. We present some trends observed in
industrial use cases, the trade-offs the software architects are
facing and the issues they have experienced. Although no silver
bullet exists, some valuable guidelines are provided for
developing a model-based software development strategy.

I.

INTRODUCTION

The power and flexibility of software enables the
development of countless machine features. While software’s
flexibility is a significant strength, it is also a fearsome enemy.
Software becomes complex, difficult to manage and error
prone. For some aspects of machine controller software, modelbased development has come to the rescue. For example the
control algorithms contained in controllers are well covered by
tools such as Mathworks® Simulink® [1]. Two major qualities
of such a tool are key to its success. First, the tool offers
concepts on a higher abstraction level than the traditional
software concepts for implementing them. This way, the control
designer can reason at that higher level, less disturbed by the
details of lower abstraction levels. Second, the created models
become part of the mechatronic product by generating code
from them. This distinguishes them from other model kinds
used for analysis (e.g. UML use cases [2]) or simulation (e.g.
Modelica physical modeling [3]), which add good value during
other phases or branches of the system engineering life cycle.
Unfortunately, considering the investigated industrial cases,
the advantages of model-based development didn’t penetrate
far beyond the control algorithms. Numerous other aspects of

the software of a modern machine controller, such as
configuration, safety, variability, error handling and security
are still satisfied by manual coding, although model-based
methodologies exist [4], [5], [6] and have proven valuable [7].
The paper’s purpose is to explain the lessons learned during
the introduction of model-based techniques in the controller
software development of small-sized machine builders. For the
sake of clarity, the aspect of componentization of machine
controller software is used as an example throughout the paper.
It is shown that the automotive standard Autosar [10] is a
valuable source of inspiration for machine controller
components (II) and that customization benefits from formal
metamodeling (III). Next, the paper discusses machine
builders’ challenges to create and maintain custom tooling (IV)
in particular model editors (V) and model exploitation (VI).
Several drivers for cost and value specific to the machine
builders were observed and are listed in (VII). The paper
concludes that textual model editors or UML profiles based on
formal metamodels are the only viable alternatives for smallsized machine builders (VIII). It finally suggests future work
(IX) in the direction of AutoSAR-alike standard architectures
and tooling for machine controllers.
AUTOSAR AS A COMPONENT FRAMEWORK FOR
MACHINE CONTROLLERS?
To support the aspect of reuse, software developers often
use the technique of modularization or more specifically,
componentization [8]. Components can be individually
designed, developed and tested. Later, they can be reused in
different configurations, each with a different selection of
components or with different connections between them. As
such, they are key building blocks for the reliable production of
machine variants or full product lines.
II.

Contrary to the availability of component frameworks for
desktop software [9] or in the automotive industry with
AutoSAR [10], there is no real standard component framework
for the machine builder industry. Since machine building is
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technologically close to the automotive industry, it could seem
a safe bet to go for a mature automotive industry standard.
Unfortunately, machine builders – typically having way
smaller production volumes and development teams than the
automotive industry – usually consider this standard too broad
for them. Adopting AutoSAR would force them into a steep
learning curve. The standard covers many more features than
they need and requires AutoSAR compliant tools and hardware.
For example, machine builders often only use one controller per
machine. In that case, AutoSAR’s features for inter ECU
communication are superfluous. AutoSAR compliant tools
enforce rules that enable the easy switching of suppliers of
subparts. Such rules limit the machine builder’s freedom
without the benefits for which they are created.
Yet, these observations do not invalidate AutoSAR’s
component framework. Being mature and industry proven it
can be treated as a valuable source of inspiration for the
component frameworks of a machine controller, next to other
more generic frameworks like Orocos [11] and parts of
CORBA [12].
III. FORMAL METAMODELING
Since no component standard exists for machine builders,
the architect needs to thoroughly analyze the company’s needs
and constraints. It is good practice to adhere to well proven
frameworks and carefully determine where deviations are
required. Those important analysis and scoping decisions need
to be taken and documented in a clear and unambiguous way.
This could be achieved in some textual document, but formal
metamodeling invaluably contributes to the efficiency and
effectiveness of this process.
Although the need for metamodeling is not specific to the
machine builder domain, the complexity of this domain is an
additional motivation for a formal approach. Unfortunately, the
metamodeling technique and the corresponding languages such
as MOF (Meta Object Facility) [13], Eclipse Ecore [14] and
some proprietary ones all originate from the software world,
which is not the background of most mechatronic engineers.
A fragment of a simplified metamodel for components is
shown in Figure 1. Such a metamodel clearly describes all the
concepts that occur in a domain. For each concept, it describes
attributes and relationships. Additional constraints, not directly
expressed in the metamodel, can be captured in notes or in
formal constraints (e.g. using OCL [15]).
The creation of a formal metamodel helps in multiple ways.
•

Clarity – During discussions between team members, it
leaves limited room for interpretation.

•

Verification – Because of its strict semantics, a
metamodel can be verified. Creating instances quickly
proofs whether the metamodel matches the needs.

•

Solid base – Next steps build on the formal metamodel.
If well integrated with the metamodel, the next steps
can automatically respect the rules defined in the
metamodel. Skipping the formal metamodel altogether,
causes a vague distribution of domain knowledge over
the next steps, as will be indicated later.

Figure 1. A fragment of a simplified metamodel for components. It shows
ComponentTypes that can own requester ports (RPort) and provider ports
(PPort). Additionally it supports component nesting and connectors.

When machine builders enter the world of modeling, the
apparent ease of widely used UML diagrams and the flexibility
of profiling cause modelers to immediately think of a UML
profile as a way to express their formal metamodel.
Unfortunately, the following UML profiling pitfalls then seem
commonly neglected:
1)

A profile is not a metamodel

There is a gap between the expressiveness of a metamodel
and of a profile. OMG states “A profile is a restricted form of
metamodel that can be used to extend UML.” (from the chapter
on Profiles in [2]). An example of such a restriction concerns
composition. While a metamodel knows the frequently used
concept of composition, profiles can’t handle composition
between stereotypes. If both Car and Wheel are stereotypes
extending the MetaClass Class, a profile has no native way to
state that a Car is composed of four Wheels. OCL or tool
specific configuration would be required.
In fact, a profile could be better considered as a mapping of
a real metamodel to UML concepts. In that sense it would be
advantageous if profiled elements would be automatically
consistent with the underlying metamodel. In most cases, a
profile does not have such an automatically maintained link, but
is manually crafted to match metamodel concepts. Creating this
mapping and primarily maintaining it, causes additional effort
and risk for inconsistencies. Some decent approaches exist [23],
[24], [25] but have no broad adoption.
2)

The desired metamodel is not UML’s metamodel

The desired domain is not necessarily close to UML. Since
UML knows components, the example about components
introduced above seems close to how UML defines
components, but even then some care should be taken. A profile
can add some concepts to UML, but cannot conflict with UML.
Once a domain defines some extension that is not allowed
according to UML, a profiled UML editor will flag it as an
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error. The editor should not allow any violation of the UML
rules and most of them enforce this.
Additionally, a profile has only limited abilities in reducing
the UML complexity. Sure some elements can be left out, but
the definition depth usually remains. A profile cannot allow the
user to skip the construction of intermediate model elements
that do not match any domain concepts. It forces the user to
create them anyway, adding unnecessary complexity. Some
proprietary tool customization allow to work around this to
some extent.
So as a conclusion, in all executed industrial cases it seemed
optimal to define the domain formally in an independent
metamodel, not limited to just a UML profile.
IV.

Eds. Leo J De Vin and Jorge Solis

A. Custom textual syntax
Good tools to develop textual model editors exist. Xtext
[17] for example has a perfect integration with Ecore
metamodels and a reasonable learning curve, also for quite
advanced features. Additionally, a textual syntax has the
advantage of being quite manageable in the face of metamodel
evolution, model comparison and versioning. Since all stored
models are text files, generic text processing tools or lightweight scripts can be used to apply small changes to the models.
Textual editors support the user with features such as syntax
highlighting, code completion, context sensitive help, and fast
model navigation to referenced elements.

TOOLING FOR COMPONENT MODELING

To support the model-based development, the product
developer needs tools that allow him to create, update and use
the models.
For machine builders, this poses a next important challenge.
Most of them do not want to produce custom tools and they
have valid reasons for this attitude. Machine builders produce
machines, not software development tools. Because of their
typically small software development teams, it can be
challenging to acquire the skills to create such tools,
maintaining those skills and maintaining the tools themselves.
A custom tool is by definition a significant cost.
On the other hand, a dedicated tool also returns value,
typically by reducing development time and bugs and
increasing clarity and adherence to company standards. The
question therefore is not whether to create a tool. The question
is rather how to optimize the balance between a tool’s value and
its cost (VII).

Figure 2. Example of composite component defined with a textual syntax.
(Figure 3. shows the same concepts in a graphical syntax.)

B. Custom graphical syntax

Different kinds of tools are required to support the
consecutive steps of the model-based development chain. The
following sections highlight some of them and their usability
for machine builders.
V.

MODEL EDITORS

As mentioned above, a component metamodel indicates that
there exists such a thing as a “Component” and that it can have
“Ports”, a product developer can use the model editor to make
any number of these “Components” and give them the “Ports”
he needs.
A big part of the value of such a model editor comes from
the fact that it enforces the metamodel. The metamodel defines
what is a valid model and what not. While the metamodel
defines the concepts (their semantics), it doesn’t define how
these concepts should be represented (their syntax).
Components could be represented textually, somewhat like
classes in C++. Alternatively, they could be drawn graphically,
similar to UML diagrams. The choice between textual and
graphical syntax needs to be made.
Whatever syntax is chosen, creating a model editor is quite
some work, but some differences exist. Below, a quick
overview of today’s options followed by model editor
conclusions and guidelines observed in the industrial cases.

Figure 3. Example of a composite component defined with a graphical
syntax. (Figure 2. shows its textual counterpart.)

For representing relations between parts (e.g. associations
between the created components), diagrams often win from
textual descriptions. Unfortunately, graphics are inherently
more complex in their representation, hence developing a
graphical model editor is more complex. Tools like Sirius [18]
aspire to make the creation of a graphical model editor easier,
but currently available tools like GEF [19] or GMF [20] have a
steep learning curve.
C. UML profile as graphical syntax
Because of the ubiquity of UML as a modeling language for
software systems and because of the availability of decent
graphical editors for UML, it is often considered as a first
choice to graphically edit domain specific models. As stated
above, the UML standard defines how profiles can be used to
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customize UML models and most UML editors provide a way
to define and use such profiles [2].

interface and a graphical syntax to define relations between
components.

Although profiling is a mature and valuable technique [21],
there are some risks. Without much of a thought, companies
seem to be choosing for UML (profiled or not) as a graphical
editor, directly representing their domain knowledge, skipping
the formal metamodeling step. When it becomes apparent that
UML cannot capture an aspect of the domain, the domain
knowledge is captured in naming conventions or by using
specific UML features for other than their intended purpose or
even by delaying corresponding aspects to the code generation
phase. Such inconsiderate use of UML defeats clarity, increases
the cost of the next steps in the model-based workflow, and
causes maintenance issues.

As long as the model editors produce instances of the same
metamodel, this approach is feasible. Once different
metamodels come into play, cross editor referencing becomes
more difficult. This is quite a common scenario for machine
builders. Traditionally, machine controller software is often
coded in C/C++ and frequently Simulink® is used for the
control algorithms. So, whatever model-based strategy is
adopted, the introduced metamodel will need to integrate with
the metamodel of C++ and Simulink®. Similarly, if a UML
profile is used as a graphical editor covering a part of the
metamodel, UML’s metamodel comes into play, causing the
need for potentially challenging transformations or
synchronizations.

D. Model editor guidelines
Given all those possibilities, choosing the right model editor
strategy is a difficult choice in the development of a modelbased strategy. Based on the elements discussed above, the
following guidelines proved useful in the industrial use cases.
1) Metamodel and model editor should be strongly linked
When creating a model editor, one could consider the
metamodel as a kind of requirements document and manually
code the editor to comply with that metamodel. Unfortunately,
this causes an important amount of additional development and
maintenance effort. By preference, the conformance of the
model editor to its metamodel is automatic. While this is
possible with custom textual and graphical editors, UML
profiles typically do not support a hard link with a metamodel.
2) Textual editors have a good cost-benefit ratio
Most software development teams of mechatronics
companies are small and tool development is not their core
business. They hesitate to acquire and maintain significant
knowledge that is not directly related to product development.
This is one of the reasons why only textual editors are
realistically feasible, given their relatively low complexity.

Graphical tool development can be initiated by specialized
external consultants, but the future maintenance effort of a
graphical tool still makes this option uncomfortable. The higher
cost of this development and maintenance is only acceptable in
case bigger groups of product developers benefit from the
tooling. Since the focused machine builders have small
development teams, the leverage is often too limited.

VI.

EXPLOITING MODELS

Once the product developer created models, he needs to
exploit them. One obvious exploitation is code generation.
Other exploitations can be thought of, such as additional model
validations and transformations to or from other tools for the
sake of interoperability.
The focus of this paper is on models that do not merely
describe the product, but that become part of a product. For this
reason, the models need to be integrated with other parts of the
product. This is commonly achieved by converting the models
into the same programming language as the one in which the
other parts of the product are developed. For machine
controllers this is usually C or C++. For years already, the
complexity and flexibility of C and C++ are reasons to adopt
coding guidelines such as MISRA C/C++ [22] in addition to
company coding standards. Code generation helps enforcing
these, since for the code generated by the code generator, only
the code generator needs to respect the guidelines, thereby
automatically emitting conforming code.
In case of machine component models, the model typically
does not cover the component’s internal behavior. The
component’s functionality could be implemented in C or C++
or generated from models created by Simulink®. Figure 4.
shows the component case where the generated code covers
aspects such as the wiring between the components, interfacing
towards the component framework, framework configuration
and interfacing towards the component’s internals.

3) Textual editors are good for prototyping
Because of their relative ease of development, textual
editors prove valuable during the analysis and validation of the
metamodel. Creating instances early in the process allows team
members to better understand the consequence of the decisions
taken in the metamodel. This approach is also followed in
Example Driven Modeling [17], [18].
4) A mix of editors can be optimal
As indicated above, several kinds of model editors exist and
none of them is a perfect fit for all cases. Sometimes the choice
is even different for different parts of one metamodel. Referring
back to the example of a component metamodel, one could
prefer a textual syntax for the definition of the component
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Figure 4. In the component modeling example, the generated code covers
the framework, the wiring between the components and the component
interfaces. It glues the components’ internal behaviour to the framework.
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Several guidelines allow for lowering the code generator
development and maintenance cost.
A. Accidental complexity of the metamodel
The code generator converts instances of the metamodel to
executable code. Ideally, the metamodel is well-defined and
pure. Unfortunately, a metamodel usually is not completely
pure [16]. Moreover, sometimes UML is used because of its
convenience as a graphical editor. In such a case, the inherent
complexity of UML does in no way contribute to the value of
the metamodel and therefore adds quite some accidental
complexity [28]. The code generator now needs to browse the
full UML structure, while in fact it is only interested in those
pieces that relate to the underlying pure metamodel. Profiled
UML makes this task even harder.

As an example of this added complexity, compare two
representations of a Car with four Wheels. Figure 5. shows a
representation in UML, while Figure 6. shows a pure instance
of the Ecore metamodel drawn in Figure 7. The first instance
clearly carries a lot more accidental complexity because of the
underlying UML metamodel.

Figure 7. The simple Ecore metamodel backing the instances in Figure 6.

Additionally, it is undesirable that models depend
significantly on the choice of model editor. A code generator
based on a profiled UML model needs to be rewritten in case a
company later shifts to a textual model editor. By preference,
the code generator should therefore always work on pure
instances of the metamodel.
In case profiled UML is chosen for the models, it is even
worthwhile to invest on a transformation from the profiled
UML model towards a pure instance of the metamodel and
generate code from that pure instance. This return to the central
pure metamodel achieves code generator immunity for
accidental complexity introduced by model editor choices and
therefore lowers development and maintenance cost.
B. The code generation language
Code generation is a very specific task. Some languages are
dedicated to this task. A language such as Xtend [30] closely
integrates with EMF metamodels. The language understands
the metamodel and some of its constructs are specifically
intended for code generation, which considerably reduces the
effort. Moreover, Xtend is nowadays positioned as a widely
usable language, broader than code generation only.

Most companies in the industrial use case are reluctant to
adopt yet another language and prefer sticking to general
purpose languages that they already master. Typical choices are
scripting languages such as Python. These could already be
used in build systems or for other automation tasks. Their
knowledge is spread amongst the development team and
therefore they are considered as first candidates for code
generation tasks as well. While this is a valid argument for
smaller code generation efforts, for any more advanced use of
code generation the power of a dedicated code generation
language quickly outweighs the effort of learning it.
In this context, it was surprising to see that the reluctance
against adopting dedicated languages seems to be present even
with junior engineers. It became clear that mechatronics
courses, even on university level, only sparingly discuss the
power of model-based techniques and the corresponding tools.
This is clearly a missed chance to enhance the adoption of
model-based in the mechatronics industry.
Figure 5. A Car with four Wheels, represented as instance specifications of
UML classes. This demonstrates the significant amount of accidental
complexity for UML as compared to Figure 6.
The ellipsis indicates minor parts left out for clarity.

Figure 6. A Car with four Wheels, represented as a pure Eclipse Ecore
instance. To be compared with the complexity of Figure 5.

As far as UML editors are concerned, most of them don’t
allow a free choice of code generator language. Their models
are often stored in a proprietary format. Except for an export to
semi-standardized XMI, they are usually only accessible
through the product’s internal API. This forces the adoption of
their custom code generation language. While their close
integration in the tool makes these code generator languages
very effective, it is unfortunate that the skills cannot be used
anywhere outside this tool. If any other code generation task
occurs on metamodels outside this tool, yet another language
needs to be adopted.
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VII. THE COST VALUE BALANCE
The bottom-line question for every machine builder is:
What can be gained by going model-based? While there are
clear advantages, there is also a cost. This section highlights the
main cost and value drivers perceived in the industrial use
cases.
A. Drivers of cost
1) Graphical tooling
With the current state of the art, the creation of a custom
graphical tool remains a significant investment. Certainly
during the metamodel analysis, the use of textual languages is
way more cost effective. Also in production, textual languages
are a useful choice, sometimes accompanied by generated
graphical visualizations. A typical developer in a machine
builder company is used to languages like C, C++ or scripting
languages like Python. For such a developer, a textual syntax
feels quite natural. This is quite different if the models would
need to be created by potentially less code-oriented people, like
system engineers.

If graphical editing is really required, the usage of a profile
in a UML tool is the only viable alternative as long as it is
backed by a formal metamodel. Some dedicated tools exist for
the development of graphical syntaxes (e.g. MetaEdit [31]).
2) Learning curve
Converting a part of a development workflow from
traditional hand coding to model-based development consists
of several parts, each of them coming with a learning curve. It
is a design goal to align the model-based tool as close as
possible with concepts known by the product developer. The
learning curve on that side is therefore limited to getting
accustomed with the new way of working. The biggest learning
curve is to be expected on the tool development side. A
traditional product developer does not necessarily master the
techniques to create a domain model, a model editor, code
generators and other transformations. Building this knowledge
and experience is a major cost driver. Although it can be eased
by attracting external experienced consultants, companies don’t
want to make their product development dependent on custom
tools that they do not master themselves.

The key objective is therefore to adopt as few new
technologies as possible. Since a full model-based chain has to
be constructed, the choice of well integrated, flexible tooling is
a must. The choice for Eclipse, Ecore, Xtext, Xtend and other
Ecore related tools has proven to provide one such ecosystem.
3) Maintenance
Closely linked to the learning curve, is keeping the
knowledge and spending the time to support evolution of the
model-based tooling. Like any part of product development, the
model-based development tools are subject to change. Looking
back at the component modeling example, one could want to
introduce a new kind of port or relationship. This involves
adjusting the metamodel, the model editor, the code generator
and any other transformations. Moreover, one has to be able to
still recreate old products, based on old versions of the tooling,
so the tooling has to be versioned alongside the product
versions. Changes in the metamodel could also require
conversion of the already created models. Such conversions
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require time and the product potentially requires some retesting
afterwards.
Textual syntaxes clearly offer the lowest possible
maintenance cost, but even for these textual tools the potential
maintenance cost remains considerable.
B. Drivers of value
1) High abstraction levels
Not much can be gained if the complexity of the models
comes close to that of the corresponding generated code. The
higher the abstractions in the models, the more value they will
render. This value shows in the leverage of the code generator
(write a bit, generate a lot), but also in communication.
Although the communication benefit is difficult to quantify,
every industrial case perceived it as significant. People with
different backgrounds can discuss better on models than on the
underlying code. Coaching time for new hires is reduced, since
the relevant knowledge is not anymore in the experienced
developers’ heads only, but could be found in a formal
metamodel and corresponding tools and code generators.
2) Many developers, big scope
The effort for building a model-based tooling doesn’t scale
linearly with the amount of developers nor with the scope of the
tooling. In fact, it almost doesn’t scale with the amount of
developers at all. The required knowledge and experience can
be used for any scope. Of course it is more work to support a
bigger scope, but that is only a part of the full effort.
3) Traceability
In contrast to traditional hand coded development, models
are much easier to reference or to contain references. Given the
increasing importance of functional safety in machine building
applications and the fact that functional safety standards require
traceability, the questions is not whether to switch to modelbased development for all parts of the controller, but rather
when machine builders will have to switch.
4) Multi-platform
To a certain extent, the model can be seen as platform
independent. The code generator closes the gap between the
model and a given platform. So, if the platform architecture is
improved, updating the code generator fixes the problem for all
models, without the tedious effort of lots of manual changes.
Even more, if several platforms have to be supported in parallel:
models remain unique and switching the code generator reliably
produces output for the other platform.

VIII. CONCLUSIONS
Successful application of model-based techniques in
machine controllers is a challenge. This paper presented the
experiences from industrial use cases. Working with these
cases, no single solution was discovered that fits them all.
Several trade-offs remain to be made. The following can be
concluded:
A. Formal metamodeling is a must
All next steps benefit from a formal metamodel. Even
without the next steps, it already forces the architect to
explicitly think about the solution he’s creating and it enhances
the communication between all stakeholders.
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B. Model editors are by preference textual
At the time of writing, the value for money of textual editors
is high compared to graphical ones. In case graphical is desired
and the domain does not conflict with UML, profile definition
for a UML editor can be a viable alternative. In that case, all
transformations should return to the formal metamodel before
building further on the models. Custom graphical editors are
possible if the rendered value outweighs their significant cost.
C. Integrated tooling reduces cost
The choice for a multi-purpose modeling ecosystem avoids
the cost of learning many new tools. The comfort of one open
environment reduces the cost for the tool developer. Eclipse
currently comes closest to this ideal.
D. Iterative prototyping builds confidence
During development of a metamodel, a textual editor and a
corresponding code generator allow to quickly gain feedback
from all stakeholders. Iteratively increasing the scope and
quality of each of the parts, finally leads to a solid and verified
choice of domain concepts and corresponding code generation
strategies. If finally a graphical editor would be desired, it can
be developed now with a reduced risk of expensive iterations.
E. Education plays an important role
A wide variety of machinery exists, so custom tooling will
always be a part of the machine builder’s world. Although
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Abstract— Many manufacturing companies are facing an
increasing amount of changes and uncertainty, caused by both
internal and external factors. Frequently changing customer and
market demands lead to variations in manufacturing quantities,
product design and shorter product life-cycles, and variations in
manufacturing capability and functionality contribute to a high
level of uncertainty. The result is unpredictable manufacturing
system performance, with an increased number of unforeseen
events occurring in these systems. Such events are difficult for
traditional planning and control systems to satisfactorily
manage. For scenarios like these, with a dynamically changing
manufacturing environment, adaptive decision making is crucial
for successfully performing manufacturing operations. Relying
on real-time information of manufacturing processes and
operations, and their enabling resources, adaptive decision
making can be realized with a control approach combining IEC
61499 event-driven Function Blocks (FBs) with manufacturing
features. These FBs are small decision-making modules with
embedded algorithms designed to generate the desired
equipment control code. When dynamically triggered by event
inputs, parameter values in their data inputs are forwarded to
the appropriate algorithms, which generate new events and data
output as control instructions. The data inputs also include
monitored real-time information which allows the dynamic
creation of equipment control code adapted to the actual runtime conditions on the shop-floor. Manufacturing features build
on the concept that a manufacturing task can be broken down
into a sequence of minor basic operations, in this research
assembly features (AFs). These features define atomic assembly
operations, and by combining and implementing these in the
event-driven FB embedded algorithms, automatic code
generation is possible. A test case with a virtual robot assembly
cell is presented, demonstrating the functionality of the
proposed control approach.

I.

INTRODUCTION

Unforeseen conditions and changes often restrict the
performance of manufacturing systems negatively, and both
external and internal factors contribute to an increasing
amount of uncertainty. Externally, variations and trends in
customer demand effect issues like product design, product
mix or manufacturing quantities, and lead to shorter product
life-cycles. Internally,
variations
in manufacturing
functionality and capability, caused by equipment
breakdowns, job delays, tools being worn, broken or missing,
fixture shortages, express orders, etc., also add to a high
degree of uncertainty. Conditions like these impose an
increasing number of unforeseen events to occur in
manufacturing environments. These events are often not
possible to handle efficiently by traditional planning and
control systems [1]. Since the performances of these
manufacturing systems are so unpredictable, they need to be
adaptive to be able to handle the negative impacts of
uncertainty effectively [2]. Automated manufacturing
operations, e.g. robot and machining operations, are often
tedious and time-consuming to program, involving the
creation of predefined control code for specific machines,
robots, operations and products. When an unforeseen change
occurs, the control code often has to be adjusted and
sometimes totally recreated. With an adaptive control system,
incoming events from the manufacturing system environment
could dynamically trigger the run-time generation of the
required control code for a specific machining or assembly
resource to manufacture a certain product or a variant of it.
Adaptive robotic control could then encompass the ability to
dynamically handle different variations in assembly scenarios,
such as differing assembly component locations, performing
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operations, and for verification in a virtual robot assembly
application is described in Section 5. Finally, conclusions and
future work are summarized in section 6, followed by
acknowledgments and references.
II.

IEC 61499 AND EVENT-DRIVEN FUNCTION BLOCKS

The concept of FBs has been used for a while, and was
first defined in the IEC 61131 standard [10], where they were
implemented as Function Block Diagrams (FBDs). In a later
standard, IEC 61499, the FB concept has been further
developed as a component-oriented approach, for use in
distributed control systems and process measurement, for
which the standard defines the development, implementation
and usage [11,12]. Following this standard, intelligence can be
wrapped into event-driven software components, which can be
distributed and combined into an automation control network
for decentralized control. The basic FBs are constructed with
the following main constituents (Fig. 1):
-

inputs and outputs for events and data,

-

algorithms for control instruction generation,

-

a finite state machine with different states, transitions
and actions, called the Execution Control Chart
(ECC),

-

internal variables.

These FBs can be regarded as run-time decision-making
modules, for which the overall behavior and output is
determined by their ECCs and internal algorithms. The ECC
controls the scheduling and execution of the algorithms, and
the functionality a FB is to realize is encapsulated into the
algorithms. Arriving input events will trigger the algorithms to
execute, reading and using real-time input data for creating
dynamically adjusted output data.

ECC
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AC_UPD

EO_INI
EO_RUNRDY

EO_ESS

FB_INFO

Internal Algorithms
ALG_INI
ALG_RUN
ALG_UPDATE
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Data
Outputs
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The paper is arranged as follows: Section 2 describes the
concept of event-driven FBs and the IEC 61499 standard,
while Section 3 presents and explains the concept and use of
assembly features (AFs). In section 4, an approach for
adaptive robotic control, realized through the combination of
IEC 61499 event-driven FBs and AFs is presented. A test case
with generation of adaptive control for robotic assembly

EI_RUN

EI_ESR

Data
Inputs

The presented approach in this paper, focuses on
developing an adaptive FB-based control system for robotic
assembly operations, which is able of performing controllerlevel decisions based on real-time constraints. The proposed
control concept is also applicable to other types of
manufacturing operations. The ultimate goal is to improve the
adaptability of the control system against uncertainty in realworld manufacturing systems.

EI_INI
Event
Inputs

operations with another tool, coping with changes in product
design, performing the planned operations of another robot,
etc. (“Adaptive” in this research relates to the manufacturing
system ability to adapt to changes, made possible by the
control system. Different physical reconfigurations of
manufacturing equipment, such as CNC machines and robots,
or hardware architectural perspectives, are not considered).
Research about the use of event-driven Function Blocks
(FBs) of the IEC 61499 standard has been going on for a while
and a variety of approaches for the usage and implementation
have been presented [3,4,5,6]. The majority of these are
focused on low-level device control for process and machining
operations, not on how to create adaptive control systems.
There is however a major hampering issue for realizing
adaptive FB-based control of manufacturing equipment: it is
not possible to interface FBs with native machine or robot
controllers, as these are using their own proprietary control
languages. This enforces the continuous use of equipment
specific programming codes, like G and M codes for CNC
machines and native robot languages for industrial robots, and
severely restricts the range of information that can be
communicated. To be able to build adaptive manufacturing
systems, this issue needs to be considered. For adapting
controllers to distributed and reconfigurable environments, an
enhanced STEP-NC compliant controller is described in [7].
An extended STEP-NC data model is used to describe
machining data, from the perspective of product family. It is
combined with the FB device model of IEC 61499 for
applying distributed control, and the approach is implemented
in a scenario with an XY table and linear module in an FMS
platform, controlled through a motion control card in a PC. In
[8] an FB mapping system for translating STEP-NC code into
native G and M machining codes is presented. This facilitates
porting STEP-NC data to native CNC controllers, making
product data interchangeable with a ”Plug-and-Play”
functionality. The result is an adaptable CNC system, but still
with the native language’s limitations. In order to simplify the
design of adaptive CNC machine controllers, an open layered
CNC-FB architecture is presented in [9]. Using IEC 61499 as
its development platform and a STEP-NC architecture as input
data model, the usage of IEC 61499 for the development of
distributed and open CNC systems is demonstrated. The
concept is verified in a case study with a PC controlled 3-axis
CNC vertical milling machine.
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Internal
Variables

Figure 1. Graphical description of a basic FB, defined for performing the
assembly operation “Inserting”.
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Following this FB-approach, required robot control code
can be generated dynamically, on the fly. Traditional robot
control relies on sending pre-determined control instructions
to the robot controller, and is therefore rigid in both control
program content and structure. With event-driven FBs, control
code can be created according to real-time conditions and
changing or varying requirements.
A variety of implementations of IEC 61499 FBs in
different manufacturing systems has been reported. For the
majority of these the focus has been on low-level device
control [13].

IV.

ADAPTIVE ROBOTIC CONTROL

Traditional control code generation for robots, on-line or
off-line, is often time-consuming and requires experienced and
skilled programmers. If a change occurs after the robot
program has been created, it often has to be modified or totally
redefined, as it is predefined for a specific robot, task and
product. The control code then has to be regenerated, an effort
depending on the influences and effects of the change.
Basic Assembly Features

ASSEMBLY FEATURES
a
b

Riveting

Inserting

In manufacturing, the concept of features can be applied
for defining basic, atomic manufacturing operations into
features. Typical low-level operations can be identified,
classified and mapped into different categories of features, and
is used in feature technologies such as “Feature Recognition”
[14], and “Design by Features” [15]. In “Feature Recognition”
existing product designs are examined and evaluated for
finding appropriate manufacturing operations and within
“Design by Features”, the product design is defined by
combining different manufacturing features required for
producing the product. Different categories of features can be
defined for different manufacturing tasks, as machining
features (MFs) can be used for machining tasks and AFs for
assembly tasks. In [16] an adaptive behavior in dynamic
machining shop floors is realized with the use of MFs for
process planning, scheduling and execution control of CNC
machines.

c

b

a

b
a

a
c

Placing

III.

Within robotic assembly, a high-level assembly task is made
up of sequence of minor basic assembly operations [17], e.g.
placing, screwing and inserting (Fig. 3). These operations can
all be identified as unique AFs and collected in an AF library
to be used for creating higher levels of assembly functionality.
Complete assembly applications can be conveniently created
by selecting and combining the necessary AFs. The concept of
AFs is discussed in [18], and an approach for modelling and
planning assembly operations with AFs is also presented.

Gearing

For announcing the completion and availability of new output
data, output events are created. Basic FBs are used to
implement low level or atomic functionality. Higher level
functionality or complex applications are constructed by
combining and aggregating basic FBs into a Composite FB
(Fig. 2), which constitutes and realizes the overall
functionality of a network of interconnected FBs.
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Figure 2. Composite FB: for aggregating lower level FB functionality into
applications and higher levels of functionality.
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Figure 3. Six typical assembly features
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Realizing an adaptive robotic control system, by which
robotic control is generated instantly and in response to actual
circumstances and requirements, is possible by combining the
event-driven approach of IEC61499 FBs and the concept of
AFs. By mapping unique AFs to FBs, the adaptive control unit
AF-FB is created, holding the AF functionality embedded in
the FB’s event-driven algorithms, thus able to perform a basic
assembly operation, e.g. “Placing” or “Inserting” (Fig. 1).
These algorithms are designed to realize the specific AF
functionality, by producing the correct robot control assembly
instructions, which could include; robot move mode and path,
TCP speed, level of accuracy, tool or workobject to use, etc.
An AF-FB can then be used as an executable control system
unit, encapsulating assembly data and information for any
given AF. FB algorithms are triggered by incoming input
events, in accordance to the ECC, and will adjust their output
data to prevailing conditions, after reading and processing
available real-time data input. The required robot control code
is generated instantly, on the fly, and no predefined, robotspecific control code is created. Monitoring and acting upon
real-time information enables runtime decision making for
dealing with changes in the environment, making this an
adaptive and flexible control approach. The level of
adaptability mainly depends on the algorithms and the content
and construction of the ECC, and the real-time information
which these may access and process to generate decisions. In
[19] AFs and FBs are the key enabling technologies for
creating a control approach able of responding to run-time
changes, increasing adaptability in robotic assembly planning
and control. The AF-FB concept can also be used for other
types of manufacturing planning and control, e.g. CNC
machining operations, as described in [20], and in [21] the
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concept is described for robotic assembly operations for a
gantry robot and machining operations for a CNC milling
machine.
Created AF-FBs can be stored in a FB library, for later reuse in the generation of new robotic assembly tasks. The
concept and use of AF-FBs also simplifies and speeds up the
robot programming effort, reducing it to the selection and
combination of a networked set of predefined AF-FBs, with
event and data interfaces interconnected, enabling the
propagation of control information for successfully realizing
the desired functionality. A robot system can then execute the
FBs in a sequence, one by one, to accomplish the assembly
task.
This means that detailed robot programming knowledge is
not necessary, making it possible for people lacking these
programming skills to be able to create complex robotic
assembly applications. The robot programming procedure
could be automated to a large extent, if combined with an
assembly feature recognition system.
An implementation and testing of this AF-FB approach for
robotic assembly control has been carried out on a virtual
robot system, a small robot cell called “Minicell”. In this
setup, the robot performs some basic assembly task, mounting
washers onto shafts of different variants. This test case is
described in Section V.
V.

TEST CASE

The adaptive control approach combining AFs and FBs for
adaptive operation planning and execution control of
manufacturing operations has been implemented in a test case
with a virtual copy of a small robot cell, Minicell (Fig.4).

NXTStudio FB Development Environment
NXTStudio FB Run-Time Environment

HMI

Communication Interface
Figure 4. FB control for virtual and real robot system (Minicell).
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The robot cell performs some simple assembly tasks, and the
purpose of the test case was to demonstrate the ability of the
control approach to dynamically generate the correct robot
control instructions for performing a selected task, and also to
verify the correct functionality in a virtual environment, before
control code download to the physical robot. The system setup
for controlling the virtual robot cell includes 3 major parts
(Fig. 5): FB Control, Communication Service and Robot
Simulator.
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FB Control
Through an interface (HMI), including a set of basic
commands for controlling the application, it is possible to
search for available robot systems, real or virtual, either
directly connected to the front-end computer or available on a
local network, and to choose which one to connect to.
Different robotic assembly tasks can be selected and started.
The commercial software nxtSTUDIO, offering both FB
development and runtime environments, was used for AF-FB
and FB control structure development, as well as for control
execution.
Communication Service
An ABB Application Programming Interface (API) was
developed in Visual Studio, using the programming language
C#, to set up a two-way robot communication interface
between the FB runtime environment and the virtual robot
controller. It established a connection for reading robot system
status and sensor values, and transferring RAPID instructions
to the controller.
Robot Simulator
The virtual robot cell is created in ABBs offline
programming and simulation software RobotStudio (RS). It is
a small assembly cell for assembling washers onto shafts of
different variants. The cell contains an ABB 140-robot
equipped with a double gripper tool for handling both shafts
and washers, which are placed in different magazines.
(These 3 system parts can all be located in one computer,
or as in this test case, where FB Control and Communication
Service were placed in one computer (front-end computer) and
the Robot Simulator in another computer, both connected to a
local network).
To test the system’s ability to adapt to changes, a set of
virtual sensors (RS Smart Components) were used in the
simulation environment, to detect and report the varying
locations of components to be assembled. Information about
components’ locations was input to the FB algorithms. When
triggered by appropriate arriving events, the FBs would read
their data inputs and dynamically generate the correct RAPID
(ABBs robot language) instructions for the robot controller to
successfully complete the selected assembly tasks. This means
that even though a simulation is started, components to be
assembled can be moved away from their original location,
and the robot system will still be able to successfully complete
the assembly task.

Figure 5. FB Control Setup.

This AF-FB runtime generated robot control enables
assembly operation plans to be dynamically adjusted to handle
changes or variations. Exchange or recombination of a set of
AF-FBs will conveniently adjust the control systems behavior
to suit the actual conditions. For complete automatic
generation of control instructions, necessary features have to
be identified as well as correct assembly sequence, and input
to the system. When correct functionality has been verified in
the virtual robot system, the FB control structure can be used
to control the real robot over an Ethernet connection, as both
virtual and real ABB robot controllers are using the same
RAPID instructions. A major limitation with the described
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FB-based control approach is that the robot controller in this
test case, as well as other legacy machine/equipment/robot
controllers, cannot read and execute these FBs. Therefore, a
front-end computer using a FB dedicated software
(nxtSTUDIO) was used in this test case.
VI.

CONCLUSIONS

The manufacturing industry of today is facing an
increasing number of variations, changes and uncertainties. To
successfully operate manufacturing equipment under these
conditions, an adaptive control approach is necessary. For
building a control system which can respond and adapt to runtime changes, FBs and AFs are used as the key enabling
technologies. The concept of adaptively controlling a robot
system with feature-based IEC 61499 FBs has been well
proven in the test case. The control of the assembly process
can easily adapt to real time changes occurring during
assembly operations’ execution. The biggest advantage with
this control approach is the event-driven nature of the FBs.
The ECC enables decision-making to adapt to the
requirements of the assembly process, based on actual
conditions, as opposed to traditional robot control which relies
on sending data to the controller in the form of pre-determined
control instructions. The biggest limitation in the test case was
the robot controller, which reduces the overall functionality
when controlled by FBs. As the commands, instructions and
syntax of a dedicated robot language has to be used, full
flexibility is not available. To reach the full potential of this
control approach, robot controllers reading and executing
these types of FBs are necessary. Accessing the robot motors
and sensors for each joint directly, controlling them through a
FB network using analogue signals would then be possible
and optimal regarding the amount of control alternatives.
Otherwise, restricted external access to a proprietary or legacy
controller’s language, commands and internal data through an
API will limit the degree of adaptability and functionality.
The test case also shows that control code verification in a
virtual environment is effective for testing different assembly
scenarios and solutions. Working with virtual environments
can also be used for evaluating the quality of generated control
solutions regarding robot paths, collisions, cycle times, as well
as customer performance requirements and other
manufacturing parameters. The ability to experiment with
different solutions through performing simulations is a safe,
cheap and quick way for improving different system
performance measures.
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complex assembly applications, ② the inclusion of more
sophisticated sensors for monitoring real-time conditions
(localization, identification, quality control) and increasing
system adaptability, ③ direct control of each robot joint and
ᬈ adding more cooperating equipment (CNC machines,
robots, etc.) for more diverse operations and control
functionalities, to further test, evaluate and demonstrate the
adaptive behavior in more complex manufacturing scenarios.
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Abstract - Conventionally, information has been used as a
transfer medium connecting and integrating the various
components and sub-systems that make up a wide range and
variety of complex engineering systems. In such systems,
information is generally sourced at a device or component and
then made available to other devices or components within the
environments of the system. However, with the advent of the
linked concepts of Cyber-Physical Systems and the Internet of
Things, there has been what might be considered as a paradigm
shift in the way in which information is linked to and used by the
physical elements of the system. Essentially, this shift relates to
the fact that it is information that is becoming the driver for the
system and its operation, with the physical components then
being used to service the information. The paper will use
illustrative examples to consider the way in which this change is
likely to influence the way in which systems are designed and
operate, and the implications for the both the designer and the
design process. Particular consideration will be given to the way
in which this links into concepts such as those of open innovation,
which are in turn based around communications and the sharing
of knowledge and information. The paper then concludes by
looking at some potential applications domains and the way in
which these are linked to the underlying design concepts.

operation.
As an example, consider the evolution of vehicle systems
as illustrated in Fig.1. From around the early 1980s, on-board
computer based systems began to be introduced for engine
management, but were essentially transparent to the user who
continued to ‘see’ the system in relatively conventional terms.
Over time, the on-board systems grew to encompass not only
engine management but other mechanical and related
functions such as braking systems, drive train management,
wheel monitoring and environmental control. Then to these
were added driver support systems such as parking assistance,
cruise control, electronic gear shift and adaptive lighting. The
natural next extension was to incorporate features such as
driver monitoring and links into external information systems
for concierge navigation and routing plus the ability of the
driver to communicate externally. Such transitions, in which
operation is structured around access and use of information,
are a shared characteristic of those classes of system that have
been referred to as Cyber-Physical Systems or the Internet of
Things.

Key words: Cyber-Physical Systems, Internet of Things, Design,
Open Innovation

I.

INTRODUCTION

As technology has evolved, so have systems become
increasingly complex, to the point where it is beyond the
capacity of a single individual to encompass all aspects of
design and implementation. Of particular concern in this
respect is the way in which the information content has
expanded to the point where it is the driver for system
operation. This shift is of particular significance as it means
that there is a requirement to handle increasing volumes of
information, from a multiplicity of sources, to sustain system
*

Corresponding author

Figure 1. Vehicle systems

However, as suggested by Fig. 2, developments in
technology have not occurred at the same rate in all
disciplines, with information technology having seen the most
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significant growth, see Table 1, and mechanical engineering
the least.

x

Table 1: IT systems technologies
1970

1

2012

x
x
x
x
x
x
x

x

PDP 11 and PDP 8 industrial control computer.
Apollo guidance computer with ‘rope core memory’.
Discrete logic.
Multi-core processors.
Low cost, high capacity memory.
Flexible printed circuit boards.
Cloud computing.
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both space and time.
Monitoring and control of interactions with the
information and physical domains and environments.
The use of advanced data analysis and visualisation to
support system operation and user interaction.

Fig. 3 provides a visual expression of these
interrelationships as associated with the development of the
structure and concepts of the Internet of Things. From this it
can be seen that there has been a progression from the use of
technologies from simple location data to the integration of
everything with the wider internet.

Though Fig. 2 is entirely arbitrary both in its choice of
axes, and the slope of the lines, it nevertheless serves to
demonstrate the nature of the issues and problems facing both
systems designers and educators.

Figure 3. Evolution of the Internet of Things

Figure 2. Changes in technology

This shift in emphasis on the use of information is placing
new demands on the design processes involved, as well as on
the training of engineers to manage and incorporate those
processes. The paper therefore begins by considering the
underlying structures of both Cyber-Physical Systems [1-6]
and the Internet of Things [7-12] and how these impact the
design process with particular reference to innovation. The
paper concludes with other exemplars and by considering the
potential impact on systems design and operation.
II.

Turning to Cyber-Physical Systems, Horváth [13] has
suggested that these sit at the intersection of a range of other
systems concepts such as mechatronics, real-time systems,
embedded systems and others (see Fig. 4). Referring back to
the vehicle systems of Fig. 1, many of these can be interpreted
as being Cyber-Physical Systems within the constraints of this
model.

CYBER-PHYSICAL SYSTEMS AND THE INTERNET OF
THINGS

The Internet of Things is structured around the concept of
the large scale interconnection of individual smart objects in
order to provide access to information on a range of physical
parameters. The societal impacts of such technological
insertion will be massive. Access to active personal
information is problematic for legal, safety and security
reasons. Notwithstanding, it is conceivable that information
will be used to support a range of contexts including:
x
1

Monitoring the behaviour of objects in relation to

Figure 4. Elements of a Cyber-Physical System {after Horváth [13]

Example areas of illustration include:
The first commercial microprocessor, the 4-bit Intel 4004 became
available in 1971.
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x

x

x

x

x

x

for both data input and data output, as well as for data
capture as might be associated with a smart sensor
network within the home or smart phones that adapt
their interface to the user and their patterns of use.
Visualisation – The use of geographical information
systems (GIS) to overlay not only physical data, as for
instance population or energy distribution, but also
information resources and use to support planning
and decision making. The same tools could then
potentially be adapted to support system operation,
particularly if the data can be organised on a real-time
basis and integrated within the system.
III.

INNOVATION STRATEGIES

Innovation is considered as being an essential part of any
design and development process, the interpretation of which
is however generally dependent on context. For instance,
Rothwell (Fig.5) [14] places innovation within an economic
context which links national and international innovation
strategies within the context of the parameters such as growth,
jobs and competitiveness.
Macroeconomic &
Regulatory Context

Communication
Infrastructures

Global Innovation Networks

Education & Training

Knowledge Generation, Diffusion & Use

Product Market
Conditions

Capabilities
& Networks
Research
Organisations

Science &
Technology

Clusters &
Industries

x

Health – Telecare systems rely on the correct
positioning of sensors within the user environment
and the processing of the resulting data. The
increasing availability of smart sensor objects means
that installations can be readily and simply adapted,
perhaps with the sensors themselves providing the
processing element as part of a parallel processing
network.
Mobility – Mobility here is taken to mean within
both the information and the physical environments,
implying effective, and personalised, interfaces
structured around the users. Aims include increasing
individual interactions, and the ability to interact,
while supporting the individual. This relationship is
likely to be of significant importance in relation to
factors such as the prevention of depopulation of rural
areas.
Living – Living spaces need to become more
dynamic and adaptable to support their being simply
and easily adapted as need changes. This implies
consideration of the nature of spaces and their use as
well as the information environment associated with
them. Here, it is important to understand the
relationship between new build and refurbishment
strategies and the ability to reconfigure individual
environments.
Transport – The need to shift to different forms of
low energy transport implies changes in the ways in
which people organise themselves. Thus, the out-oftown shopping centre may be supplemented, or
indeed replaced, by local access points which are
used for physical browsing and for delivery and
collection. There is also the need to consider the links
between communities and the transport through
systems and strategies such as community buses
acting as a feeder to point-to-point transport.
Energy – The introduction and availability of
different approaches to energy provision will require
new, and information based, approaches to energy
management. This builds upon current concepts such
as smart metering and smart grids to encompass
issues such as the clustering of resources across
groups of houses and the interchange between these.
Environmental Control - A heating system learns
not only patterns of behaviour, as for instance a
profile of use of rooms and associated space, but is
linked to other internal smart devices. Thus, the
heating system is linked to, say, the alarm clock and
automatically adjusts depending on the alarm time
that is set. It would then recognise when an individual
has left the house and bring the heating back to its
normal operating mode.
Communications – The smart phone is increasingly
likely to become the primary interface to many
underlying elements of the Internet of Things/CyberPhysical Systems. However, such devices may well
not be suitable for individuals with, say, limited
dexterity resulting from a variety of causes. There is
therefore a need to consider new forms of interfaces

Regional
Innovation Networks

x
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Support

National Innovation Networks

Factor Market
Conditions

National Innovation Capacity

COUNTRY PERFORMANCE
Growth - Jobs - Competitiveness

Figure 5. Innovation structures {after Rothwell [14]}

In contrast, Engelberger [15] argued that the ability to was
structured around and conditional upon:
x
x
x

The identification and establishment of a recognised
need
Access to people with the relevant skills and to the
requisite technologies
Availability of finance.

Von Hippel [16] argued that the most significant
component of innovation is associated with the development
of products or systems in relation to an identified need in the
absence of anything on the market that meets that need, as for
instance the Sony Walkman [17]. More recently, Roth [18]
(Fig. 6) has looked at the social dimensions of innovation as
structured, while Peres et al [19] and Bogers et al [20] have
argued for new directions in research into innovation to take
account of both technical and societal change. Bass described
the process by which new products get adopted as an
interaction between users and potential users, usually
expressed in the form of the Bass Curve of Fig. 7.
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Examples of open innovation include the creation of
platforms by organisations such as Proctor & Gamble [24]
and the US Department of Education [25] to bring in new
ways of thinking from outside and by IBM in the form of its
Innovation Jam as part of its Global Innovation Outlook [26].

Science & Technology Base

Research

Development

Firm boundaries

The
Market
Research
projects
Development

New Products
& Services

(a
) Closed innovation
Internal
Technology Base

Figure 6. Social dimensions of innovation {after Roth [18]}

External
Technology Base

New Adopters

New
Adopters

Immitators

Research

Development
Licensing

Other
Company's
Market
New
Market
Established
Market

Research
projects
Open
Boundaries
Technology
Insourcing

(b) Open innovation
Innovators

Figure 8. Innovation strategies
Time

IV.

Figure 7. The Bass Curve

Innovation is thus a dynamic process requiring structured
investigation and feedback. However, until relatively recently,
innovation was considered by many companies as a closed
process aimed at keeping outcomes within the organisation.
The growth of the concepts of Cyber-Physical Systems and
the Internet of Things which centre round the use of
information has brought with it a shift in perception.
This shift in perception is associated with it an
understanding that systems can evolve on the basis of
communication and the ability to create smart devices and
systems to access that information. Further, it has led to the
argument that access to and sharing of information is of itself
central to the design process itself.
This approach may be articulated by reference to
Chesbrough who argued for a shift from an approach oriented
towards the retention of ideas (Closed Innovation) to one in
which ideas and solutions are sought from within and from
outside the organisation (Open Innovation) [22,23]. The
relationships between these two divergent approaches can be
seen by reference to Figs 8(a) and 8(b) and Table 2.

ETHICAL ISSUES

The ability to widely access information does however
bring with it a number of ethical issues relating to the ability
to access and use data about individuals. There are also issues
associated with the use of such systems for monitoring the
well being of individuals in, say, a healthcare environment.
For instance, the Bluetooth capability associated with
smart phone technologies can be used to track the movements
of users [27], offering the potential for significant benefit
when monitoring mass conditions such as epidemic wave
fronts. However, such monitoring of the individual brings
with it significant ethical issues, something which is likely to
be emphasised by the social networking content of both
Cyber-Physical Systems and the Internet of Things.
V.

DESIGN ISSUES

Working from the above, a number of issues can be
identified as being associated with the design of systems
based around Cyber-Physical Systems and the Internet of
Things. Principal among these are:
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Managing complexity and the ability to communicate
this between the members of the design team. It is in
this area that modelling methods have significant
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Table 2.

Characteristics of Open Innovation

x
x
x
x
x
x
x

x
x
x
x
x
x
x

x

x
x
x
x

x

Networked
Fast
Ideas support development
Micromentors
Lessons learnt benefit all
Progress through individual interaction with the many
Uses collective knowledge of groups, not individuals

Principles of Open Innovation

x

The smart people in the field work for us.

x

x

To profit from R&D, we must discover it,
develop it, and ship it ourselves.
If we discover it ourselves, we will get it to the
market first.
If we create the most and the best ideas in the
industry, we will win.
We should control our IP, so that our competitors
don't profit from our ideas.

x

x

x

Linear
Slow
Ideas represent a strategic advantage
Mentors
Learn by reverse engineering
Progress ‘on the shoulders of giants’
Structured around the use of ‘experts’

Principles of Closed Innovation

x

x

CLOSED AND OPEN INNOVATION - CHARACTERISTICS AND PRINCIPLES

Characteristics of Closed Innovation

x

Eds. Leo J De Vin and Jorge Solis

x

Not all the smart people in the field work for us. We need to work
with smart people both inside and outside the company.
External R&D can create significant value: internal R&D is needed
to claim some portion of that value.
We don't have to originate the research to profit from it.

x

If we make the best use of internal and external ideas, we will win.

x

We should profit from others' use of our IP, and we should buy
others' IP whenever it advances our business model.

potential to act as a transaction medium between team
members, enabling concepts expressed in one domain
to be related to decisions in other domains.
Interface design and operation, including the design
and development of smart or adaptive interfaces
which ‘learn’ about individual preferences and
requirements and adapt accordingly. This is also
associated with accommodating different levels of,
say, visual acuity or dexterity. Examples of this
approach include the Siri assistant on Apple’s iPhone
or the eye-tracking capability on the latest Samsung
Galaxy smart phone.
The ability to model the abstractions associated with
data constructs. Humans are very efficient at
reasoning on incomplete data and the underlying
system information models need to be able to
accommodate this. This in turn will almost certainly
require new, and faster, means of sorting and
investigating large data sets.
Integration information and physical models in order
to coordinate actions and activities, in real-time, in
both environments.
Prototyping and testing within information
environment.
The provision of data security and security of access
to that data by individuals.
Human and machine ethics.
Social issues associated with the management and
user of data in a variety of contexts, and the ability to
disconnect.
Enforcement of “need to know” paradigms.

Meeting these challenges will require new approaches to
systems design and management in which information is the
key driver of the outcomes.
VI.

CONCLUSIONS

The introduction of the concepts of Cyber-Physical
Systems and the Internet of Things presents systems designers
with a range of new challenges as they seek to implement
design processes structured around a rich data environment
supported by advanced sensors and information processing.
This in turn is likely to be taking place within an environment
in which information and communications are the drivers of
the design process, and hence of the associated innovation. It
is believed that this is likely to lead to the development of
novel approaches to simulation and modelling in which the
information content and context is combined with information
about interactions with the physical environment and with
users.
This also present a challenge to educators, where courses
are already under pressure to provide the conceptual breadth
necessary to understand system operation whilst generating
the depth required for implementation. As with the design
process, it is believed like that this will result in a shift
towards new types of courses, themselves structured around
communication and information sharing, to support future
generations of engineers.
The scope and aim of the paper has therefore been an
attempt to place these issues before the community and to
highlight perceived associated challenges.
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$VVLVWLQJWKH$XWLVWLF7R5HGXFH$Q[LHW\&DXVHG%\
7KHLU(QYLURQPHQW


.5*5RWWHU 0$$WKHUWRQ

6FKRRORI(QJLQHHULQJDQG'HVLJQ
%UXQHO8QLYHUVLW\
/RQGRQ8.
NHQURWWHU#OVEXDFXN
PDUNDWKHUWRQ#EUXQHODFXN




Abstract²0DQ\SHRSOHZLWK$XWLVWLF6SHFWUXP'LVRUGHU
$6' ILQGFHUWDLQVRXQGVVRXQSOHDVDQWWKDWWKHLUOLIHVW\OHFDQ
EHVHYHUHO\LPSDLUHGE\WKHQHHGWRDYRLGWKHVHQRLVHV7KLV
SDSHUFRQVLGHUVVHYHUDOFRPPRQVRXUFHVRIVXFKDQ[LHW\
LQGXFLQJQRLVHLQWKHQRUPDOKRPHDQGZRUNLQJHQYLURQPHQWV
DQGFRQVLGHUVZKHWKHUWKLVSUREOHPFRXOGEHDGGUHVVHGZLWK
PHFKDWURQLFFRQFHSWV3HRSOHZLWK$6'ZHUHWHVWHGIRUWKHLU
UHDFWLRQVWRDUDQJHRIQRLVHVDQGWRWKHVDPHQRLVHVILOWHUHG
WKURXJKQRLVHUHGXFWLRQGHYLFHV$QDO\VLVRIWKHSUREDEOH
FKDUDFWHULVWLFVRIWKHDQ[LHW\FDXVLQJQRLVHIHDWXUHVZDVPDGH
7KHQRLVHVZHUHYDU\LQJLQWLPHDQGSLWFK,QDGGLWLRQWR
DQHFGRWDODQGVXUYH\HYLGHQFHVRPHFDUHIXOO\VWUXFWXUHGWHVWV
ZHUHFDUULHGRXWRQVRPHSDUWLFLSDQWVXVLQJWKHGHYLFHV%DVHG
RQWKLVLQYHVWLJDWLRQVSHFLILFPHFKDWURQLFGHYLFHVDUHSURSRVHG
XVLQJDFWLYHQRLVHFRQWUROWRVHOHFWLYHO\VRIWHQWKHVRXQGVZKLFK
PD\EHVXLWDEO\XVHGE\WKRVHVXIIHULQJ$6'$VPDUWKRPHRU
RIILFHFRXOGGHSOR\PXOWLSOHGHYLFHVLQWKHRSWLPDOORFDWLRQVWR
UHGXFHDQ\RIIHQVLYHQRLVHZKLOVWSUHVHUYLQJDSOHDVDQW
HQYLURQPHQWWKDWDOORZVWKHXVHUWKHDELOLW\WRFRPPXQLFDWH
)XUWKHUPRUHWKHHQYLURQPHQWFRXOGEHWXQHGWRWKHQHHGVRI
VSHFLILFLQGLYLGXDOVDQGVZLWFKHGZKHQWKH\DUHSUHVHQW

,

V\PSWRPV LV LPSRUWDQW DQG WKH XQGHUO\LQJ QHXURELRORJ\
0HDQZKLOH GLUHFWO\ DGGUHVVLQJ WKH V\PSWRPV RIIHUV
LPPHGLDWHKHOSWRWKHFXUUHQWJURXSVRISHRSOHZLWK$6'
7KH PRVW GHELOLWDWLQJ VHQVRU\ SUREOHPV LQ DXWLVP UHVXOW
IURP HQYLURQPHQWDO µWULJJHUV¶ ZKLFK FDQ YDU\ VLJQLILFDQWO\
EHWZHHQ LQGLYLGXDOV  ([DPSOHV RI WKLV DUH ZHOO GHVFULEHG LQ
µ7KH &XULRXV ,QFLGHQW RI WKH 'RJ LQ WKH 1LJKW7LPH¶ >@ ,Q
WKH DXGLWRU\ GRPDLQ FDXVHV FDQ UDQJH IURP GRPHVWLF
DSSOLDQFHV HJ IULGJH IUHH]HUVYDFXXP FOHDQHUV  WR OLJKWLQJ
VRXUFHV SDUWLFXODUO\ IOXRUHVFHQW WXEHV  RU XQH[SHFWHG QRLVH
VRXUFHV VXFKDVGURSSHGREMHFWV $Q\FRPELQDWLRQRIWKHVH
IRUDSHUVRQZLWK$6'FDQVHULRXVO\LPSDFWXSRQWKHLUTXDOLW\
RIOLIHPDNLQJHYHQQRUPDO DFWLYLWLHVIUDXJKWZLWKGLIILFXOW\
$ W\SLFDO UHVSRQVH WR WKHVH SUREOHPV LV WKH ZHDULQJ RI HDU
GHIHQGHUVRUVLPLODUVRXQGDWWHQXDWLRQHTXLSPHQW±KRZHYHU
WKH EURDGEDQG DWWHQXDWLRQ SURGXFHG VHYHUHO\ OLPLWV UHFHSWLYH
VSHHFKLQWHOOLJLELOLW\DQGWKHKLJKYLVLELOLW\RIWKHHTXLSPHQW
LQWURGXFHV D IXUWKHU VRFLDO VWLJPD WR SHRSOH ZLWK $6'
0HFKDWURQLF GHYLFHV KDYH EHHQ SURSRVHG EHIRUH >@ EXW LQ
WKLV SDSHU WKH LQWHJUDWLRQ RI VXFK GHYLFHV LQWR D KRXVH DUH
H[SORUHG

,1752'8&7,21



6XEMHFWVZLWKDXWLVPVSHFWUXPGLVRUGHUV $6' RIWHQKDYH
GLIILFXOWLHV LQ LQWHUSUHWLQJZKDWWKH\ KHDU DQG VHH+RZHYHU
KRZ ZKDW WKH\ VHQVH LQIOXHQFHV WKHLU EHKDYLRXU LV VWLOO QRW
JHQHUDOO\XQGHUVWRRG$6'SDWLHQWVRIWHQUHSRUWFKDUDFWHULVWLF
V\PSWRPV VXFK DV K\SHUVHQVLWLYLWLHV WR VRXQG DQG WRXFK >@
DQG SDUHQWDOUHSRUW VWXGLHV QRWH KLJKHU OHYHOV RI VHQVRU\
V\PSWRPV DPRQJ WKRVH ZLWK $6' >@ FRPSDUHG WR WKRVH
ZLWKRXW $6' &OLQLFDO LQWHUYLHZV KDYH DOVR UHYHDOHG WKDW
XQXVXDO VHQVRU\ UHDFWLRQV DPRQJ PRUH WKDQ  RI DOO
LQGLYLGXDOV ZLWK DXWLVP >@ DQG WKHLU SDUHQWV UDWH VHQVRU\
SUREOHPVDVRQHRIWKHWRSWZRDUHDVRIGLIILFXOW\IRUIDPLO\
OLIH &OHDUO\ LPSURYHG XQGHUVWDQGLQJ RI WKH VHQVRU\

,,

6281'67+$7',675(66,1$87,6063(&7580
',625'(5

A. Background
&HUWDLQ VRXQGV DQG E\ H[WHQVLRQ VHQVRU\ H[SHULHQFHV
IURP RWKHU PRGDOLWLHV  DUH PXFK PRUH XQSOHDVDQW LQ $XWLVP
6SHFWUXP 'LVRUGHU $6'  WKDQ WR WKH JHQHUDO SRSXODWLRQ
6RPHVRXQGVWKDWGRQRWHOLFLWSULPDULO\DQ[LRJHQLFUHVSRQVHV
LQQHXURW\SLFDOSDUWLFLSDQWV 17V DUHDEOHWRGRVRLQWKH$6'
SRSXODWLRQ 7KH VRFLDO DQG FRPPXQLFDWLYH SUREOHPV LQ $6'
PDNH LW GLIILFXOW WR FKRRVH VRXQGV GXH WR WKH UHODWLYH VPDOO
QXPEHU RI VWXGLHV RQ WKLV LVVXH VR ZH GHFLGHG WR UHO\ RQ

&RUUHVSRQGLQJDXWKRU
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LQIRUPDWLRQ IURP SDUHQWVSDUWLFLSDQWV DQG RWKHU DQHFGRWDO WKHVH UHYHDOHG WKH PRVW KLJKO\UDWHG XQSOHDVDQW VRXQGV ZHUH
UHSRUWV
%DE\&U\LQJ(OHFWULF'ULOODQG:DVKLQJ0DFKLQHZKLOVW/DNH
6RXQGDQG$PELHQW6SULQJZHUHUDWHGWKHOHDVWXQSOHDVDQW>@
*LYHQ WKH SDXFLW\ RI GDWD RQ ZKLFK GHFRQVWUXFWLRQV RI
YDULRXV VRXQG IUHTXHQFLHV DUH PRVW WURXEOLQJ WR WKH $6' 
SRSXODWLRQ LW ZDV GHFLGHG WKDW WKH EHVW DSSURDFK ZDV WR XVH
,,, &+$5$&7(5,67,&62)$1;,2*(1,&6281'6
QDWXUDOLVWLF VRXQGV UDWKHU WKDQ VLPSOHU $0 RU )0
PRGXODWLRQV+RSHIXOO\LQIXWXUHLWZLOOEHSRVVLEOHWRLVRODWH
+HDULQJ SHUFHSWLRQ LV PRGLILHG E\ D QXPEHU RI IDFWRUV
VSHFLILF WURXEOLQJ IUHTXHQFLHV EXW ZH DGRSWHG WKH SULQFLSOH )RU H[DPSOH DIWHU D WLPH LQ TXLHWQHVV WKH KHDULQJ QHUYHV
WKDWVRXQGSHUFHSWLRQZLWKLQWKHEUDLQJRHVIDUEH\RQGVLPSOH DXWRPDWLFDOO\ LQFUHDVH WKHLU VHQVLWLYLW\ DQG D VXGGHQ ORXG
KDLU FHOO VWLPXODWLRQ LQ WKH HDU 7KH VDPH JRHV IRU DIIHFWLYH VRXQG LV WKHQ SHUFHLYHG PRUH LQWHQVLYHO\ $JH RU LQMXU\
VRXQGVDQGVRXVLQJQDWXUDOLVWLFHWKRORJLFDOO\YDOLGVRXQGVDV UHODWHGGHFD\LQWKHFRFKOHDUKDLUOLNHQHUYHFHOOVUHGXFHVWKH
DVWDUWLQJSRLQWLQRXUH[SORUDWLRQVRIWKLVILHOGVHHPVMXVWLILHG KHDULQJWKUHVKROGDQGIUHTXHQF\UHVROXWLRQW\SLFDOO\PRUHDW
7HQVRXQGVZHUHVHOHFWHGRQWKHDVVXPSWLRQWKDWWKH\DUH VRPH IUHTXHQFLHV WKDQ DW RWKHUV $JH UHODWHG VORZLQJ RI
FRQVLGHUHG E\ PDQ\ LQ WKH $6' SRSXODWLRQ QDPHO\ %DE\ QHXUDOUHVSRQVHVFDXVHVGHFUHDVHLQWHPSRUDOUHVROXWLRQDQG
&U\LQJ (OHFWULF 'ULOO (OHFWULF 6KDYHU )RRG 3URFHVVRU VRXQGLQIRUPDWLRQUHFHLYHGLQTXLFNVXFFHVVLRQWHQGVWREOXU
+DLUVSUD\ +DQG 6DZ +RXVH +HDWHU 3DSHU 6KUHGGHU WRJHWKHU>@
:DVKLQJ0DFKLQH:LQG&KLPHV,QDGGLWLRQWZRµGLVWUDFWHU¶ 
VRXQGV ZHUH VHOHFWHG DV H[SHFWHG WR EH H[SHULHQFHG DV
$ ORXG VLJQDO DW RQH IUHTXHQF\ PDVNV ORZHU HQHUJ\
SOHDVDQWRUQHXWUDOQDPHO\$PELHQW6SULQJDQG/DNH6RXQG VLJQDOVDWQHDUE\IUHTXHQFLHV±LHWKHWKUHVKROGRIDXGLELOLW\
7KHVH VRXQGV ZHUH GRZQORDGHG IURP RQOLQH VRXQG ILOH IRURQHVRXQGLVUDLVHGE\WKHSUHVHQFHRIDQRWKHU PDVNLQJ 
GHSRVLWRULHV IUHHVRXQGRUJ >@ DQG VRXQGMD\FRP >@ VRXQG >@ *HQHUDOO\ WKH ORXGHU IUHTXHQF\ PDVNV WKH VRIWHU
$XGDFLW\ YHUVLRQ  >@ ZDV XVHG WR HGLW HDFK VRXQG ILOH IUHTXHQFLHVDVLQGLFDWHGLQ)LJ
GRZQ WR V LQ GXUDWLRQ DQG UHVDPSOH VRXQGV WR  N+]
UHVROXWLRQ$OOILOHVZHUHVXEVHTXHQWO\QRUPDOL]HGWRWKHVDPH
DYHUDJH YROXPH OHYHO LQ WKH FRPPXQLFDWLRQ IUHTXHQF\ UDQJH
N+] >@
B. Testing of Sounds Reported as Unpleasant by those with
ASD
$ QRLVH VHQVLWLYLW\ TXHVWLRQQDLUH ZDV VHQW WR  IDPLOLHV
DVVRFLDWHG ZLWK DFXWH $6' DVNLQJ WKHP WR LGHQWLI\ VRXQGV
WKHLUIDPLO\PHPEHUVOLNHGDQGGLVOLNHGIDPLOLHVLGHQWLILHG
D EURDG UDQJH RI VRXQGV WKDW FDXVHG WKH PRVW GLVWUHVV
LQFOXGLQJ SHUFXVVLYH PDFKLQH VRXQGV VXFK DV HOHFWULF GULOOV
DQG VDZLQJ KXPDQ VRXQGV HJ EDE\ FU\LQJ XQH[SHFWHG
VRXQGV HJ ILUH DODUPV DQG VRFLDO VRXQGV HJ EXV\
VXSHUPDUNHWV$QGDOOEDURQHUHVSRQGHQWVLGHQWLILHGPXVLFDV
D SRVLWLYH H[SHULHQFH VHHNLQJ LW RXW DV SDUW RI WKHLU GDLO\
URXWLQH

)LJXUH Overview of Sound Battery

8QGHU FRQWUROOHG ODE FRQGLWLRQV  $6' YROXQWHHUV
OLVWHQHG WR WKH QRUPDOL]HG EDWWHU\ RI VRXQGV DQG UHJLVWHUHG
WKHLU OHYHO RI SOHDVXUHGLVSOHDVXUH LQ HDFK VRXQG $QDO\VLV RI

488


)LJXUHHearing masking effect [10].

2QH FKDOOHQJH LQ KHDULQJ SURWHFWLRQHQKDQFHPHQW
GHVLJQ LV WR HOLPLQDWH XQZDQWHG QRLVH ZKLOH
VLPXOWDQHRXVO\SUHVHUYLQJVSHHFKLQWHOOLJLELOLW\IRUVRFLDO
LQWHUDFWLRQ6SHHFKSKRQHPHVIHDWXUHLQDEDQDQDVKDSHG
FOXVWHU )LJ RQDIUHTXHQF\DQGLQWHQVLW\DXGLRJUDP












)LJXUH‘Speech banana’showing the spectrum of speech-phonemes [9].
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)RU XVH ZLWK $6' WZR VWDWLF GHYLFHV LGHQWLFDO LQ
)RU WKH SXUSRVH RI FRPPXQLFDWLRQ WKHUH LV SDUWLFXODU
DSSHDUDQFHZHUHGHYHORSHGRQHHIIHFWLYHZKLOHWKHRWKHUZDV
LQWHUHVWLQSUHVHUYLQJWKHVRFDOOHGVSHHFKEDQDQD
LQWHQGHGWREHDSODFHER:LWKLQWKHVWDWLFGHYLFHHQYHORSHLW

:KLOH PRVW RI WKH SRZHU EHORZ LQ WKH VSHHFK IUHTXHQF\ LVLPSRVVLEOHWRSURGXFHDWUXHSODFHERZLWKQRILOWHULQJHIIHFW
VSHFWUXPLVEHORZN+]WKHLQWHOOLJLELOLW\RIZKDWLVVDLG
GHSHQGV RQ WKH IRUPDQWV DERYH  N+] >@ 6R PXFK VR
WKDW LI WKH IUHTXHQFLHV  +] WR  N+] DUH ILOWHUHG RXW
VSHHFKLVXQLQWHOOLJLEOH7KXVLWLVLPSRUWDQWWKDWDQ\ILOWHU
RU GHYLFH VKRXOG WUDQVPLW WKURXJK WKH EXON RI WKH
IUHTXHQF\UDQJH+]WRN+]
,W LV QRWHZRUWK\ WKDW PDQ\ ZLWK $6' KDYH HQKDQFHG
PXVLFDOSHUFHSWLRQDQGDELOLW\,WLVHYLGHQWWKDWIUHTXHQF\
FRQWHQWDWORZHUSRZHUVLVVWLOOLPSRUWDQWIRULQWHOOLJLELOLW\
DQGWKDWVRXQGVDWORZHUSRZHUVFDQVWLOOEHSHUFHLYHGLQD
JHQHUDOO\ QRLV\ EDFNJURXQG 0XVLF SHUFHSWLRQ GHSHQGV
XSRQ KDUPRQLF FRQWHQW DQG UK\WKP DQG PDQ\ ZLWK DXWLVP
)LJXUHPlacebo device used for patients to contrast with test devices of
VKRZ HQKDQFHG SHUFHSWLRQ >@  $Q DZDUHQHVV RI WKLV LV
identical appearance.
LOOXVWUDWHGE\WKHSOD\RQWKHµTheCurious incident of a dog
in the night¶ $SROOR /RQGRQ IURP 0DUFK  >@  IRU
ZKLFK WKH PXVLF KDV D ODUJH HPSKDVLV RQ SULPH QXPEHUV
7KHVH SULPH QXPEHU KDUPRQLFV DUH SHUFHLYHG DV EHLQJ YHU\
VLJQLILFDQWIRUPDQ\ZLWKDXWLVP SDUWLFXODUO\KDUPRQLFV
 >@

,9 '(9,&(6725('8&(7+(12,6(352%/(06)$&('%<
7+26(:,7+$87,67,&63(&7580',625'(5
7R GDWH YDULRXV DQWLQRLVH GHYLFHV DQG DSSV KDYH EHHQ
SURGXFHG WR EH XVHG ZLWK PRELOH SKRQHV DQG L3RGV 7KHVH
KDYH EHHQ RI OLPLWHG HIIHFW IRU WKRVH ZLWK $6' 0DQ\ ZHDU
HDU SURWHFWRUV WR EORFN RXW HQYLURQPHQWDO VRXQG EXW WKLV
LQFUHDVHV WKHLU LVRODWLRQ DQG PD\ HQGDQJHU WKHLU VDIHW\ ZLWK
WKHORVVRINH\ZDUQLQJVRXQGV


)LJXUH Device sitting in an artificial ear for lab tests. >@




A. Static Devices

7KLV UHVHDUFK JURXS KDV EHHQ GHYHORSLQJ SURWRW\SH VWDWLF

DQG DFWLYH GHYLFHV 6WDWLF GHYLFHV DLP WR DOORZ WKURXJK WKH

VSHHFKIUHTXHQFLHVEXWWRUHGXFHWKHIUHTXHQF\FRQWHQWLQWKH
 N+] WR  N+] EDQG 7KLV ZLOO UHGXFH VLJQLILFDQWO\ WKH B. Active Anti-Noise Devices
3URWRW\SH DFWLYH DQWLQRLVH GHYLFHV KDYH DOVR EHHQ
KDUPRQLFVWKDWPD\EHFDXVLQJGLVWUHVVWRWKRVHZLWK$6'
GHYHORSHG DQG ZRUN RQ D GLIIHUHQW SULQFLSOH +HUH DQ\

EDFNJURXQGVXVWDLQHGQRLVHVDUHVHQVHGDQGUHGXFHGWRDORZ

E\ RXWRISKDVH FDQFHOOLQJ VRXQGV $FWLYH GHYLFHV WKLV ZRUN
ZHOO LQ UHGXFLQJ FRQWLQXRXV EDFNJURXQG QRLVH 7KLV

WHFKQRORJ\ LV FRPPRQ LQ QRLVH UHGXFLQJ KHDGSKRQHV EXW

UHTXLUHV HLWKHU WRWDOO\ HQFORVHG ZHOO ILWWLQJ KHDGSKRQHV RU

FDQ DOVR EH HIIHFWLYH ZLWK µLQ WKH HDU¶ GHYLFHV  $Q DFWLYH

GHYLFH KDV EHHQ WHVWHG LQ WKH ODE DQG VKRZQ WR EH HIIHFWLYH
ZLWK VWHDG\ IUHTXHQF\ WHVW VLJQDOV DQG VRPH YDULDEOH VLJQDOV

>@>@







)LJXUHHigh Frequency Machine Noise

7KHIUHTXHQFLHVRIUHOHYDQWQRLVHSHDNVLQPDFKLQHQRLVH

LQ)LJDUHLQWKHUDWLR


489

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis




7RPDNHWKH6PDUW+RPHFRQGXFLYHWRXVHE\$6'XVHUV
LW LV SURSRVHG WKDW D ]RQH RI TXLHW LV SURGXFHG EHWZHHQ WKH

QRLVH VRXUFH DQG WKH SRVLWLRQ RI WKH XVHU 7KLV LV EHVW LI LW

FORVHWRWKHVRXUFHLIWKLVLVSUDFWLFDEOH,QPDQ\FDVHVSXWWLQJ

DQ HQFORVXUH URXQG WKH VRXUFH ZRXOG EH LPSUDFWLFDO DQG

H[SHQVLYH)XUWKHUIRUWKHUHVWRIWKHKRXVHKROGWKLVZLOOOLPLW


WKH YDOXH RI WKH VRXUFH PDFKLQH WRR ,I WKHUH LV D GRRUZD\

EHWZHHQVRXUFHDQGZKHUHWKH$6'FOLHQWVHWWOHVWKLVFDQEHD

JRRGVLWHIRUWKHµ]RQHRITXLHW¶WREHSURGXFHG0RVWGRRUV

FDQEHHIIHFWLYHO\VHDOHGDURXQGWKHLUSHULSKHU\EXWZLOOVWLOO


KDYH D JDS DW WKH EDVH RI WKH GRRU 5DWKHU WKDQ VHDOLQJ WKH

GRRU FRPSOHWHO\ LW LV EHVW LI LW RSHQV IUHHO\ DQG WUDQVPLWV

QRUPDOFRQYHUVDWLRQ




6RXQGPD\DOVREHWUDQVPLWWHGWKURXJKWKHZDOOVEXWWKLV
)LJXUH$FWLYH'HYLFHLQXVH
LV GRPLQDQWO\ WKRVH FDXVHG E\ YLEUDWLRQ 7KH YLEUDWLRQV FDQ

FDXVHWKHZDOOVXUIDFHWRWUDQVPLWWKHVRXQGWRWKHDLULQWKH
$Q$FWLYHGHYLFHZLWKWHVWVLJQDOVDWN+]DQGN+] URRP ,Q SUDFWLFH LI WKH VRXQG VRXUFHV DUHSURSHUO\ PRXQWHG
XQGHU RSWLPXP FRQGLWLRQV SURGXFHG DWWHQXDWLRQV DW WKHVH OLWWOH YLEUDWLRQ VKRXOG EH WUDQVPLWWHG DQG WKH VLJQLILFDQW
IUHTXHQFLHV RYHU  G% EXW WKHUH ZHUH QHZ VLJQDO DUWHIDFWV IUHTXHQFLHVZLOORQO\EHDLUERUQH
SURGXFHGDVZHOODVWKHRULJLQDOIUHTXHQFLHV WHVWV 


3RZHU6SHFWUDO'HQVLW\(VWLPDWH




/HIW&KDQQHO

→6HHFRGHFIRUOHIWULJKWGHILQLWLRQV

PLF
0LF
SRV
P



'RRU





VSHDNHU

3RZHUIUHTXHQF\ G%+]

([SHULPHQWDOVHWXSLQ%UXQHO6RXQG/DE

VSHDNHU

5LJKW&KDQQHO











)LJXUH7HVWGRRUDQGOD\RXWRIWKHVSHDNHUVDQGPLFURSKRQH
UHODWLYHWRWKHGRRU


 





)UHTXHQF\ N+]





)LJXUH: Filtered signal for noises at 3.5 kHz & 6 KHz.


9

=21(2)48,(7






9, 7(67621$'22502817('$17,12,6('(9,&(
6XFK D GHYLFH ZDV GHVLJQHG DQG PDQXIDFWXUHG DW %UXQHO
8QLYHUVLW\ 7HVWV ZHUH FDUULHG RXW EHWZHHQ WZR ODERUDWRULHV
ZLWK WKH GHYLFH DWWDFKHG WR WKH H[LW HGJH RI WKH GRRU $W WKH
EDVHRIWKHGRRULVDQDUURZFKDQQHOZLWKOHQJWKWKHWKLFNQHVV
PP RIWKHGRRUDQGKHLJKWWKHJDSEHWZHHQGRRUDQG
WKHKDUGVPRRWKIORRU YDULHGGXULQJWHVWVPP±PP 

$OO RI WKHVH GHYLFHV ZRUN E\ SURGXFLQJ D ]RQH RI TXLHW
WKURXJK ZKLFK DOO VRXQGV PXVW SDVV>@ ,Q QRLVH FDQFHOOLQJ
GHYLFHV WKLV LV JHQHUDOO\ ZLWKLQ WKH KHDGSKRQH RU WKH HDU
FDQDODQGDUHPRVWO\RQO\HIIHFWLYHDWHOLPLQDWLQJIUHTXHQFLHV
EHORZN+]7KHGHYLFHVGHVFULEHGDOOQHHGWREHHIIHFWLYHDW
*DSV DW WKH WRS DQG VLGHV RI WKH GRRU ZHUH DERXW  PP
PXFKKLJKHUIUHTXHQFLHV)RUVRXQGLQDLU

O ൌ  


  DQGWKHGRRUFORVHGDJDLQVWDUHEDWHWRSDQGVLGHV7KHVHJDSV
ZHUHVPDOOZKHQWKHGRRUZDVVKXWWLJKW
DQG LQ DLU F  PV VR DW  N+] WKH ZDYHOHQJWK λ=34.3

PPDQGWKH]RQHRITXLHWVKRXOGEHPPGLDPHWHUWREH
HIIHFWLYH$VRXQGUHGXFWLRQRIPRUHWKDQG%VKRXOGWKHQ

EHSRVVLEOH
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sustainable forms of society centred around the individual
and their needs, the meeting of which may be associated
with the development of the Internet of Things in which
smart objects are used to service information, resulting in
systems which are transaction based and autonomously
reconfigurable in response to changes in context, enabling
networked smart devices to perform a wide range of user
oriented functions.

and their needs in order to address issues such as an ageing
population, resource availability and management, climate
change and resilience [1,2,3,4,5,6]. This is paralleled by a
paradigm shift in the relationship between information and
artefacts as evinced by the Internet of Things [7,8,9,10] where
smart objects are used to service information. This results in
systems which are transaction based and autonomously
reconfigurable in response to changes in context, implying an
ability to access, organise and process data to enable
networked smart devices to perform user oriented functions.

The underlying requirement for achieving sustainability
is to effectively manage and use all available resources
through the integrated use of information. This suggests
the use of information to support the engagement of
individuals as part of a knowledge economy configured
around the Internet of Things. Such transactions may be
based around a range of knowledge parameters such as
availability of a resource, and the priority of any desired
action as well as overarching requirements, as for
instance to minimise transaction costs or environmental
impact.

The underlying requirement in achieving sustainability
may be expressed as the effective management and use of all
resources; technical, physical and human, through the
integrated use of information serviced by a range of smart
objects. This in turn implies the effective and appropriate use
of information to support the engagement of individuals in all
aspects of their lifestyle through the adoption of novel and
innovative approaches to understanding, structuring and
managing the physical and information environments, and the
relationships between them, as part of a knowledge economy
configured around the Internet of Things [11].

Abstract - There is a recognised need to move to more

For mechatronics, this places an increased emphasis on the
provision of smart devices and systems to link the physical and
information environments. The achievement of truly sustainable
systems will then depend on an ability to incorporate such
mechatronic devices within an integrated approach to system
design, development and implementation within an information
rich knowledge economy.
The challenge thus becomes that of providing the necessary
tools, as for instance the meta-modelling approach set out in the
paper, to bring together and integrate all of these systems
elements within the design environment, informing the design of
the mechatronic smart devices to be used to service the
information and enhancing the ability of designers to manage
the complexities of the information based relationships on which
the system is founded. In this, it can be seen as an extension of
the concepts of integration traditionally considered to be at the
heart of mechatronics.

I.

INTRODUCTION

There is an increasing move towards achieving
sustainable forms of society centred around the individual
*

In considering the likely impact of such an approach, it is
necessary to establish what is meant by sustainability within a
particular context, and how that then determines the way in
which technology might be deployed. Consider two different
urban scenarios as follows:
Scenario 1: New Build – In this scenario it is possible to
integrate relevant technologies within the physical
environment from the outset, supporting access to facilities
such as high-speed broadband networks and the ability to
readily integrate technologies such as wireless sensors into
that environment.
Scenario 2: Established Communities – These
communities represent the majority of the population, and of
physical elements such as housing, within most countries.
This means that the introduction of infrastructure changes to
support technology will need to take account of the impact on
the existing environment, and the adaptation of that
environment to the needs of technology [12].

Corresponding author
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The approach in each instance will inevitably be
determined by resource availability and ease, or otherwise, of
incorporation into the intended environment. It will be further
constrained by the approach taken towards sustainability,
which may in turn be determined by a number of factors, as
may be seen from the variety of definitions that have been
deployed ranging from the broad definition suggested by
Bruntland that: “Sustainable development is development that
meets the needs of the present without compromising the
needs of future generations to meet their own needs.”
To more socially oriented definitions such as that of
Pearce, Makandia & Barbier [13]: “Sustainable development
involves devising a social and economic system, which
ensures that these goals are sustained, i.e. that real incomes
rise, that educational standards increase, that the health of
the nation improves, that the general quality of life is
advanced.”
ECO-CENTRIC
issues
Natural resources
& ecological
capacity

Eds. Leo J De Vin and Jorge Solis

“people, planet, profit”, which seeks to encapsulate an
expanded spectrum of values and criteria for measuring
organisational (and societal) success. This was ratified in
2007 as the United Nations and ICLEI TBL standard for
urban and community accounting. Other UN standards apply
to natural capital and human capital measurement as required
by TBL, e.g. the ecoBudget standard for reporting the
ecological footprint. In the private sector, a commitment to
corporate social responsibility implies a commitment to some
form of TBL reporting [14,15]. There is thus a need to adopt
a systems led approach in which the relationship between
sustainability and innovation becomes a dominant theme in
decision making.
Consider therefore Fig. 1 in which Fig. 1(a) defines the
drivers for sustainability in terms of eco-centric, technocentric and socio-centric issues which come together as the
focus for achieving a sustainable community. The emphasis
accorded to each element will then depend on the weighting
of the definition of sustainability as adopted for a particular
system or community. Embedded within the model of Fig.
1(a) is then the business system definition model of Fig. 1(b)
which addresses external drivers such as the need for new
pricing models and revised working practices.
To date, a number of tools have been put forward and
these were categorised by Ness et al [16] as being either:
 Indicators or indices – Integrated, non-integrated and
regional flow
 Product related – Life cycle costing, material flow
analysis and energy analysis
or

SOCIO-CENTRIC
issues

TECHNO-CENTRIC
issues

 Integrated – Impact assessment

Human capital
and social
expectations

Techno-economic
systems

(a)

They also considered these as being either retrospective
(indicators), prospective (integrated) or both (product
related).

Sustainability drivers

Ding [17] considered the role of environmental
assessment tools in relation to sustainable construction,
identifying in 2008 some 20 prospective tools and
highlighting issues such as regional variations, measurement
scales and methods and the approaches to assessment (single
or multi-dimensional). These tools were then considered in
relation to a sustainability index structured around target
outcomes of:

New Pricing
Models

Sustainable
Business
Innovation
Smart
Combinations

Parnership
Solutions
New Business
Development

Sustainable
Technical
Innovation
Product
Innovation

Sustainable
Organisational
Innovation

Improved
Production
Processes

Improved
Working
Practices

Maximising wealth

•

Minimising resource
utilisation

•

Maximising utility

•

Minimising environmental
impact

•

Maximising dissemination

•

Minimising social impact

2. THE INTERNET OF THINGS

(b) Business system definition
Figure 1.

•

Sustainability issues

One approach to that has been adopted for expressing
sustainability is that of the triple bottom line, also known as

Referring to Fig. 2, it can be seen that achieving
sustainability requires the integration of a wide range and
diversity of system domains. In the context of the Internet of
Things, this represents a conceptual shift from systems in
which information is transferred between artefacts to one in
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Figure 2: Sustainability issues and domains

which the artefacts are used to service information, which
then forms the core of the system. This in turn implies a
change in the way in which systems are viewed from their
being relatively inflexible in configuration to highly flexible
entities whose role can be changed by reconfiguring the
connected smart objects or by changing the profile of the
information being accessed. In such an environment,
connectivity, and the ability to configure user interfaces to
suit individual requirements and need, becomes paramount in
developing and defining system functionality.
This relationship is further developed in Fig. 3 in which
the key component is seen to be the information backbone to
which the smart objects, be they hardware, firmware or
software, are added or subtracted as required by need.
System Elements
Cloud Computing
Communication
Networking
Support Services

Drivers
Near Field Communications
Identification technologies
Thin-Client Devices
Cyber-Physical Systems
Cyber Security
Machine Ethics

Firmware
Embedded Technologies
Operating Systems
Smart Phones
Tablets
Cameras

Information Backbone

Interface
Software Download
Remote Access
User Specific
Usability
Access
HCI

Applications
Mobile Systems
Inclusion
Accessibility
Targetted Users
User Driven

Hardware
User Systems
Appliances
Devices
Sensors

manage transactions between users in order to facilitate
energy
optimisation
and
minimise
consumption
[18,19,20,21]. Such a grid may then form part of a network of
such grids, with transactions than taking place between grids
rather than between users, drawing on, say, information such
as weather forecasts to support decision making.
A.

Links to the Knowledge Economy
‘In the 21st Century, brainpower and imagination,
invention and the organisation of new technologies are the
key strategic ingredients.’ 1
‘The black death of our times is the world’s escalating
complexity.’ 2
The concept of a knowledge economy [22,23,24], one in
which knowledge is considered as a product3, was introduced
by Drucker in 1966 in his book The Effective Executive [25]
and further developed by him in 1992 in The Age of
Discontinuity [26]. As suggested by Fig. 5, a knowledge
economy represents a shift from an economy in which
physical activities dominate to one in which ideas dominate.
Driving forces behind this shift include:
•
•

Software
Interpretation
Knowledge
Monitoring
Modelling
Analysis
Control

•

Globalisation of markets, products and ideas.
Forms of working in which knowledge becomes
easier to access using networked data-bases,
facilitating real-time interaction between knowledge
users and knowledge producers.
Enhanced networking and connectivity.

Figure 3. The Internet of Things, smart objects configured around an
information backbone

In the context of sustainability, the Internet of Things has
the potential to link the physical and the information
domains. Thus, the deployment of sensor based smart objects
plus the ability to process, analyse and interpret large
volumes of data, provides users with information they can
then use to manage their own environment. Thus, a local
smart energy grid such as that represented by Fig. 4, and
based around a combination of energy sources, would

1

2

3
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A knowledge economy thus differs from a traditional
industrial economy in several key respects. In particular:
•

(a) Smart Grid cluster

Cluster

Cluster
Cluster

Cloud
Energy
Grids

(b) Interaction between clusters
Figure 4.

An energy Smart Grid cluster and their interaction
INDUSTRIAL
ECONOMY

KNOWLEDGE
ECONOMY

Raw materials
Tangibles

Knowledge & Talent
Intangibles

Market

Information and knowledge is not centralised but
distributed.
• The effects of location are:
⇒ Diminished as technology enables 24-hour
operation and global reach.
⇒ Reinforced by clustering around centres of
knowledge.
• Knowledge and information flows to where demand
is highest, and barriers lowest.
• Knowledge enhanced products or services can
command price premiums.
• The same information or knowledge can have
different values to different people, or even to the
same person at different times, resulting in price
differentials in knowledge based transactions.
• Communication is fundamental to knowledge flow.
Social structures, cultural context and other factors
influencing social relations are therefore of primary
importance to knowledge economies.
Overall therefore, a knowledge economy sets out to create
a environment in which ideas and knowledge are recognised
and identified as commodities which can then be assigned a
value and traded as with any other commodity. In the context
of the Internet of Things, this supports the development of the
transaction based systems based on user defined context.
Thus referring to the smart grid referred to earlier,
transactions may be based around a range of knowledge
parameters such as availability of a resource, priority of
desired action, weather data, integration with other grid
members and so forth as well as overarching requirements, as
for instance to minimise transaction costs or environmental
impact.
3. THE RELATIONSHIP BETWEEN THE PHYSICAL AND
INFORMATION ENVIRONMENTS
A.

Machine centric

Production

Physical spaces & Networks
Road, rail, air & sea

Distribution

Trains
Road transport
Ocean/sea/river transport
Air transport
Physical containers
Physical energy
Oil, Gas, Electricity
Renewables

Transport

Energy

People centric
Social spaces & Networks
Cyberspace
Information Highways
Computers
Telephones
Television
Internet
Digital Containers
Intangible energy
Ideas, Vision & Skills

Industrial Economy

Knowledge Economy

Goal = QUANTITY

Goal = QUALITY

Price
Product
Marketing
Branding
Telling
Feedback

Value
People (Relationships)
Reputation
Brand Awareness
Showing
Collaboration

Figure 5.

Configuring industrial and knowledge economies

Physical Environment
The physical environment encompasses elements of the
built environment; houses, roads, infrastructure and the social
elements of that environment and therefore represents those
spaces which individuals occupy and within which they
move. The intent is to link the physical environment with the
information environment such as to allow individuals
increased interaction with, and in some cases enhanced
control over, both their individual and community spaces.
This implies the integration of new concepts for managing
the physical environment, for instance through the use of
smart grids and clustering, as in Fig. 4, with novel ways of
interacting with that environment. For instance through the
use of smart lighting schemes which respond not only to the
time of day but to the pattern of use, and include a predictive
element based on the detection and response to activity and
integrated transport systems.
Within physical spaces, both communal and personal,
there is a requirement to adopt practices such as those
associated with the concepts of Design for All or Universal
Design to create spaces which are capable of adapting to the
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individual. Here, developments such as 3D printing [27,28]
are leading to new approaches to both systems and
architecture to create dynamic, and flexible, spaces supported
by access to information and knowledge[29,30,31,32]. The
integration of the physical and information environments
through the Internet of Things serviced by mechatronic and
other smart objects, is therefore an extension of the current
concepts and processes of Design for All into a wider
environment.
B.

The Information Environment
Mobile devices and systems are becoming increasingly
more common and multifunctional. Indeed, it is interesting to
note that it is reported by the NPD Group that to the end of
November 2011 in the US, smart phones were responsible for
27% of all photographs, an increase from 17% in 2010 [33].
The traditional notion of single function devices is thus
increasingly challenged as it becomes cheaper and easier to
add a wide range of innovative functionality onto other
devices. Indeed, it would have been difficult to explain to a
consumer in the 1980s that the mobile phones of the near
future would have cameras, instant messaging, music and
games as standard features. Where smart phones have led,
other devices will follow.
Further, the smart phone and related devices such as tablet
computers continue to evolve, and there needs to be new
approaches to the ways in which such technologies are used
in order to take full advantage of the flexibility they afford to
support the interaction of the physical environment with the
information environment. Potential applications include:
•

•

Information and Analysis – The monitoring the
behaviour of objects, including people, within a
defined framework in both space and time, as for
instance in relation to eHealth and mHealth [34]
applications.
Situational Awareness – Real-time monitoring of
and interaction of devices with a range of
environments in response to individuals, as for

instance reporting on local transport and providing
routing information to traffic management schemes.
•
Data & Information Driven Systems – Distributed
and networked sensors contributing to a rich
information environment driven by advanced data
analysis and visualisation, as for instance logistics
management.
•
Social Networking – Increased interaction at the
individual level but also encompassing areas such as
virtual communities and security.
However, the ability to take advantage and account of the
potential for exploitation afforded by advanced mobile
communications is predicated upon issues of technical
complexity, accessibility and security.
METAMODELLING IN SUPPORT OF THE INTEGRATION
OF THE PHYSICAL AND INFORMATION ENVIRONMENTS

IV.

One potential means of integrating the physical
information environments is through the use of a
metamodelling approach operating at both the strategic or
planning level and at the operational level. Consider the
structure shown in Fig. 6, Here, each of the individual
models, the base parameters for which are as suggested in
Table 1, receives data from a range of sources, as for instance
distributed sensors and smart phones, as the base input.
Constraints are applied to define the operating conditions, for
instance representing time of day, incidents or other
conditions which define operating boundaries. The weights
then define the contribution of the individual model to the
final output, which in turn is fed back as the means of
connecting the models.
In support of the strategic planning process the model
would then allow for the exploration of questions relating to
the operation of the system in order to inform the planning
process. In relation to real-time operational use, the model,
once validated, would receive data from all relevant sources
to provide operational information which would then be used
to determine operation at the system level. For instance,
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information from traffic cameras and other data sources could
be used to optimise the settings of traffic lights to facilitate
traffic flow, whilst drivers would receive real-time routing
data linked to the traffic management system.

•
•

The construction and validation of the metamodel is itself
a complex process, and one which requires both data sources
and applications to be better defined than the are perhaps at
present.
TABLE I.
Energy

Transport

Resource

Urban

Rural

Societal

Resiliance

Metamodel

People-to-People (P2P) networks such as Facebook
and Twitter.
Machine-to-Machine (M2M) networks supporting
interactions between a wide range of systems and
functions using cloud and related technologies to
support smart devices.
People-to-Machine (P2M) networks representing the
interactions between individuals and the network
through the medium of smart devices.

The implication is that there is a need for new levels of
connectivity throughout the city environment to provide
access by and for individuals to services and functions
through the medium of smart technologies and systems. It
also implies that the physical and information environments
cannot be treated in isolation from each other but must be
brought together in a way that makes the most effective use
of both existing and new building stock, whilst creating
integrated urban environments structured around people and
their mobility in both the physical and information
environments.

MODEL PARAMETERS

• Increased distributed generation based on
non-conventional technologies.
• Energy management and smart grid
strategies.
• Provision of the requisite support
infrastructure.
• Managing environmental impact.
• Mix of public and private transport.
• Managing impact on local environment,
i.e. noise reduction/elimination [35].
• Impact assessment for integrated
transport schemes.
• Provision of an appropriate infrastructure.
• Access to resources.
• Shift in resource delivery.
• Security of supply.
• Impact of infrastructure change.
• Environmental issues, as for instance noise
control.
• Planning processes and informed decision
making.
• Prevention of rural depopulation.
• Transport provision.
• Environmental impact issues.
• Access to resources, including health,
schools and social services.
• Changes to urban and rural societies.
• Education, training and work profiles.
• Social mobility, location and remote
working.
• Security of supply.
• Skills base, education and training.
• Dependency on external sources of supply.
• Storage and energy reserves.
• Information integration strategies.
• Decision making
• Triple bottom line issues
• Economics
• Risk assessment

V.

•
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VI. THE ROLE OF MECHATRONICS
The role of mechatronics in relation to establishing a
sustainable environment of the type considered in the paper
may be considered in terms of both technical content and
technological impact [37,38]. Indeed, it may be argued that
the further development of mechatronics as an integrated
discipline will be determined by the need to provide an
increasing range of smart devices and systems capable of
being brought together through the Internet of Things to link
the physical and information environments. It can be also
argued that the achievement of truly sustainable systems will
depend on an ability to incorporate such mechatronic devices
within an integrated approach to system design, development
and implementation within an information rich knowledge
economy.

IMPACT

With the growth rate of the world’s urban population
estimated at around 60 million people a year, it is likely that
by 2050, some 60% of the world’s population will be living
in urban environments, with 2% of the available land mass
then consuming nearly three-quarters of all resources. This in
turn imposes a series of challenges ranging from job creation
and economic growth to environmental sustainability and
social resilience. In the context of the paper, the integration,
through the medium of smart devices and systems, the
information and physical domains along with the
requirements of being able to deal with large data sets
provides a mechanism for the management of such
environments.

This in turn implies a need to revisit the approaches to
design of mechatronic devices, components and systems to
encompass an information led approach in a way which
allows the definition not only of the flow of information, but
also takes account of its, context related, value and
deployment [39]. The challenge then becomes one of
providing the necessary tools that bring together and integrate
all of these elements within a metamodel environment. Yet
contrary to holistic theory of systems engineering, there has
not as yet been extensive work to integrate them within a
comprehensive modelling tool [40,41].
Historically, modelling tools have tended to focus on
aspects of the problem rather than on the entirety, in part
because of an inability to look into the future in any
significant way. The metamodelling approach discussed in
the paper provides a potential means of facilitating at least a
partial ‘look ahead’ by enabling the interaction between the
various systems elements, as well as with a range of external
factors.
Further, the demarcation between the information and
physical domains is likely to become increasingly blurred as
they levels of interaction increase. This places additional

This interrelationship is through the use of [36]:
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demands on the systems designer to conceive of and facilitate
such interactions, but also requires them to envisage the
changes in the information domain that might ensue. As
argued by Mahoney et al [39], in order to support increasing
design complexity, there is a need for ‘an extensible ontology
grounded in standards to enable engineers to streamline the
process by defining data elements and element relationships
utilizing the same vocabulary and taxonomy’.
Such an ontology would be supported by tools such as
knowledge engineering and data mining strategies embedded
within the metamodel structure to support the identification
of key system elements and constraints at the strategic or
planning stages of system development. This would then
inform the design of the mechatronic smart devices to be used
to service the information. All of the above is not aimed at
replacing the designer, but at enhancing their ability to
manage the complexities of the information based
relationships on which the system is founded. In this, it can
be seen as an extension of the modelling concepts of
integration traditionally considered to be at the heart of
mechatronics.
VII. CONCLUSIONS

components and devices as required by changes in need as
part of a wider Design for All approach to meeting need.
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Abstract—In the context of increasing use of moving
wireless sensor nodes the interest in localizing these nodes
in their application environment is strongly rising. For many
applications, it is necessary to know the exact position of the
nodes in two- or three-dimensional space. Commonly used
nodes use state-of-the-art transceivers like the CC430 from
Texas Instruments with integrated signal strength measurement
for this purpose. This has the disadvantage, that the signal
strength measurement is strongly dependent on the orientation
of the node through the antennas inhomogeneous radiation
pattern as well as it has a small accuracy on long ranges.
Also, the nodes overall attenuation and output power has to
be calibrated and interference and multipath effects appear in
closed environments.
Another possibility to trilaterate the position of a sensor node
is the time of ﬂight measurement. This has the advantage, that
the position can also be estimated on long ranges, where signal
strength methods give only poor accuracy. In this paper we
present an investigation of the suitability of the state-of-the-art
transceiver CC430 for a system based on time of ﬂight methods
and give an overview of the optimal settings under various
circumstances for the in-ﬁeld application. For this investigation,
the systematic and statistical errors in the time of ﬂight
measurements with the CC430 have been investigated under a
multitude of parameters. Our basic system does not use any
additional components but only the given standard hardware,
which can be found on the Texas Instruments evaluation board
for a CC430. Thus, it can be implemented on already existent
sensor node networks by a simple software upgrade.

I. I NTRODUCTION
There exist many solutions for wireless distance measurement and equipment speciﬁcally designed for this purpose.
Our approach is different as we implement precise wireless
distance measurement in already existing and used standard
hardware. A lot of available devices nowadays have an
integrated wireless transceiver for communication purposes
on board. We use these existing wireless transceivers for
localizing the devices. There is a huge demand for information
on the whereabouts of devices related to their environment. A
possible application is the navigation of pedestrians in railway
stations, airports, trade fairs or department stores. Additionally
autonomous robots can be guided in processing plants without
the need for a human operator. A lot of the localization
tasks must be realized in indoor environments where no GPS
† Corresponding author

signal is available or GPS receivers have too high energy
consumption. To provide a cheap and low power localization,
the time of ﬂight measurement (ToF) of a transmitted signal
can be used to trilaterate the position of an object in threedimensional space. With the combination of signal strength
and runtime measurement, the accuracy and overall reliability
of the system can be further enhanced.
The key issue in runtime measurements with the most wireless
sensor nodes is the relatively slow system clock. It generates
an uncertainty of one clock cycle which is negligible in ultra
sonic sensing due to the slow speed of sound but becomes
overwhelmingly large when working with electromagnetic
waves which are traveling with the speed of light. With a
26 MHz counter clock one clock cycle lasts 38.4 ns. Translated
to distance this clock jitter is equivalent to an error of
approximately 11.5 m. Additionally the hardware generates a
time offset of several hundred cycles or around 6-8 μs between
physically receiving a packet and logically rising the respective
RX/TX ﬂag which triggers the integrated counter capturing.
This offset in the analog domain of the transceiver is moreover
dependent on the attenuation, the frequency and the chosen
modulation. We researched inﬂuences of the aforementioned
parameters on the delay and the overall performance in respect
to distance measurement and present settings which promise
to be the best foundation for further research in this ﬁeld.
The paper starts with an overview of related work in Section II.
In Section III the theoretical background of our research is
presented and the used equations are given. The programming
of the hardware is explained in Section IV. Section V presents
the methods used in the experimental part of our work. In
Section VII the results of the measurements are presented
and subsequently discussed. Finally, Section VIII gives a
conclusion of the research done in the paper and an outlook
for research in the future.
II. R ELATED WORK
For localization of low cost sensor nodes, most of the existing applications and research papers use the signal strength
indicator [1]. The behavior of radio signals in an indoor
environment was shown by Hashemi in [2]. Via the received
signal strength indicator (RSSI) the distance between two
wireless transceivers can be calculated. In most cases the two
transceivers will consist of an anchor node and a mobile tag.
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III. T HEORETICAL BACKGROUND
A. Received signal strength
The following Friis equation calculates the maximum possible power in a receiving node Pr dependent on the sending
power Pt , the antenna gains Gr and Gt , the distance r and
the wavelength λ:
2

λ
.
(1)
Pr = Pt · Gt · Gr ·
4πr
Therefore, if the received power strength is measured in the
receiving node, the equivalent distance of sender and receiver
can be calculated with:
0
Pt
λ
·
· Gt · Gr .
(2)
r=
4π
Pr
The accuracy depends on the number of anchor nodes and
of the environment, which can lead to dynamic errors. The
RSSI value is distorted by objects in the direct path, in
the vicinity and by environmental inﬂuences, especially air
humidity. Additionally, the RSSI value also depends on the
orientation of the antenna. The antenna directivity is inﬂuenced
by the antenna type and the spatial orientation of it compared
to the anchor nodes. Using an RF system for localization,
people can be localized with low accuracy (1.5-3 m). Through
combination with other technologies, this accuracy can be
improved. The multi-method approach [14] uses a combination
of built-in sensors of mobile devices and the capabilities
of the end-users, which estimates positions with a scanner
application.
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Several groups have researched combinations between round
trip time (RTT) and RSSI measurements, but for Wi-Fi
applications [3], [4], [5] and considerations of Cramér-Rao
bounds [6], [7]. In [8] Will et al. have analyzed a multitude
of error mechanisms and inﬂuences on their ToF system,
which also measures the RTT. They use the mean value of 25
single measurements to ﬁnd the distance between two nodes.
We try to overcome the physical limitations of single time
measurements with more extensive statistical methods and a
precise characterization of the underlying error mechanisms.
Also we take into account the different behavior in respect to
attenuation, modulation and data rate.
The wake-up strategies mentioned in the abstract can be used
to lower the overall energy consumption. Wireless sensor
nodes based on the CC430 are capable of utilizing low
power modes, in which they consume only power in the
range of several μW compared to about 100 mW during radio
operation [9], [10]. This allows the extension of battery life
and operational lifetime by several orders of magnitude [11].
A view on cooperative localization in wireless sensor networks and the underlying algorithms can be found in [12].
Wendeberg et. al. provide spring-mass based self-localizing
evaluation algorithms in [13], which can be fed by the data
generated by this system.
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t2
t3

(b)
Figure 1. a) Packet structure and size. The numbers in brackets stand
for the size in bytes corresponding to the number of byte hexagons. b)
Schematic of the timing parameters of the measurement setup. The time
indices mark the rising ﬂags on which each counter capture is triggered by
an incoming or outgoing sync word. The ﬁgure depicts one round trip. This
same measurement is repeated for several hundred times in a row.

B. Time of ﬂight
Our approach uses the time of ﬂight (ToF) measurement to
estimate the distance between the anchor node and the mobile
tag and to overcome the above mentioned disadvantages of
RSSI measurements. We use a special form of ToF that is
called round trip time as described in Figure 1. Compared to
the normal ToF measurement the signal of RTT travels the
way back and forth from the anchor node to the mobile tag.
Therefore no synchronization between anchor node and mobile
tag is needed. The anchor node calculates the time difference.
The mobile tag is only measuring the processing latency
between incoming signal and outgoing signal. By measuring
in the anchor node the moment of sending the package t0 and
the moment of receiving back the package t3 , the complete
roundtrip time can be calculated with ΔtRT T = t3 − t0
including the latency. By measuring in the remote node the
moment of receiving the package t1 and the moment of sending the package t2 , the additional signal processing latency
Δtlatency = t2 − t1 in the mobile tag can be calculated. The
corrected round trip time tRT T,corr is then
ΔtRT T,corr = ΔtRT T − Δtlatency .

(3)

This round trip time is in our experiments between 6 μs and
1400 μs depending primarily on the chosen modulation and
data rate. It is therefore assumed, that
tsignal = ΔtRT T,corr − tof f set

(4)

with a, for each setting, constant offset in the analog domain
and the true signal runtime delay tsignal . The distance d can
then be calculated according to
v · tsignal
(5)
d=
2
with v = c·vp where c is the speed of light and vp the velocity
factor of the medium, which can be either air or the copper
of the coaxial cable.
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C. Processor cycles

Binary frequency shift keying (2-FSK) is a modulation,
where the information is transferred by shifting the carrier
frequency by a certain amount in one direction or the other. It
is one of the simplest digital modulations and widely used in
wireless transceivers. Gaussian shaped frequency shift keying
(2-GFSK) differs from standard 2-FSK in the fact that a
Gaussian ﬁlter is applied to the output signal which smoothes
the pulse and so reduces the spectral bandwidth of the signal.
The inﬂuence of modulation on the aforementioned time
delay in the analog domain is dominant. The time delay of
2-GFSK modulation is around 40 % higher at every data rate
than the time delay of the 2-FSK modulation. Apparently,
the processing of the 2-GFSK signal takes up more time
in the analog domain, then the processing of the variant
without the application of a Gaussian ﬁlter. Additionally, the
standard deviation of the single measurements doubles, when
a Gaussian ﬁlter is used. Hence we recommend the use of
2-FSK for all distance measurement purposes when feasible.

DC Power Supply
Agilent E3631A

3300 mV

The ﬁrst versions of our system used the highest clock
rate of the CC430 of 20 MHz for the time measurement.
This proved to be extremely error prone due to the fact,
that the internal RC oscillator of the CC430 is dependent
on operating voltage with 1.9 %/V and ambient temperature
with 0.1 %/°C. With a mean round trip time of then about
30000 cycles and 30 mV operating voltage difference, the
distance error increased to unusable 270 m. Fortunately, the
CC430 has the ability, to drive the counter with an external
clock, and with the 26 MHz crystal oscillator onboard the
used evaluation boards, such an external clock was already
available. The onboard crystal oscillator provides an overall
accuracy of 80 ppm which leads to a clock generated distance
error of a single measurement of 3.2 m. An accurate crystal
with small temperature and operating voltage dependency is
crucial for precise distance measurements.
D. Modulation
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(EB1)

Hardware
Reset
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Reset

GPIO
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CC430

3300 mV

50 Ω - Cable

Divider

CC430
external
Oscillator
on XT2

26 MHz 900 mVpp

Signal Generator
R&S SMA 100 A
Figure 2. Block diagram of the system setup. The two evaluation boards
are connected with a coaxial cable. The Raspberry Pi (RPi, see Section V-D)
starts the measurement by sending a start command containing the setting
and the number of single measurements to perform to the anchor node. The
anchor node (master) is then initiating the communication with the remote
node (slave) and stores all incoming and measured data into the 2 MBit
FRAM. After ﬁnishing the scheduled amount of measurements, the stored
data are transferred to the RPi via COM port.

law, directly dependent from an integer multiple n of the
wavelength λ
nλ = 2d sin θ,
(7)
a possible method to circumvent such a scenario would be to
change the working frequency whenever a node is encountered
with a situation where no connection to the anchor node is
possible.
For this work, two commonly used frequencies, 868 MHz and
915 MHz, were used. The difference in frequency would be
sufﬁciently large to change the interference pattern in a way
that a connection to the anchor node could be reestablished.

E. Frequency

F. Time delay in the analog domain

Fresnel described the implications of objects being in the so
called Fresnel zone Fn . The radius of the n-th Fresnel zone
at the point P is derived with the wavelength λ, the distance
between antennas d and the distances d1 and d2 of the antennas
to the respective point P according to
0
n λ d1 d2
Fn =
.
(6)
d
Obstacles in the uneven Fresnel zones reﬂect the incident wave
in a way, that destructive interference occurs and the attenuation rises. To get a small attenuation in radio communication
the ﬁrst Fresnel zone F1 has to be clear of obstacles, which
mostly cannot be ensured in indoor environments. Interference
patterns in closed environments arise by multipath wave propagation and can lead to situations where no communication is
possible because reﬂected waves cancel each other completely
out. Because the interference pattern is, according to Bragg’s

One of the most interesting effects encountered, is the
time delay in the analog domain. It is not documented in
the datasheets and manuals from Texas Instruments. It is
speculated, that the delay depends on the internal programming
of the state machine, the rise times of the preampliﬁers and
the data processing of the sync word. The delay seems to
stay constant over time and is in the same range between
different evaluation boards, but preliminary results show, it is
temperature and supply voltage dependent to some degree. It
changes strongly between frequencies, data rates and modulations. Further investigation of this effect is necessary to cancel
out its effects in the ﬁnal application.
IV. P ROGRAMMING
A. State machine
For the time measurement, a ﬁnite state machine has been
implemented in both evaluation boards. The programming is

504

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

TX-Flag Slave

RX-Flag Slave

RX/TX-Flag Master

Figure 3. Time difference between rising of the sending ﬂag (TX) on one
node and rising of the receiving ﬂag (RX) of the same packet on the other
node is much larger than it is supposed to be by the runtime effect only.
The runtime is superimposed by the time delay in the analog domain. The
oscilloscope was connected to the GDO1s of the CC430s with pin setting:
IOCFG1 = 0x06. The cable length between both evaluation boards was 2 m.

mostly identical. The only differences exist in the state machine, where the master is allowed to initiate the measurement
procedure while the slave is not, as well as the interrupt service
routine, where the master counts the time between sending and
receiving while the slave counts the time between receiving
and sending a packet. To start the measurement procedure,
a data package has to be received via the COM port. It
contains the necessary information about the number of single
measurements that should be taken and the RF settings that
should be used. The master then sends this information to
the slave, which adjusts its conﬁguration accordingly. After
reestablishing the communication with the new conﬁguration,
the scheduled number of measurements is taken. During this
time, the master is not communicating with the Raspberry Pi
(RPi, see Section V-D) nor accepting any input from it in order
to take a clean and undisturbed measurement. Therefore the
data transfer to the RPi is initiated by the master.
B. Data transfer
The measurement data is recorded by the evaluation boards
designated as master. It measures its own time span and
received signal strength and receives the time span and the
RSSI from the remotely installed second evaluation board
designated as slave. The data from the remote evaluation board
is simply piggy-backed onto the packages sent and received
anyway. All information is then sent to the RPi via a standard
COM port. The RPi administrates the data reorganization and
storage as well as all calculations.
C. Time measurement
In order to achieve a precise time measurement without
additional hardware, the internal 16-bit counter of the CC430
was used. It was fed by the external 26-MHz crystal RF
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oscillator already available on the evaluation board to use the
highest allowed and available frequency. The corresponding
period is 38.4 ns and as such the smallest resolvable time unit
in this system, further referred to as cycle.
The largest round trip time resolvable is 216 cycles or approximately 2.5 ms, which was not enough for our purpose. Hence
the counter was enlarged with an additional 16-bit register and
an overﬂow interrupt service routine to provide 232 cycles or
approximately 165 s capacity.
The counter is triggered by the rising internal sync word
received/sent ﬂag. The counter value is stored in the corresponding register and then saved by an interrupt service routine
for calculating the time difference between the occurrences
of the triggered events. This measurement is repeated for at
least several hundred times. Due to this many samples, a very
precise measurement value can be obtained.
To ensure the reliability of the measured events, the values were compared to measurements taken with a Tektronix
TDS3034B oscilloscope. Figure 3 shows the oscilloscope
analysis of the micro controller ﬂags utilized for the time
measurement. This was used to conﬁrm the validity of the
time measurements with the integrated counter of the CC430.
All values were inside the measurement resolution of the
oscilloscope and therefore this is an apt method of time
measurement for our application.
V. M ATERIAL AND METHOD
For the sake of reproducibility and conformability, all measurements were performed with hardware freely and commercially available. The system setup used for all measurements
is depicted in Figure 2. In this section, you will ﬁnd a listing
of all necessary hardware and the measurement methods used.
A. Statistical evaluation
For statistical evaluations of measurements, the standard
deviation estimation correction factor
0


N − 1 Γ N 2−1
N  ,
·
cσ =
(8)
2
Γ 2
is used to calculate the inﬂuence of small numbers of measurements to a populations standard deviation. It is for the
smallest amount of measurements taken for this paper of 10 k
measurements around 25 ppm. This means that the number of
samples is sufﬁcient to estimate the standard deviation with
an error smaller than 25 ppm.
For a given population mean value with a certain population
standard deviation σ1 , the resulting standard deviations of the
means σN over a batch of N measurements is calculated with
0
1
.
(9)
σN = σ1 ·
N
To get the number of measurements it takes to get a mean
value of the batch near the population mean with a desired
uncertainty σx , Equation 9 could be written as
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boards of 3300 mV was supplied by an Agilent E3631A DC
power supply.

P

D. Raspberry Pi

Address [2]

Figure 4. Packet structure and size as well as packet content. The numbers
in brackets stand for the size in bytes. The CRC is calculated for each packet
automatically by the CC430. The sync word is constant and has to be identical
on master and slave. The preamble is generated by the transceivers and used
for PLL lock-in.

With those two equations only a good population mean value
with a known population standard deviation is necessary to
calculate the number of measurements needed.
B. Packet structure and size
The packet size for the experiments conducted in this paper
is 17 byte. The packet consists of a 4 byte long preamble, a
4 byte long sync word, 7 data bytes and a 2 byte CRC check
sum, as depicted in Figure 4. The data bytes contain the 4 byte
timer value Δtlatency , the 1 byte long RSSI value and a 2 byte
long address for node identiﬁcation. Because the accuracy of
the system depends on a high number of measurements, it is
desirable to use very short packages and high data rates, so
that more measurements can be conducted in a given time
frame. On the other hand, high data rates require a small
overall attenuation, which is difﬁcult to achieve when distances
increase and the output power is limited.
C. TI evaluation board
The Texas Instruments EM-CC430F6137-900 evaluation
board is a ready-made platform for the single-chip RF-MCU
CC430. It can directly be used for the measurements presented
in this publication. The MCU supports a frequency range
from 433 - 915 MHz with four different modulations of
which 2-GFSK and 2-FSK were used in this work while onoff keying (OOK) and minimum shift keying (MSK) were
disregarded, because of their rare use in wireless sensor node
networks. Also it provides several low-power modes and an
overall low power consumption which makes it popular and
widely used for low-power energy self-sufﬁcient systems and
wireless sensor nodes.
The used boards underwent only minor hardware changes,
namely soldering connectors on several port pin drill holes
and ground taps, bridging the reset button with a NMOS for
external reset and replacing the onboard RF crystal oscillator
with a tap to feed the MCU with a clock reference from a
signal generator. No other modiﬁcations were necessary in
order to measure the distance.
The removed 26 MHz quarz on the evaluation boards was
replaced with a 26 MHz 900 mVpp feed from a Rohde &
Schwarz SMA100A signal generator in order to provide
temperature independent frequency stability and reproducible
measurement results as well as a synchronous clock on both
evaluation boards. The operating voltage for the evaluation

In consideration of the long uptimes and high reliability,
versatility and expandability requirements of the measurement
setup, a Raspberry Pi was chosen to serve as a base. It
runs Raspbian Wheezy, a debian linux derivative. The RPi
communicates with one of the evaluation boards, the anchor
node, over a native COM port. It controls every action of the
measurement setup, the communication and the data storage
and evaluation.
E. RF settings
Different sets of settings were used to determine the optimal
parameters, such as frequency, data rate and modulation, for
wireless distance measurement with CC430 based systems.
Table I contains an overview over the evaluated parameters.
They span the whole range of possible settings of the CC430,
with data rates between the highest possible setting 250 kb/s
and the lowest possible setting 1.2 kb/s.
F. Cable connection
For the distance variation measurements, elspec LL335 low
loss high frequency cables of certain lengths and an attenuation of 14 dB/100 m were used to eliminate the inﬂuence of
multipath effects, reﬂections and antenna orientation. Several
cables of 10 m and 20 m length were available. To counteract
the cable attenuation which varies with its length and to vary
the overall attenuation, an array of one hp8494B attenuator
and one hp8496B attenuator was used. The connection from
an to the attenuator and to the elspec cables was realized with
standard RG223 cable of 1 m length available in the lab.
VI. M EASUREMENTS
To generate an accurate model, both main inﬂuences
on the time measurement signal had to be investigated,
namely distance and attenuation. For each point in the
measurements presented 25 rounds with 1000 measurements
each were taken. The results were then cleaned of spikes.
Every result for which the runtime was negative or greater
than 42000 cycles was viewed as ﬂawed and removed. For
the RSSI measurements, the ﬁrst 60 measurements of each
1000-measurement round were discarded, as well as every
measurement which deviated more than ±3 dB or about at
least 4 σ from the mean value. This was necessary since the
RSSI register in the CC430 did not provide any plausible
values for the ﬁrst 60 measurements taken and sometimes
during the measurement gave single values that were up to
±20 dB off compared to the mean value. For the remaining
values the means and standard deviations were calculated.
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Figure 5. Results of reference measurement. The ideal line has a slope of
0.22 cycles/m which corresponds to a velocity factor in the cable of 0.8. The
points standard deviation of the means is smaller than the symbol size and
was therefore neglected for this graph.

Figure 6. Results of attenuation measurement with a data rate of 250 kb/s,
FSK modulation and with a frequency of 868 MHz in climate chamber at
20 °C. The exponential decay’s ﬁt function is given in the graph.

15

A. Distance variation

13
11

Error of means [m]

The distance was varied by varying the length of the cables
connecting the nodes. The length of the cables was set to 2 m
and 13-43 m in 10 m steps. The measurements were performed
over a period of several days and in an environment without
controlled ambient temperature. The attenuation was ﬁxed to
-60 dBm. The offset value for 2 m was subtracted from the
results of all other distances to normalize the results.
B. Attenuation variation
The second main inﬂuence is the attenuation. The evaluation boards were working between -36 dBm to -81 dBm
attenuation. The attenuation was varied in this range in 1 dB
steps. The measurements were performed inside a climate
chamber to exclude thermal inﬂuence. The temperature inside
the chamber was set to 20 °C.

For the determination of the necessary batch size, a combination of the aforementioned measurements, namely -60 dBm
attenuation and 18 m cable length, was used. For the fast data
rates of 250 kb/s and 38.4 kb/s 300k single measurements and
50k single measurements for the slow data rate of 1.2 kb/s were
performed to achieve a stable population mean and standard
deviation. These single measurements were then grouped to
batches of logarithmic sizes from 1 to 5000 samples per batch.
The standard deviation of the means of the single batches was
subsequently calculated and the resulting values translated to
distance with the signal velocity vs of 9.2244 m/cycle derived
from Equation 5 with the velocity factor of the cable vp = 0.8.
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Figure 7. Inﬂuence of the batch size to the standard deviation of means as
presented in Table I for a) 250 kb/s and b) 38.4 kb/s at a frequency of 868 MHz
with respect to modulation and the measurement duration. The measured
values match the lines calculated with Equation 9 from the standard deviation
of the population.
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Table I
S TANDARD DEVIATIONS OF MEANS OF THE MEASUREMENTS WITH -60 ± 1 D B ATTENUATION AND 18 M CABLE LENGTH .
1

20

50

100

200

500

1000

2000

5000

868 MHz

12.80

2.85

1.80

1.26

0.88

0.58

0.41

0.29

0.19

915 MHz

12.83

2.87

1.82

1.28

0.91

0.55

0.37

0.24

0.15

868 MHz

6.09

1.37

0.86

0.61

0.44

0.27

0.19

0.13

0.08

915 MHz

6.26

1.40

0.88

0.62

0.44

0.28

0.21

0.14

0.09

1.4

28

70

140

280

700

1400

2800

7000

868 MHz

78.93

17.73

11.19

7.87

5.59

3.57

2.59

1.71

1.12

915 MHz

78.36

17.56

11.12

7.88

5.62

3.63

2.42

1.69

1.04

868 MHz

30.10

7.11

4.50

3.17

2.27

1.45

1.02

0.77

0.43

915 MHz

29.85

7.04

4.55

3.20

2.25

1.41

1.03

0.77

0.49

4.3

86

215

430

860

2150

4300

8600

21500

868 MHz

1741.33

394.14

253.2

179.76

126.22

86.41

64.92

58.48

29.16

915 MHz

1745.12

395.28

250.51

177.88

123.46

81.49

55.20

33.32

24.51

110

2200

5500

11000

22000

55000

110000

220000

550000

Standard
deviations of
means [m]

250 kb/s
GFSK
FSK

Size of measurement batch

Standard
deviations of
means [m]

38.4 kb/s
GFSK
FSK

Measurement duration1 [ms]

Standard
deviations of
means [m]

1.2 kb/s
GFSK

Measurement duration [ms]

Measurement duration [ms]

Error coloring:
2m < σ
2m ≤ σ < 1m
values were calculated from the measured time of single measurement.

1 m ≤ σ < 0.5 m

σ < 0.5 m

1 All

VII. R ESULTS AND D ISCUSSION

VIII. C ONCLUSION AND OUTLOOK

The results of the distance measurements as depicted in
Figure 5 show the dependence of the round trip time from
the distance between the nodes as described by Equation 5.
The deviations from the ideal line are most probably caused
by temperature changes of the environment, because they are
close together for all setting. This makes a systematical error
more probable. The offset value tof f set at 2 m distance was
used to normalize the measurements. After the removal of the
offset, only the contribution of the runtime to the whole signal
is left.
The results of the attenuation measurement is given in Figure 6. The offset increases exponentially with increasing
attenuation and therefore with increasing distance. This means,
that the measured value overestimates the factual distance
when using a linear equation like Equation 5. This effect has
to be taken into account for future measurements. We suspect
the offsets behaviour to be as well temperature dependent so
a precise investigation of the offsets behavior is necessary.
The results of the variation of the batch size are presented
in Table I as well as in Figure 7. It shows the as well the
inﬂuence of data rate and modulation. The Gaussian ﬁltering
of the signal approximately doubles the standard deviation of
the measurements. A slow data rate increases the offset and
the ratio between offset and desired signal.
The time measurement itself is sufﬁciently precise when the
RF settings and the number of samples are chosen accordingly.
This scalability allows a trade-off between speed, accuracy and
energy requirements. The number of measurements can as well
be calculated with Equation 10.

In the paper, wireless distance estimation with the CC430
was evaluated in respect to accuracy and the inﬂuence of
attenuation. The achievable accuracy for the round trip measurement, when the offset value is measured precisely, is in
the decimeter range. The accuracy and speed of the distance
measurement with the CC430 are very promising. The measurements can be conducted very fast. A trilateration from four
ﬁxed nodes with an accuracy under 0.5 m could be performed
in one second, while with an accuracy requirement of 1 m only
300 ms sufﬁce.
The second prime target of this experiment was to single
out reliable settings for the CC430 to conduct distance measurements. The result clearly show, that 2-FSK modulation is
superior to 2-GFSK modulation by a factor of 2. We conclude,
that further research in this ﬁeld should concentrate on 2-FSK
modulation, as we will do in the future. With respect to
data rate, the result is not as obvious, but instead a trade-off
between range, speed and accuracy requirements. We discard
the settings with 1.2 kb/s data rate, because they are obviously
unusable for our objective. We suggest either a system which
uses one high and one low data rate and changes between
them when the nodes gets out of range, or a system which
uses a compromise such as a data rate of 125 kb/s.
The transmission frequency has no practically relevant inﬂuence and can be chosen according to regulations or compatibility to existing systems.
Preliminary measurements showed the offset to be temperature
and supply voltage dependent. Further research has to be
done with respect to the behavior of the offset in the analog
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domain. If it cannot be calibrated by precise measurements
and modeling, some kind of on-the-ﬂy calibration has to be
implemented. We will conduct further research in a climate
chamber and under outside free ﬁeld conditions and report
these ﬁndings in a future publication.
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Abstract—Positioning methods have been investigated for
decades now. Especially conditions like environmental noise and
multipath propagation still drive the quest for robust methods
that provide precise position estimates. Where radio frequency
signals stumble, sound may succeed. Our approach to acoustic
positioning is based on time-of-ﬂight measurements utilizing the
correlations of audible test signals and is based on a choice of
system parameters that allow for robust positioning in harsh
environments such as mines. Applying linear frequency chirp
signals, we obtain a precision of position estimates in the
millimeter range for stationary situations. However, as soon as
the object under observation is in motion, its velocity causes the
received test signals to be Doppler-shifted, and thus introduces a
time-shift and a distortion in the respective correlation signals.
In this contribution, we present a remedy to the Doppler shift
problem by using pairs of hyperbolic chirp signals. We have
investigated the performance of linear and hyperbolic chirp
signals by employing them to estimate the position of a mobile
tag which was moved on a circle at different levels of constant
velocity. Our results illustrate that using single linear chirps, the
position estimates describe a distorted circle due to the Doppler
shift. Applying the hyperbolic chirp pair setup, we attain position
estimates that are in alignment with the circular movement. In
stationary scenarios, very high positioning precision in the range
of 7 mm can be achieved down to a signal-to-noise ratio of -2.8 dB
using the linear chirp signals. In situations of objects moving at
a velocity of 1 m/s, the use of hyperbolic chirp signals leads to
a precision of around 3 cm down to a signal-to-noise ratio of
-3.2 dB.

I. I NTRODUCTION
The need for a method for the estimation of the position
of an object under observation without contact gave rise to a
variety of solutions so far. Wireless positioning systems range
from optical over microwave-based to acoustic systems. The
accuracy, as given by the mean position estimation error, and
the precision, by means of the error’s standard deviation, of
a positioning system (cf. [1]) depend on the inherent system
parameters, on the environment in which it is used and on the
robustness of the system against potential disturbances such
as noise, dust, and multipath propagation.
Throughout this paper, we present parts of the development
of an indoor positioning system to be used in the harsh environment of mines. We were aiming at the system’s capability
of measuring the (2D) positions of miners within a radius
of 10 m around a mining machine and their distances up
to 50 m from the machine. We have decided to develop
an acoustic positioning system based on time-of-ﬂight (TOF)

measurements applying correlation processing. Regarding the
frequency range, the ﬁrst choice would have been ultrasound due to its inaudibility. However, since the atmospheric
sound attenuation in air increases with f 2 , we decided to
use measurement signals in the audible frequency range. A
technical constraint was given by the limited power available
at the miner’s side which required the mobile tag to act as
the receiver. The ﬁnal system shall incorporate a total of six
loudspeakers mounted around a machine and shall be robust
against noise and multipath propagation.
This paper is structured as follows. Section II presents
related work regarding indoor acoustic positioning. In sections
III and IV, we describe our positioning method and the
measurements we have carried out, respectively. The results
of our measurements are presented in section V. Finally, we
conclude our work in section VI.
II. R ELATED W ORK
Wireless position estimation systems are mostly based
on one of the following principles. In TOF/TOA (time-ofﬂight/time-of-arrival) systems, distances are determined by
measuring the absolute time a signal takes from emission to
reception, while TDOA (time-difference-of-arrival) systems
measure the time differences of the signal arrival at three
or more receivers. AOA (angle-of-arrival) systems measure
the direction of propagation of a wave using an array of
receiver sensors. Moreover, distances may be measured
by calculating the received signal strength (RSS) at the
receiver which allows for a distance estimation. From
the distances, the position of the object is estimated. We
refer to [1] for descriptions of wireless indoor positioning
techniques and systems. As our system uses acoustic signals,
we brieﬂy review existing work in indoor acoustic positioning.
The Cricket system [2] determines the distances of a passive
mobile tag, called listener, to reference points (beacons) by
means of TOF measurements using ultrasonic signals. The
Radio-Frequency (RF) signal pulses sent from the beacons
contain beacon-speciﬁc information such as an ID and beacon
coordinates, and trigger the acoustic measurements. From the
distances of the tag to the Beacons, the tag may calculate
its position considering the actual temperature as the speed
of sound depends on the temperature (see below for details).
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The position estimate is updated every second and reaches an
estimation accuracy of about 10 cm.
The Active Bat system [3] is an ultrasound positioning
system in which an ultrasound emitter is attached to an object,
and receivers are mounted on the ceiling. TOF measurements
to the nearest receivers are triggered via a wireless link.
This system exhibits a 3D-accuracy of 3 cm for 95 % of the
position readings.
In the next section, we present our method for acoustic
position estimation.
III. ACOUSTIC P OSITIONING M ETHOD
A. Measurement Principle
Our method of position estimation is based on measurements of the times-of-ﬂight tTOF,1 and tTOF,2 between two
loudspeakers and a microphone that is mounted on the object
to be located. From these TOF, the respective distances d1 and
d2 are determined as
d = tTOF · c0 ,

(1)

where c0 represents the speed of sound (c0 ≈ 346 m/s at
a temperature of 24◦ C). Since the speed of sound depends
on the actual temperature, as given in (2), we need to take
the temperature into account when estimating distances and
positions:
c0 = 331.5 + 0.6 · ϑ
(2)
in m/s, where ϑ corresponds with the temperature in ◦ C.
Given that the object remains on one side of the loudspeaker
axis, the position can be estimated using bilateration. This
principle is illustrated in Figure 1.
In the following, we present the measurement signals and
describe the signal processing needed for the estimation of the
object position from the recorded signal.
B. Measurement Signals
Our ﬁrst choice of a measurement signal was a linear
frequency modulated (LFM) signal which provides high robustness against potential background noise. Equation 3 describes such a chirp signal sLFM (t), where W (t) represents
a windowing function chosen to minimize spectral leakage
outside the desired frequency band. Frequencies f0 and f1
denote the start and stop frequency, respectively, and Ts
represents the duration of the signal.
 
 
f1 − f0
sLFM (t) = W (t) · sin 2π f0 +
t t , (3)
2Ts
A frequency choice of f1 > f0 results in an up-chirp,
and f1 < f0 results in a down-chirp signal. The LFM
signals used in our system are applied in terms of one up-chip
per loudspeaker channel operated at different start frequencies.
In situations of moving objects, we need to consider the
frequency-shift that arises due to the Doppler-effect. Given that
the sound source is stationary and the receiver is in motion

Fig. 1.
Acoustic positioning principle. Two measurement signals are
transmitted via loudspeakers, while, synchronously, the microphone signal
at the receiver is recorded. From the correlation signals of the recorded
signal with the original signals, the distances between the loudspeakers and
the microphone can be calculated. Finally, the position of the microphone is
estimated using bilateration.

at speed v, the Doppler-shifted received frequency fs results
from


v
,
(4)
fs = fb · 1 +
c0
where fb denotes the original frequency of the transmitted
signal.
As a consequence, if the object is moving, LFM signals are
frequency-shifted which results in correlation signal distortions
(cf. [4]), and thus in poor performance of the estimations of
the distances, and the positions. Hence, we decided to test the
employment of Doppler-tolerant measurement signals. Hyperbolic frequency modulated (HFM) signals exhibit optimum
correlation performance at constant velocities [5]. In such
situations (v = const.), the correlation peaks stemming from
Doppler-shifted HFM signals are well-detectable compared to
those of LFM signals (cf. [4]). Pairs of HFM chirps, i.e. an
up-chirp and down-chirp signal emitted simultaneously, allow
for the compensation of the Doppler-shift. A hyperbolic chirp
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signal sHFM is deﬁned as follows ([5, 6]):


2π
sHFM (t) = W (t) · sin
ln (1 + bf0 t)
b
with
b=

f0 − f1
.
f0 f 1 Ts

(5)

(6)

We have employed the HFM signals in pairs and different
frequency sets per loudspeaker leading to a total of four
correlation results.
We are aware of the fact that these conﬁgurations do not
lead to a fair comparison of LFM (single chirp) and HFM
(paired chirp) signals in the case of moving objects. However,
our results are based on sequential development of our system,
and they very well illustrate the effect of employing pairs of
Doppler-invariant signals.
C. Signal Processing
This section describes the processing steps from correlation
calculation to the computation of the object’s position.

Algorithm 1 Peak-picking algorithm
1: procedure P EAK F INDER (Npk , sth , dmin , dmax )
2:
Deﬁne search interval as entire signal; k = 1
3:
while any value in sc > sth and k < Npk do
4:
Find maximum within search interval
5:
Discard peak if Ak < dmax · A1 and exit
6:
Extend peak to the left and right until
A < dmin · Ak
7:
Follow strictly monotonous slope to the
left and right
8:
Estimate peak ﬁrst (nc ) and second (nv ) moment
about the mean
9:
Extend peak to a width of 3 · nv
10:
Follow strictly monotonous slope to the
left and right
11:
Interpolate the peak maximum Âk and index îk
around the peak found
12:
Set peak area to zero
13:
Deﬁne search interval from 0 to ik ; k++
14:
end while
15:
return Â, î
16: end procedure

1) Correlation Processing: As soon as the microphone
signal sr of length Tr = 512 ms is recorded, its correlations
sc,p,q with the zeropadded reference signals ss,p,q (two LFM
and four HFM reference signals of length Ts = 360 ms) are
derived employing Fast Fourier Transformations (FFTs) as
given in (7).
sc,p,q = F−1 {F{sr }F{ss,p,q }∗ },

(7)

where F{ss,p,q }∗ are conjugate complex Fourier transforms
of the original chirp signals of channel p (p ∈ {1,2}), where
q identiﬁes the individual chirps per channel (LFM: q = 1,
HFM: q ∈ {1,2}).
2) Peak-Picking and Distance Estimation: Each correlation
signal sc,p,q is scanned for prominent peaks from which the
TOF are estimated. Previous measurements have shown that
a reﬂection may bring forth a higher correlation peak than
the line-of-sight (LOS) signal. As to be able to deal with such
situations, we determine the index of the maximum correlation
value and pick a deﬁned number of peaks between index zero
and the maximum index applying peak-picking Algorithm 1.
The algorithm is given the maximum number of Npk peaks
to be picked and the threshold level sth above which maxima
are searched for. The input parameter dmax represents the
maximum drop relative to the global maximum amplitude
A1 (e.g. dmax = 0.25), while parameter dmin deﬁnes the
minimum amplitude level relative to peak amplitude Ak that is
considered to belong to a single peak (e.g. dmin = 0.95), where
index k denotes the actual peak number. The later feature
helps dealing with double peaks. As a result of the peakpicking stage, we obtain the interpolated amplitudes Âp,q and
interpolated correlation indizes îp,q of the peaks found in the
correlation signals.
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From îp,q , we derive the TOF estimates
t̂p,q = îp,q ·

1
fs

(8)

The TOF are derived from the peaks that are nearest to zero
leading to t̂q,p . In the case of LFM chirps, the distances are
simply estimated applying (1):
dˆLF M,p = t̂p · c0 ,

(9)

where p denotes the number of the channel.
In order to estimate the TOF and distances of the HFM
chirp signals, we need to apply some more calculus to the
TOF-pairs that resulted from the peak-picking:
1
τ̂p =
2




t̂p,1 + t̂p,2 − φ̂p

with


φ̂p = (t̂p,2 − t̂p,1 )

1
1
+
bp,2 f0,p,2
bp,1 f0,p,1

1
1
−
bp,2 f0,p,2
bp,1 f0,p,1


(10)

−1
,

(11)

leading to an estimated distance of
dˆHFM,p = τ̂p · c0 .

(12)

3) Bilateration: Finally, the position of the object is estimated using bilateration, i.e. deriving the crossing position of
the distance circles from each loudspeaker. First, the length of
the base line l between the loudspeakers is calculated:
#
l = (yL2 − yL1 )2 + (xL2 − xL1 )2 ,
(13)
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where (xL1 ,yL1 ) and (xL2 ,yL2 ) represent the coordinates of
loudspeakers 1 and 2, respectively. Applying the law of
cosines, the estimated angle γ̂ at the crossing of the distance
circles towards the loudspeakers is derived as given in (14).

2
2
l2 + dˆ1 + dˆ2
γ̂ = arccos
(14)
2 · l · dˆ1
Finally, the estimated position coordinates x̂ and ŷ are
calculated as
x̂ = xL1 + dˆ1 · cos(γ̂)
(15)
ŷ = yL1 + dˆ1 · sin(γ̂)

(16)

In the next section, we present the measurement setup and
describe the scenarios we have tested.
IV. M EASUREMENTS
A. Measurement Setup
As to be able to test the behavior of both the linear and the
hyperbolic chirps, we have implemented them in our acoustic
positioning system as illustrated in Figure 2.
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As to keep the power consumption low, two low-power DSP
boards1 constituted the core of the transmitter and the receiver.
Upon a trigger signal from a measurement PC the transmitter
board synchronously started the playout of the measurement
signals and triggered the recording of the microphone signal
at the receiver.
The measurement signals were played out from the transmitter DSP board via an audio ampliﬁer and two JBL 25AV
loudspeakers. The signals emitted from LS1 and LS2 ranged
from 6-11 kHz and 5-10 kHz, respectively, hence exhibiting a
bandwidth of B = 5 kHz. The frequency ranges are overlapping as we aimed at the use of a total number of six different
signals in the ﬁnal system. The microphone signal was preampliﬁed and captured at the receiver DSP board at a sampling
frequency of fs = 32 kHz as to keep the amount of data to be
stored and processed as low as possible.
After the playout procedure, the DSP calculated the
correlations between the recorded signal and the reference
chirp signals and sent them to the PC. In each measurement,
the temperature value was measured for the calculation of
the actual speed of sound. In the post-processing stage, we
applied the peak-picking algorithm to the correlation results.
The algorithm was set as to pick a maximum of six peaks
given a threshold value of ten times the median of the
correlation signal.
In order to be able to carry out measurements of circular
microphone movement at deﬁned velocities, we mounted a
wooden beam on a turn table which was electronically driven
and controlled via the PC. The microphone consisted of three
electret microphones that were tightly ﬁxed together in angles
of 120◦ as to obtain a high microphone signal level and an
omnidirectional pattern. This microphone construction was
attached to the outer end of the beam (cf. Figure 2). We
have chosen to use a beam radius of r = 1.27 m as for
the microphone to move along a circumference of 8 m. This
setup alleviated the adjustment of the microphone’s velocity.
Both the loudspeakers and microphone operated at a height
of 1.79 m. Marks on the ﬂoor (cf. Figure 2) were used
for the microphone adjustment in the stationary measurement
scenarios.
The test signals’ duration was Ts = 360 ms, while the signal
recorded via the microphone was Tr = 512 ms long (T ≈ Ts +
50 m
340 m/s = 147 ms, rounded up as to correspond to an FFTframe size of 16,384). All chirp signals were linearly faded
in and out by 10 ms, constituting a trapezoidal windowing
function W (t). A summary of the measurement parameters is
given in Table I.

Fig. 2. Measurement setup applying a rotating beam. Upon a trigger from
the measurement PC, the transmitter DSP board started to play out the
measurement signals and simultaneously triggered the recording at the receiver
DSP board. Moreover, the PC controlled the rotation speed of the beam.

In our PeakFinder algorithm, we have set the following
parameters: Npk = 6, threshold sth = 10 · s̃c , minimum drop
dmin = 0.95, and maximum drop dmax = 0.25.
As we aimed at testing the positioning system at different
levels of signal-to-noise-ratio (SNR), white noise was played
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TABLE I
S YSTEM SETUP PARAMETERS .
Chirp parameters Signal 1

f0 = 6 kHz
f1 = 11 kHz

Chirp parameters Signal 2

f0 = 5 kHz
f1 = 10 kHz

Signal length: transmitted
recorded

Ts = 360 ms
Tr = 512 ms
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B. Stationary Tag Scenarios
In the ﬁrst part of our measurements, we set the tag
microphone to stationary positions (P000, P090, P180, P270,
cf. Figure 2) and carried out ten measurements per signal per
position. The microphone position was adjusted perpendicular
to reference marks on the ﬂoor.
C. Moving Tag Scenarios

via an ampliﬁer and another loudspeaker that was arranged
between the main loudspeakers. The maximum sound pressure
level (SPL) of the noise signal was 98 dB at position P180 (as
depicted in Figure 2). Based on recordings of the chirp signals
at position P180, the SNR levels of the LFM and HFM signals
were derived and are given in Table II. Note that the SNR
values of the HFM conditions are higher because the HFM
signals were sent in pairs.
TABLE II
S IGNAL - TO -N OISE -R ATIO (SNR) AT DIFFERENT LEVELS OF WHITE NOISE .
Level

SNRLFM (dB)

SNRHFM (dB)

1

-22.3

-13.6

2

-12.0

-3.2

3

-2.8

5.9

4

7.2

16.0

5

22.7

31.4

The second part of our measurements comprised the study
of the LFM and HFM signals in cases of object movement.
After starting the rotating beam and accelerating it to the
deﬁned tag velocity, 31 measurements have been carried out
per scenario. The LFM and HFM signals were tested at
velocities of 0.5 m/s and 1.0 m/s in clockwise and counterclockwise direction.
We measured the ground truth of the position of the microphone by attaching a plate below the turn table on which
we drew a clock-like 16-unit scale and by placing a mark at
the bottom side of the beam at the microphone’s side. During
each measurement, the rotation of the beam around the scale
was ﬁlmed (bottom-up) using a digital camera. The videos
were later analyzed. From the beam angles transcribed at the
instants of measurement, i.e. in the middle of the chirps, we
have derived the positions of the microphone.
V. R ESULTS
A. Stationary Measurements

Both kinds of chirp signals were tested under stationary
conditions and in scenarios in which the tag was moved in
a circle at a constant velocity. The following two sections
describe these measurement scenarios.

Figure 3 presents the results of the stationary measurements
using both LFM (+) and HFM (*) chirp signals.
These results are apparently biased due to the inaccuracies
that arose from the determination of the microphone’s real
position by using a perpendicular. Irrespective of the bias, we
observed the following:

Fig. 3. Position errors vs. SNR of LFM (+) and HFM (*) signals at positions P000 to P270. The results are apparently biased due to inaccuracies in the
ground truth data. However, the precision lies below 7 mm down to an SNR of -3.2 dB.
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•

•

•

Starting from high SNR values the deviations of the
(biased) accuracy lie below 1 cm down to an SNR of
around -3.0 dB.
The precision of the LFM signals is especially exceptionally low at positions P000 and P180 (σ < 2 mm),
while at the positions that do not lie on the symmetric
axis between the loudspeakers, i.e. P090 and P270, LFM
and HFM signals result in about the same precision of
below 7 mm.
In the stationary scenarios, the LFM signals seem to be
more robust against noise. This may be due to the fact
that only one distance estimation is needed per channel.
The necessity of deriving two correlations and combining
them in order to obtain the TOF seems to make HFM
position estimates more sensitive to noise.
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exhibit any deviation in the horizontal direction. As the
position estimates are aligned in a straight vertical line, the
TOF/distance variation was equal for each channel (LS1/LS2).
This variation may have arisen from the fact that the receiver
DSP board is triggered by the transmitter DSP board via a
general-purpose-input-output pin, and that the timing between
the measurement trigger and the instant of recording the
microphone signal is not deterministic but exhibits a certain
delay jitter. The delay jitter may result from the fact that the
audio signal is sampled at a frequency of fs =32 kHz, i.e.
every 31.25 μs. At position P180 and at a speed of sound
of about 345 m/s, this results in a distance deviation of
345 m/s
≈ 11 mm
(17)
32 kHz
for both distances (symmetric position between the
loudspeakers). Projected to the vertical axis, the deviation
makes 13.6 mm which is about twice the measured vertical
standard deviation of 6.7 mm.
Δd1,2 ≈

B. Moving Receiver Measurements
1) Linear Chirps: Figure 5 presents the position estimates
of the LFM system at a tag velocity of v = 0.5 and 1.0 m/s and
an SNR of -2.8 dB. This Figure clearly illustrates the impact
of the Doppler-shift on the position estimates. The Dopplershift causes a time-shift, and thus prolongs or shortens the
measured distance. The direction of the shift depends on the
direction of the tag and on the slope of the chirp (up or down).
The amount of the distance shift depends on the velocity of the
tag. Hence, the pattern of the estimates as shown in Figure 5
varies with velocity and direction.

Fig. 4. Position estimates at position P180 at four SNR levels resulting from
stationary measurements using HFM chirps. The results are biased but exhibit
high precision. Similar results were obtained using the LFM signals.

Figure 4 illustrates the measurement results obtained around
position P180 using HFM signals. The use of LFM signals led
to very similar results. The deviations of the position estimates
result from the fact that the position marks were made on
the ﬂoor while the microphone was attached to the rotating
beam at a height of 1.79 m. Hence, it is difﬁcult to set the
microphone to exactly the same position in a reproducible
way. This being said, the results of both the LFM signals and
the HFM signals, suggest a high level of precision. At a high
SNR, the precision is in the range of 0.2 mm horizontally
for both LFM and HFM signals, and about σv,LFM = 4 mm
and σv,HFM = 6.7 mm vertically. An increasing noise level
(decreasing SNR) leads to a steady increase of the horizontal
deviation, however remaining as low as σh,LFM = 1.1 mm
at an SNR of -2.8 dB and σh,HFM = 2.2 mm at an SNR of
-3.2 dB.
In both cases, the sets of position estimates lie along a
vertical line in the scenarios of high SNR, and they hardly

Fig. 5. Position estimates using one LFM up-chirp signal per loudspeaker
at an SNR of -2.8 dB. The top plots give the results for a velocity of 0.5 m/s
in clockwise and counter-clockwise direction, while the bottom plots show
the estimates for a velocity of 1.0 m/s. These ﬁgures very well illustrate the
impact of the Doppler-shift on the position estimates. The red circles denote
the loudspeakers.
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Fig. 6. Position estimates of the system based on hyperbolic (HFM) chirps
at the tag moving counter-clockwise at a speed of 1.0 m/s and an SNR of
-3.2 dB. The red circles denote the loudspeakers.

The variation of the pattern results from the fact that
the individual distances from the object to the loudspeakers
are shortened or extended depending on the Doppler-shift.
A higher velocity leads to larger distance variations, and
thus to a stronger distortion of the pattern. An inversion
of the direction leads to an inversion of the effect of the
Doppler-shift on the distance variation. Hence, the patterns
for clockwise and counter-clockwise movement differ.
2) Hyperbolic Chirps: Figure 6 presents the position estimates of the HFM system at a tag velocity of v = 1.0 m/s,
counter-clockwise, and an SNR of -3.2 dB. The plot illustrates
the advantage of using pairs of HFM signals. While HFM
signals themselves result in accurate estimates of the distances
of moved tags due to their Doppler-invariance regarding the
correlation signals, the pairing of the chirp signals compensates for the shifts of the estimated distances (cf. Equations
10 and 12).
The means and standard deviations of the position estimation errors of the latter scenario are given in Figure 7. The solid
line (blue) illustrates the results for the clockwise direction
while the dashed line depicts the results for the counterclockwise direction. In this conﬁguration, the positioning
accuracy remains below 7 cm down to an SNR of -3.2 dB,
while the precision of the position estimates lies between 3
and 4 cm. At the lowest SNR-level of -13.6 dB, 70 % of the
position estimates remain below a position error of 12 cm.
VI. C ONCLUSIONS
We have presented an acoustic positioning system based
on time-of-ﬂight measurements which operates in the audible
domain. Our system was designed to allow for robust position
estimation in mines by using frequency-modulated signals,

Eds. Leo J De Vin and Jorge Solis

Fig. 7. Position estimation errors vs. SNR using HFM signals at a velocity of
1 m/s for clockwise direction (solid) and counter-clockwise direction (dashed).

and by estimating distances based on correlation processing
including a peak-picking algorithm.
In laboratory measurements, we have tested the use of
single linear frequency-modulated (LFM) and paired hyperbolic frequency-modulated (HFM) signals for determining
the position of stationary and mobile tags. In the stationary
scenarios, our system provides an precision in the range of
7 mm down to an SNR level of -2.8 dB using LFM signals.
In the scenario of a tag moving at a velocity of 1 m/s, the
application of HFM chirp pairs leads to a precision of around
3.5 cm at an SNR of -3.2 dB.
Compensating the position deviations due to the low
sampling rate by measuring the time lag between the trigger
slope and the actual sampling of the acoustic signal may
improve the precision of the position estimates.
The pros and cons of our audible acoustic positioning
system may be summarized as follows.
+ Higher accuracy and precision compared to RF positioning resulting from a high ratio of bandwidth to
propagation speed.
+ Simple system concept.
+ Low-power receiver electronics.
+ Direct sampling of the measurement signals allows for
robust correlation processing.
+ Application of a peak-picking algorithm is possible. Enables effective multipath mitigation.
+ RF noise and propagation conditions do not disturb the
acoustic measurement procedure.
+ Audible frequency waves are less attenuated than ultrasound waves, and thus allow for long range measurements.
o Speed of sound is a function of the temperature and needs
compensation.
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– Acoustic noise and room-acoustics need to be considered.
– Low measurement rate of about 1 Hz, resulting from signal length (time-bandwidth product, maximum distance),
low propagation speed, and limited processing power.
Future work includes the implementation of several mobile
tags that return the correlation peak results for position estimation via a wireless link instead of a cable.
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Abstract—This paper describes an indoor wireless positioning
system using Impulse Radio Ultra Wideband (IR-UWB)
technology. The main objective of this research activity was to
implement an application prototype of a real-time indoor
wireless positioning system and to learn the capabilities and
limitations of current state-of-the-art commercial indoor
localization technologies based on IR-UWB towards
mechatronics applications. To meet the stringent localization
requirements of a badminton robot positioning application, we
propose three innovative accuracy improving methods on top of
the commercial Ubisense system: (i) a systematic method for
determining the optimal base station configuration and positions
based on an analysis of the Geometric Dilution of Precision
(GDOP); (ii) a multi-tag approach using a linear Kalman Filter
to optimally fuse the position measurements from the different
mobile tags with a dynamic system model of the robot resulting
in an improved position estimate; and (iii) a multi-tag approach
for combined position and attitude estimation using a non-linear
Extended Kalman Filter. Simulations complemented with initial
experimental results show that the three proposed novelties
bring significant improvements in both position and attitude
accuracy compared with a single-tag state-of-the-art Ubisense
solution.

I.

INTRODUCTION

Wireless indoor positioning has opened up many new
opportunities in a wide range of applications [1]; however the
limitations of current state-of-the-art technology applied to
highly dynamic mechatronic applications that require very
high accuracy and very high update rate have not been studied
yet. The Badminton Robot in FMTC can be used as a
demonstrator and test platform representative for many
demanding mechatronic applications [2] and it is a perfect
case of indoor positioning with very stringent requirements.
One important aspect in optimizing the accuracy of an
indoor wireless positioning system is ensuring a good
geometry between the fixed reference base stations and the
mobile tags. The concept of Geometrical Dilution of Precision
(GDOP) has been introduced in outdoor positioning systems
such as the Global Positioning System (GPS) [3]. However the

system setup in indoor positioning is different requiring a
modified analysis on GDOP in order to select the optimal
fixed base stations positions. In this paper it can be
demonstrated how GDOP analysis can be used to calculate the
relationship between 3D positioning error, on the one hand,
and Time Difference of Arrival (TDoA) ranging error and
Angle of Arrival (AoA) estimation error, on the other hand.
On the side of the mobile tags different options can be
applied to improve the accuracy. Some works show good
results with sensor fusion, where different kind of dynamic
sensors are integrated in the system [4]. Combining the output
of independent sensors results in an improved accuracy of the
object’s position. That kind of solutions, however, require the
integration of different measurement systems, which
considerably increases its complexity. Other works utilize a
single system with multiple tags (multi-tagging) [5]. This
technique has been often used to increase the detection
probability of objects [6], but rarely for accuracy
improvement. We did demonstrate, though, that the accuracy
of a central point position improves proportionally to the
number of tags we place around it [7].
Our goal now is to improve the previously proposed
geometrical method described in [7] by applying a more
sophisticated method to multi-tagging, namely the Kalman
filter (KF). A KF is a linear sequential state estimator of a
dynamic system [8]. It is implemented recursively in two
steps. First, it predicts the next state based on the system
model and the current state of the system. Second, it updates
the system state measurements and uses them to make an ‘a
posteriori’ corrected prediction and to adapt the filter’s gain
correspondingly. We have applied the Kalman filter not only
to estimate the position of the robot but also to track its
movements and to estimate its attitude (or orientation) at every
moment. In this last case, however, our system is not a linear
system anymore, thus a linear KF cannot be applied. We use
then an Extended Kalman filter (EKF), which is based on the
same principle but it first linearizes the system’s functions
around its current estimated state [8].
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The paper is outlined as follows. Section II defines the
application requirements and details the system architecture.
Section III describes the base station geometry optimization
method for improved accuracy. Section IV develops and
analyses the Kalman filter based multi-tagging methods for
improved accuracy and attitude estimation. Finally, Section V
summarizes our main conclusions and proposes some ideas for
future work.
II.

Eds. Leo J De Vin and Jorge Solis

wireless module that has been previously developed in FMTC
[10].
The setup of the Ubisense system inside the lab room
where the Badminton Robot is operating can be seen in Figure
2. The figure also illustrates the conditions in the room, in
which the robot is surrounded by metallic fences for safety
purposes, which makes the localization using IR-UWB signals
even more challenging.

LOCALIZATION REQUIREMENTS AND SYSTEM
ARCHITECTURE

A. System Requirements
Due to the very high dynamic nature of badminton sport
activity, the system requirements for our indoor Badminton
Robot wireless positioning system are very stringent, as
summarized in Table 1.
In order to be able to hit the shuttle within 5 cm from the
middle of the racket, and taking into account the accuracy of
the mechanical components used by the robot, 1 cm of robot
positioning accuracy is needed. This requirement is equivalent
to 0.4 degree of orientation accuracy in the case of using at
least 2 tags placed at each side of the robot (1.2 m wide).
Since the robot controller is running at 1 kHz and the robot
localization results are taken by the control loop, 1 kHz of
update rate is also required. When the robot is moving at full
speed (6 m/s), it travels 5 cm in 8.3 ms, therefore the required
end-to-end delay should be less than 8 ms.

Figure 1: Badminton Robot localization architecture using the Ubisense IRUWB system.

Required
2D Position error

1 cm

2D Orientation error

0.4 deg

Update rate

1 kHz

End-to-end delay

8 ms
Figure 2: The Ubisense system setup inside Badminton Robot lab room.

Table 1: System Requirements for Badminton Robot Positioning.

B. System Architecture
We have selected the commercially available Ubisense
system [9] as the IR-UWB technology platform to be used for
indoor positioning of the Badminton Robot.. The choice is
based on the fact that Ubisense is a commercial indoor
positioning system that is available in the market and has been
widely used in many applications in industry and research.
The Ubisense system uses a combination of Time Difference
of Arrival (TDoA) and Angle of Arrival (AoA) techniques to
perform localization.
The localization system architecture for the Badminton
Robot using the Ubisense system is depicted in Figure 1. It
consists of at least one Ubisense tag placed on the robot that
transmits UWB signals, four Ubisense base stations with a
fixed and known position that receive these signals and
compute the tags’ positions using TDoA and AoA algorithms.
The computed tags’ positions are then sent to the Ubisense
Server, which forwards them to the main fixed controller of
the robot (Democontrol) and other components related to it.
The main robot controller on the fixed world computes the
robot position and orientation and sends this information to
the mobile robot controller through a custom low-latency

C. Experimental results from single-tag Ubisense system.
We have performed several measurements using the
Ubisense system, of which the experimental reaults are
summarized in Table 2. It can be seen that using the single-tag
Ubisense system as it is does not meet the requirements for
indoor wireless Badminton Robot positioning in terms of
accuracy, update rate and end-to-end delay.
Measured
2D
Position
(static)
2D Orientation
(static)
Update rate
End-to-end delay

error
error

5 cm (best case) but typically
more than 50 cm
0.6 degree (best case) but
typically more than 5 degrees
10 Hz
184 ms

Table 2: Summary of measurement results using the Ubisense system.

Therefore, in this paper, we propose three innovative
accuracy improving methods on top of the commercial
Ubisense system, which are however more broadly applicable.
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III.

OPTIMIZATION OF BASE STATION GEOMETRY TO
IMPROVE ACCURACY

H

1) GDOP of the TDoA algorithm
In localization based on the Time-Difference-of-Arrival
(TDoA) algorithm, position estimation is performed by
measuring the difference in arrival time between the receiving
base stations, which are assumed to be time-synchronized.
This represents the difference in measured distance from the
different base stations to the mobile tag. The basic equation of
a distance measurement based on time of arrival
measurements is:

c  ti  tu

xu  xi

2

 yu  yi

2

 zu  zi

2

(1)

Where ݀ is the distance from the mobile user (or tag) to
base station i and ݐ is the time of arrival at base station i. The
coordinates of base station i are assumed to be perfectly
known ൫ݔǡ ݕǡ ݖ ൯ and fixed. The unknowns are the mobile
tag’s coordinates ൫ݔ௨ǡ ݕ௨ǡ ݖ௨ ൯ and the time at which the signal
was transmitted from the tag ሺݐ௨ ሻ. Using the TDoA technique,
the last unknown ሺݐ௨ ሻ can be eliminated by computing the
difference of time-of-arrival at two different base stations.
Hence, TDoA calculation between base station i and j can be
expressed as the following:
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ࡾ is the error covariance matrix of the difference of timeof-arrival (TDoA), which is equivalent to difference of
ranging from the mobile tag to the base stations.
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Assuming a perfect line-of-sight, no multipath, with the
base stations using the same technology and located in the
same environment with the same kind of error sources, we can
also assume that the ranging error variance to each base
ଶ
station is the same, and it is equal to ߪாோா
(where UERE
stands for user equivalent ranging error).
For the TDoA algorithm, since the basic equation is a
difference of two distance measurements, the resulting
variance is the sum of each ranging variance. Hence, in the
case each ranging measurement has the same error variance of
ଶ
, matrix ࡾ becomes:
ߪாோா

R

>

2
diag 2  V UERE

2
2  V UERE

2
... 2  V UERE

@

(11)

ଶ
Taking out ߪாோா
from ࡾ in (11), matrix ሺࡴ் ࡾିଵ ࡴሻିଵ
ଶ
can be simplified into ߪாோா
ή ሺࡴ் ࡾିଵ ࡴሻିଵ with ࡾ equals to
ʹ ή ࡵሺேିଵሻ௫ሺேିଵሻ and I is the identity matrix.

The matrix ࡽ ൌ ሺࡴ் ࡾିଵ ࡴሻିଵ is symmetric ሺ͵͵ݔሻ and is
only influenced by the relative positions between the mobile
tag and the base stations. Note that for the TDoA algorithm,
since ݐ௨ in (1) is not part of the unknowns anymore, the
Geometrical Dilution of Precision (GDOP) is equal to Position
Dilution of Precision (PDOP), which is defined in (12) while
the Horizontal Dilution of Precision (HDOP) on the other
hand is defined in (13)

PDOPTDoA
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Assuming the number of base stations involved in the
computation is N, the minimum number of rows of matrix H
equals to ሺܰ െ ͳሻ and the solution for ο࢛ is:

With ݅ ൌ ͳǡʹǡ Ǥ Ǥ ܰ െ ͳ and ݆ ൌ ݅  ͳǡ Ǥ Ǥ ܰ, and N the
number of base stations used in the positioning. The matrix
representation of the equations can be expressed as:
Δa
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As there are three unknowns to be solved, at least three
equations are needed in order to solve them, which means a
set of at least three base stations with known positions is
needed. Least Squares minimization can be performed in order
to solve the unknowns. However, a linearization procedure is
needed in order to solve these quadratic equations. Taylor
series approximation of the model can be expressed in (4).
More on linearization procedure can be found in [3].

d ij

>'xu

Δu

A. Theory
The scenario used in this analysis is a localization system
in which a set of base stations with known and fixed positions
receive signals from a mobile tag with unknown position.
These base stations then compute the position of the mobile
tag.

di
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(6)
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Using analysis of PDOP and HDOP, we can express the
expected 3D and 2D error in our positioning at any given
location of interest as a function of the ranging error.
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V V V
2
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H
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2) GDOP of the AoA algorithm
For the Angle-of-Arrival (AoA) algorithm, a similar
approach of linearization and Least Squares can be used to
solve the unknowns.
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The error covariance matrix ࡾ of the angle-of-arrival
measurements at base stations can be represented in (22).

R

>V

2

T1

V M2

1

... V T2n

V M2

n

@

(22)

In real situation the angle estimation error is usually not
the same in every direction, hence the ߪఏଶ and ߪఝଶ from every
angle need to be taken into account. However, for simplicity
in the analysis we are starting from the case of perfect line-ofsight, no multipath, with a perfectly omni-directional antenna,
for which we can assume the same angle estimation error
ଶ
at every direction. In this scenario ߪఏଶ and ߪఝଶ in
variance ߪை
ଶ
(22) can be replaced with ߪை
.
In this case the matrix ࡽ ൌ ሺࡴ் ࡾିଵ ࡴሻିଵ is also
symmetric ሺ͵͵ݔሻ and is only influenced by the relative
positions between mobile tag and base stations. As in the case
of TDoA the GDOP is the same as PDOP and can be
represented in (23) while the HDOP is in (24).

Figure 3: Illustration of tag positioning based on angle of arrival.

Torrieri [11] has described in detail the localization based
on AoA measurements for a two-dimensional case. In case of
a three-dimensional problem as depicted in Figure 3, for any
given base station (BSi) the equations for ߠ and ߮ are :
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A set of minimum two base stations is needed in order to
solve the position of a mobile tag with three unknown
parameters ൫ݔ௨ǡ ݕ௨ǡ ݖ௨ ൯ using the AoA algorithm, since there
are two equations for every fixed base station with known
position. When two or more base stations are used in the
estimation process, a Least Squares solution as presented in
(9) can be used.
Δu

PDOPAoA

V x2  V y2  V z2

(23)

V AOA
V x2  V y2

Q11  Q22

(24)

V AOA

The expected 3D and 2D error in the tag positioning at any
given location of interest as a function of angle estimation
error are presented in (25) and (26).
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3) GDOP of Combined TDoA and AoA
When the TDoA and AoA algorithms are combined, the
general Least Squares solution as presented in (9) or (18) can
still be used. Matrices Δa, and R become (27) and (28):
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reasons, therefore the effect of multipath is more evident
especially in some areas near the fences.

where R is the error covariance matrix of the combined TDoA
and AoA approach.
Matrix H is the Jacobian of the TDoA and AoA equations
from each base station, which is actually a fusion of (8) and
(21).
As in the case of a stand-alone TDoA or AoA technique,
the matrix ࡽ ൌ ሺࡴ் ࡾିଵ ࡴሻିଵ is also symmetric ሺ͵͵ݔሻ and is
only influenced by the relative positions of the mobile tag with
respect to the base stations. The way of computing the PDOP
and HDOP are the same as in the previous cases, however
they don’t represent the direct relation between 3D or 2D
ଶ
) or angle
positioning error with ranging error (ߪாோா
ଶ
estimation error (ߪை ) anymore, since there is an influence of
both of them in the GDOP calculation. Simulation results
however, show a significant improvement of the GDOP when
TDoA and AoA are combined.
B. Simulation and Measurement Results
Since the localization of Badminton Robot is a 2D
localization problem, we will focus on the results related to
HDOP. Figure 4 shows the computed HDOP of combined
TDoA and AoA algorithms of the current configuration of
Ubisense base stations installed in the Badminton Robot room
as seen in Figure 2. The base station configuration is rather
asymmetric and they are placed in different heights. Most of
the covered area has a HDOP of less than 1.6.
Figure 5 on the other hand, shows the computed 2D
position error from positioning simulation using the combined
TDoA and AoA algorithms. The simulation was performed by
generating test points to be estimated, generating the
corresponding range and angle of arrival from each test point
to each base station and then adding ranging errors and angle
estimation errors in the true ranges and true angles data. The
final step is to use these data to perform positioning estimation
using the combined TDoA and AoA algorithm. This
simulation uses a ranging error standard deviation (σUERE) of
0.1 meter (typical ranging error of Ubisense system [9]) and
an angle error standard deviation (σAOA) of 0.1 radians (this
value is based on intuition and it is only used to validate the
relation between positioning error, GDOP and σAOA). The
starting point in the linearization procedure is chosen
randomly within 2 meters distance from the true position, the
resulting standard deviation of the 2D position error is in the
order of 0.11 to 0.16 meter in the selected area. From Figure 4
and Figure 5, it can be seen how the trend of 2D positioning
error is following a similar pattern as predicted by the HDOP
analysis.
Figure 6 shows the actual measurement results using the
Ubisense system. It can be seen that the pattern for the 2D
position error, especially in the side of the human player (right
side), is also following the corresponding HDOP even though
it is not as clear as in the simulation. The area of the
Badminton Robot (left side) on the other hand is more
challenging since it is protected by metallic fences for safety

Robot side

Human side

Figure 4: HDOP on the selected area of the badminton field.

Robot side

Human side

Figure 5: Standard deviation of the 2D position error obtained from
simulation. It can be seen how the pattern of the 2D error is very similar to
the HDOP pattern.

Robot side

Human side

Figure 6: Actual 2D static measurement error obtained with the Ubisense
system.

C. Conclusions and Recommendations
The proposed GDOP analysis method is very useful in
determining the optimal base station configuration, especially
in a room with a challenging environment such as the one
where the Badminton Robot is operating. These challenges are
mainly caused by the presence of metallic objects (e.g.
metallic fences, test setups, machines and other metallic
equipment), which is similar to the real situation in an
industrial environment. The actual base station configuration
used in the Badminton Robot room is basically a compromise
between the room operating conditions and the theoretical
base station geometry that gives ideal HDOP, such as
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configuration in tetrahedral form, which is at this moment not
suitable to be implemented due to the presence of large
metallic objects in the room.
We have studied and verified the effect of the base station
geometry on positioning accuracy for several localization
algorithms; TDoA, AoA and combined TDoA and AoA. We
have also verified that PDOP and HDOP for a TDoA
algorithm are the same as for a ToA algorithm, as already
studied in detail by Shin et. al. [12].
Based on our GDOP analysis complemented with
experimental measurements, here are some recommendations
for choosing the optimal base station configuration.
x

Check the room conditions and the presence of
metallic objects around it. Avoid placing base stations
near these objects.

x

Perform a GDOP analysis to check whether the
possible base station geometry is good enough in
order to obtain the required positioning accuracy. The
lower the GDOP number the better. The GDOP
analysis can be used to estimate the expected standard
deviation error in case of 2D or 3D positioning or in
each direction (x,y or z) separately.

x

When feasible, a tetrahedral-shape for the base station
configuration placed around the region of interest will
give the best HDOP and PDOP in most of the covered
area. Figure 7 shows the HDOP of this kind of
configuration using only TDoA, while Figure 8 shows
the HDOP of the combined TDoA and AoA
algorithm. Results from positioning simulation
confirm the relationship between the HDOP and the
2D positioning error as can be seen in Figure 9. This
simulation uses a ranging error standard deviation
(σUERE) of 0.1 meter and an angle error standard
deviation (σAOA) of 0.1 radians with initialization
point in the linearization procedure is chosen
randomly within 2 meters distance from the true
position. The results show that a 2D positioning error
below 0.12 m in most of the area is achievable with a
tetrahedral-shaped base station configuration, which
represents a 25% improvement compared with the
actual base station configuration used in the
Badminton Robot room.

Figure 8: HDOP of the combined TDoA and AoA algorithm for tetrahedralshaped base station configuration.

Figure 9: Position simulation results using the combined TDoA and AoA
algorithm for tetrahedral-shaped base station configuration.

IV.

ACCURACY IMPROVEMENT USING MULTI-TAGGING

Besides the optimization of the base station configuration
and positions, there is also an opportunity at the side of the
mobile tags to further improve overall position accuracy. In
specific, we propose a novel multi-tag approach, where the
badminton robot is equipped with multiple tags arranged in a
carefully chosen geometry, and the position measurements
from the individual tags are optimally combined into an
improved position (or, in general, a state) estimate.
A. Linear Kalman Filter for Improved Position Estimation
As already explained in Section I, a Kalman Filter (KF) is
a sequential estimator of the state of a dynamic system. In this
case, the system is the FMTC badminton robot moving on the
XY plane, hence the state is its 2D position (xR, yR). The
measured positions (xi, yi) are, however, the positions of
multiple mobile tags placed on it. Thus for simplicity we
model our system as a group of tags that will be combined
later on to obtain the robot position:

Figure 7: HDOP of stand-alone ToA or TDoA algorithm for tetrahedralshaped base station configuration.
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where
݅ ൌ ͳǤ Ǥ ܰ. These equations correspond to a linear
system with constant speed, with N representing the number
of tags. Our system can, nevertheless, deal with some (limited)
accelerations as well. This is included in the process noise
terms εx and εy added to the speed. In this way we allow the
velocity to dynamically change and adapt to the robot’s
behavior.
Regarding the measurement model, which are the 2D
positions of the tags, we can express it as follows:
ݔොǡ ൌ  ݔǡ  ݁Ƹ௫

(33)

ݕොǡ ൌ  ݕǡ  ݁Ƹ௬

(34)

Figure 10: Geometrical distribution of up to 13 tags placed on the badminton
robot. In red, the position of the robot (xR, yR) corresponding with the center
of the geometrical shape.

where ݅ ൌ ͳǤ Ǥ ܰ. The terms ݔǡ and ݕǡ represent the real
position, and ݁Ƹ௫ and ݁Ƹ௬ represent the measurement noise.
To assess the potential performance improvement obtained
through multi-tagging, we performed a simulation, in which
the tags were placed along a geometrical shape (see Figure 10)
whose center corresponds with “the” position of the robot,(xR,
yR). The output of the linear KF is the filtered position of each
tag, thus we still need to average them to obtain the robot’s
position:
ଵ

ଵ

ே

ே

ே
ݔோୀ σே
ୀଵ ݔ ǡݕோୀ σୀଵ ݕ 

(35)

The simulation was first performed with two independent
tags, then with three and successively up to 13 tags. No
geometrical constrains were applied to the position of the tags.
Hence, the position of each tag is kept independent from the
other tags. Previous work with the Ubisense system
demonstrated an error of around 10 cm in the x and y
coordinates, and 25 cm in the z coordinate. For that reason, to
the real positions of the tags we have added some Additive
White Gaussian Noise (AWGN) with zero mean and a
standard deviation equal to 10 cm for the x and y coordinates,
N(0,10), and 25 cm for the z coordinate N(0,25).

(a)

Figure 11 shows the simulated trajectory of the robot. It
moves back and forth along the y axes while keeping a
constant x value. The robot’s position estimate obtained
through the proposed linear Kalman Filter based approach
with 2 tags is shown in red. For comparison the true position
(plotted in green) and the robot position estimate obtained by
simply averaging the measured position of two tags (plotted in
blue) are also shown.
A position error reduction is perceived when using the KF.
For that, the process and measurement noise parameters have
been tuned so that both the mean error and the accuracy are
simultaneously optimized. These parameters determine
whether the Kalman filter adapts faster to changes in the
trajectory or behaves in a more conservative manner. The
faster it adapts to changes, the bigger the influence of noisy
samples.

(b)
Figure 11: (a) Robot trajectory in the x, y and z coordinates. The true
trajectory is plotted in green; the estimated trajectory by averaging the
measured position of two tags is plotted in blue, and the estimated trajectory
from applying the KF in red. (b) Zoom of figure in (a).
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# tags
Figure 12: Standard deviation of the error of the estimated position in x and y
versus the number of tags used. In red the result when using simply
averaging and in blue when using the Kalman Filter.

To see the influence of the number of tags on the accuracy
we estimated the error and its standard deviation (std.) for
different number of tags (see Figure 12). As expected, when
applying the traditional method the std. decreases when
increasing the number of tags although it converges to a
certain floor. When using the KF we are able to go beyond
that floor and improve the std. by one order of magnitude. If
we consider a confidence interval of 99%, then the accuracy is
equal to 3σ. This is 0.9cm for the x coordinate and 2.1cm for
the y coordinate, closer to the application requirement of 1cm.
This difference in each coordinate is due to the fact that the
robot is moving in the y direction while keeping a constant
position in the x coordinate. In addition, Figure 12 shows that
the marginal improvement when adding more than two tags is
rather limited. We can draw the conclusion that two tags are
sufficient to significantly improve the position accuracy of the
robot.
B. Extended Kalman Filter for Combined Position and
Attitude Estimation
During a badminton game, the robot needs to face the
shuttlecock coming over the air before hitting it. Then, to
make it play properly against a human opponent, it is
important to know not only its position but also its attitude
(limited to orientation around the vertical z axis). To estimate
the attitude we go one step further in the use of multiple tags
and the KF. As two tags proved to be sufficient to
significantly improve the position accuracy, we continue our
work with only two tags. The 2D position of only two tags is
enough to estimate the robot’s attitude, θ, as described by (36).
Note that the transmitted UWB signals also contain
information on the identity of their transmitting tag, thus at
every moment it is possible to identify which tag has sent
which signal.
ݕ௧ଶ െ ݕ௧ଵ
οݕ
ߠ ൌ ܽ ݊ܽݐ൬ ൰ ൌ ܽ ݊ܽݐቆ
ቇ
οݔ
ݔ௧ଶ െ ݔ௧ଵ

(36)

The attitude, θ, is added to the system state (xR, yR, θ).
Note that (xR, yR) are the coordinates of the central point
between the two tags. In consequence the system model must
be extended with two additional equations. Again, some
dynamic noise is added to allow both the linear and angular
speed to vary over time:

Figure 13: When knowing the position of two points of an object it is
possible to estimate its 2D attitude, θ.

Regarding the measurement model we can now express
the measured values (xtag1, ytag1) and (xtag2, ytag2) as a function
of the system state (xR, y,R, θ) and the distance, d, of the tags
to the system position (xR, y,R):
݀
(43)
ݔො௧ଵ ൌ  ݔோ െ    ߠ  ݁Ƹ௫ଵ
ʹ
݀
(44)
ݕො௧ଵ ൌ  ݕோ െ   ߠ  ݁Ƹ௬ଵ
ʹ
݀
(45)
ݔො௧ଶ ൌ  ݔோ     ߠ  ݁Ƹ௫ଶ
ʹ
݀
(46)
ݕො௧ଶ ൌ  ݕோ    ߠ  ݁Ƹ௬ଶ 
ʹ
By adding this new parameter we have evolved from a
linear to a non-linear measurement model, hence, it is not
possible anymore to use a linear KF. Therefore, we apply an
Extended Kalman Filter (EKF), which is based on the same
filtering principle but it first linearizes the functions around
the current estimate. Although this introduces some
linearization errors, a good performance can be achieved with
a reasonable complexity. The algorithm was tested simulating
a robot moving with two tags on top of it and 1.5 m apart from
each other. The robot describes a quarter of a circumference
with the first tag always on the inner side of the circumference
(closer to the centre) and the second tag on the outer side. For
this trajectory the attitude is continuously changing from 90 to
0 degrees. As before we have added to the real position the
same Additive White Gaussian Noise with zero mean and
standard deviation equal to 10 cm., N(0,10).
Figure 14 shows the error of the estimated attitude. In
magenta we can see the error between the attitude after the KF
and the real attitude and in blue the error when simply
applying (36) on the tags’ position.
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Figure 14: Error of the attitude of the robot varying over time. The error of
the attitude estimated by trigonometric functions is plotted in blue and the
error of the EKF output in magenta.

At the beginning of the trajectory θ is equal to 90 degrees
but the measurement noise could induce the user to think the
robot is shifted 180 degrees, as the sign of the atan() function
argument can change due to said noise. As we can see during
the first seconds of the simulation, the EKF solves this
problem. The graph also depicts a significant accuracy
improvement with respect to the trigonometric method.
To calculate the total error we consider again a confidence
interval of 99%; which means an accuracy equal to 3σ. We
calculate the total error as the addition of the mean error and
the accuracy. The obtained maximum error is 2.5degrees, a
huge improvement with respect to the 15 degrees of error
obtained when applying traditional trigonometric functions.
We can say then that using the EKF results in an improvement
of a factor of 6 with respect to applying a traditional
trigonometric function.
V.

accuracy compared with the basic averaging technique.
Moreover, most of this benefit can be realized with only two
tags.
Third, to enable combined position and attitude
estimation, we have extended the multi-tag approach, in
which an Extended Kalman Filter deals with the non-linearity
of the measurement model. Simulations results revealed a
potential factor 6 improvement in attitude accuracy compared
with the basic trigonometry based technique.
Despite the proposed accuracy improving methods, it is
believed that the improved Ubisense IR-UWB will still not be
able to fully meet the stringent localization requirements of
the badminton robot positioning application.
This calls for the development of a breakthrough indoor
wireless positioning technology with an ultra high accuracy
of 1 cm (and preferably down to 1mm) and an ultra high
update rate of 1 kHz. This challenge is currently being
tackled in the Flemish OmniTrack project [13].
In future work, the proposed Kalman Filter based multitagging algorithms will be tested with real measurement data
obtained from the Ubisense system.
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Abstract—In this paper we present a real-time indoor localization system that is tailored to the needs of livestock
breeding facilities. While there has been extensive research on
the topic of local position estimation using various techniques
and technologies during the last decade, the speciﬁcs of the
problem on hand demand for customized solutions that will
be presented in this paper. The metalliferous environment and
technological limitations, for instance, make accurate position
estimation from a single-shot measurement difﬁcult. We therefore
employ a Bayesian model for describing animal motion that uses
past data and the fact that while the animals can roam freely,
they cannot cross built-in walls. Results are further enhanced
by including data from an accelerometer in the ear-tag and
methods for classiﬁcation of animal movements. Incorporating
additional information on room geometry and motion into signal
processing yields a signiﬁcant accuracy improvement in the
position estimate. The developed system and methods were
installed and veriﬁed in a laboratory environment and a breeding
facility. Results from these tests demonstrate the performance of
the real-time localization system and the accuracy improvement
achievable by the proposed enhancements.

I. I NTRODUCTION
Increasing farm sizes in modern livestock breeding pose
large challenges to the herd management with respect to
tending to individual animals. In the past, breeding animals
such as pigs were kept separately in small compartments,
where they could be easily located. However, the trend and
government regulations are currently going towards a more
natural keeping in larger groups for an improved animal wellbeing. In such scenarios, where the breeding animals can move
freely in a large stable, it is difﬁcult to ﬁnd a particular animal
within the herd for instance to apply necessary medication or
other treatments. Furthermore, the automatic and immediate
detection of illness or injury is crucial to maintaining a healthy
herd, thus demanding for a system that allows the derivation of
characteristic parameters for animal health or behaviour such
as the daily walking distance with good accuracy.
We therefore propose a local position estimation system based on time-of-ﬂight measurements of electromagnetic
waves with a signal bandwidth of 80 MHz in the 2.4-GHz
ISM frequency band based on a commercial integrated chip
by Nanotron Technologies GmbH [1]. Animals are equipped
with speciﬁcally designed unique active transponders as shown
in Fig. 1 that they carry as lightweight ear-tags. The design

Fig. 1. Image of the lightweight eartag.

focused on the mechanical robustness of the transponder
in an ergonomic housing, a long battery life for minimum
maintenance, and low cost. As such, the tags’ maximum
dimension is 52 mm, they weigh less than 35 g, have a
protection rating of IP68, and a life-time of approximately
2 years from a single battery. The transponders periodically
transmit short message signals to anchor stations mounted at
multiple known positions in the stables. By measuring the time
of reception, the transmitter position can be calculated.
This paper is organized as follows: In Section II the
positioning algorithm implemented as a Bayesian ﬁlter is
introduced, followed by the proposed improvements for incorporating animal activity and room geometry in Sections III and
IV, respectively. Measurements from an ofﬁce environment as
well as a stable with live animals are presented in Section V,
and the conclusion is drawn in Section VI.
II. P OSITIONING ALGORITHM
The measurement equation for a particular tag and blink at
time step n is given by
xQ,k − xT

2

− (tQ,k,n − tT,n ) · c = 0

(1)

where xQ,k is the position of the anchor with index k in 3space, xT is the tag position, i.e.

T
xQ,k = xQ,k yQ,k zQ,k
(2)

T
(3)
x T = x T y T zT ,

† Corresponding author
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· 2 denotes the Euclidean distance, tT,n and tQ,k,n are the
time of transmission and reception, respectively, of a blink
from tag to anchor, and c is the speed of propagation in
air. Note that timestamps are assumed to be measured in
a common global time base so that all anchors must either
maintain a mutually synchronized local time, or a mechanism
for calculating the individual anchor offsets from the global
time base must be provided. As the problem on hand of
animals moving on the ﬂoor of a constrained area is mostly
a 2-dimensional one, we can assume that the z-coordinate
of tags zT is approximately known and assumed to be at
the average height of a standing animal. Deviations from
this assumption that inevitably occur when animals are lying
down or moving their head above or below this theoretical
height, will thus lead to a certain amount of systematic
error also depending on the current location and particular
anchor conﬁguration. However, with low-height anchor setups
in typical stable geometries, the systematic error is expected
to be well below other effects. Unknowns are therefore the
current location of tags xT and yT as well as the time of
transmission of tag blinks tT , which cannot be measured in
the given hardware setup. Equation (1) is well-known as the
position equation for the Global Positioning System (GPS),
and several possible algorithmic solutions to this equation
exist, e.g. [2], [3].
Common to most algorithms with the focus on GPS is
that the theoretical area of possible tag locations is unlimited
and there are no geometrical constraints taken into account
when solving for the current position. In our application,
however, we have a limited area of interest with known
outer and intermediate boundaries given by walls and other
built-in structures that cannot be crossed by animals. This a
priori knowledge about the geometry, possible locations and
connecting paths can be used to signiﬁcantly improve location
estimates.
Geometrical constraints, unpredictable animal movement
but known animal activity, noisy pseudo-range measurements,
and real-time requirements call for an efﬁcient, dynamically
adaptable probabilistic approach to the localization problem
in this application. We propose a dynamic Bayesian network
for position estimation, where the current unknown location is
described by a probability distribution in space and evolves in
time, as these networks deal with uncertainties and are accessible to knowledge engineering. Well-established methods for
treating such networks are the Kalman-ﬁlter, particle ﬁlters,
and grid-based algorithms [4], [5].
Kalman-ﬁlters are optimal linear ﬁlters that can be executed
efﬁciently, but they assume that all probability densities are
Gaussian. In the case of geometrical constraints, however, we
expect heavily non-Gaussian distributions. Particle ﬁlters in
turn represent probability densities by weighted particles that
are randomly sampled around the region of interest. Since the
position of particles changes from step to step, it is difﬁcult
to pre-compute transition probabilities between states that are
necessary for the ﬁltering process. In the given application,
where the goal is to locate and track several hundred animals
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simultaneously in real-time, the computation time must be held
to a minimum, while storage space is less of an issue. It is
therefore favorable to derive relevant geometry information in
a pre-processing stage of the algorithm. We therefore propose
a Bayesian estimator operating on a pre-deﬁned grid, so that
it is possible to pre-process geometry information.
There is plenty of work referring to Bayesian ﬁltering with
focus on RF, infrared or ultrasound signals [6]–[8], and fusing
data originated from different e.g. kinematic, optical or GPS
sensors [9], [10]. In this paper we show improvements by
a priori incorporation of geometric knowledge and sensor
fusion with local accelerometers. The proposed method is best
described as an adaptive grid-based Bayesian ﬁlter, improved
to cope in real-time with all information and uncertainties
mentioned above.
While a particular grid shape is not required for the algorithm, we will present all following results on a plane
rectangular grid xT,i ∈ R3 , i ∈ {1, . . . , PT } with constant
elevation zT and a discretization interval chosen to achieve the
required accuracy. For every point on the grid the estimated
posterior probability at time step n that the tag is located at
this point is given by a corresponding entry in the probability
vector p̂n = [pi,n ], i ∈ {1, . . . , PT }, which is initialized with
the uniform distribution, i.e., pi,0 = P1T . The prediction step
of the estimator yielding the prior p̂n+1|n can be described by
p̂n+1|n = An · p̂n

(4)

where the transition matrix An = [aij,n ] ∈ RPT ×PT describes,
for an instant in time n and every point j on the grid,
the probability that a tag located at this position will be at
position i in the next time step. In a ﬁrst-order approximation,
a movement model for the animals under investigation that
typically spend most of the time staying at the same spot can
be approximated as a two-dimensional Gaussian random walk
of order 1, so that

aij,n =

1
aN,j



2
1
d (xT,j , xT,i )
· exp −
2
2
2πσA,n
2σA,n

(5)

with standard deviation σA,n that we allow to be timedependent so that we can accomodate different states of
activity of the animals in the motion
-PT model. A normalization
constant aN,j is chosen so that i=1
aij,n = 1. The function
d(·, ·) yields the total travel distance between two grid points
and incorporates geometry information by assigning a higher
value if there is no direct route between the points, as described
in the next section.
The update step of the ﬁlter yields the new posterior probability by incorporating the noisy anchor measurements. Let
bi,k,n denote the likelihood that the single measurement tQ,k,n
from anchor k observed in time step n has been made if the
tag was located at grid point i. Under Gaussian assumptions
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this likelihood is given by the PDF of the normal distribution,
bi,k,n

1
=√
2πσB
 
· exp −

xQ,k − xT,i

2

− (tQ,k,n − t̂T,i,n ) · c
2
2σB

2 
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list for a speciﬁed amount of time. From the list of available
past values aj , the median absolute deviation σ̃a , computed as


(12)
σ̃a = med |ai − med(aj )|
i

(6)
where σB is the expected standard deviation of the measurement error, and t̂T,i,n is an estimate of the time of
transmission which cannot be measured by the system and
is computed as shown below. Points where the distance to
anchor k better matches the time of ﬂight are thus assigned
with a higher probability in (6). Under the assumption that
measurements are independent and identically distributed, the
combined likelihood bi,n of all available measurements Kn at
time step n is the product

bi,n =
bi,k,n .
(7)

j

is a robust estimate for the acceleration variance and can be
compared to a threshold below which the animal is classiﬁed
as inactive with σA,n set to σA,inactive , and to σA,active otherwise. During real-time processing this procedure inevitably
introduces a lag in the activity detection that is equal to half the
duration covered by the acceleration list. In ofﬂine processing,
however, this known lag can be compensated for.
IV. T RANSITION COST FUNCTION

III. A NIMAL ACTIVITY

For every (ordered) pair of source and destination points
(xT,j , xT,i ) between which a tag can travel we need a measure
of the total travel distance d(xT,j , xT,i ) that is then used in
the transition matrix An . The building geometry consisting
of walls and other structures is described by a list of VG
vertices vG in two dimensions and a list of edges E with
their two ordered endpoints. The list VT of grid vertices
vT,k are represented by the x- and y-components of xT,k .
To incorporate semi-permeable openings such as doors that
can only be crossed in one direction for future algorithm
extensions we assume that when looking from the ﬁrst to the
second point of an edge, it is possible to cross that edge from
right to left but not in the opposite direction. Solid walls are
therefore described by two semi-permeable edges back to back
with nonzero distance.
Computation of the transition probability is done in a twostep procedure. First, for every source grid or geometry point
j, a rotating sweep line algorithm similar to [11] is used to
ﬁnd destination grid or geometry points i that can directly
be seen. An adaption of the visibility computation for semipermeable edges is listed in simpliﬁed form in Algorithm 1.
The proposed code also treats certain special cases such as
looking along an edge from a point on the edge, etc. An edge
is said to face a point if the point is in the open half plane to
the left of the edge when looking from the ﬁrst to the second
endpoint. We assume that the sets VT and VG are disjoint.
For point pairs with a direct connection from source to
destination, the distance measure is simply their Euclidean
distance, i.e.
1
1
(13)
d(xT/G,j , xT/G,i ) = 1xT/G,i − xT/G,j 12 .

The three-dimensional accelerometer built into animal eartags is a valuable source of information on the current animal
activity. While due to the connection of the tag to the ﬂexible
ear no direction information can be derived from the data,
the magnitude of the acceleration vector is dependent on animal motion. In particular, measurements conﬁrm the intuitive
assumption that an animal in rest, e.g. while lying on the
ground or standing, causes a smaller variance in acceleration
values than an animal moving about in the stables. The current
acceleration values that are transmitted by tags with every
blink are recorded, timestamped, and saved in an acceleration

For not directly connected points, Dijkstra’s algorithm [12]
is used to obtain the shortest possible path based on the
directly visible points. The output for every source point is
a column of the transition matrix extended to include not only
the grid-, but also the geometry points. The matrix An is
then taken as the portion of this matrix corresponding to the
grid points only. A further output of Dijkstra’s algorithm is
a sequence of geometry vertices (i.e., corners of walls) that
must subsequently be visited when travelling from source to
destination. While not directly relevant for the localization,
this information helps to display successive estimates from

k∈Kn

Within this framework the sensor fusion with different types
of measurements like RSSI is readily adaptable, but was not
applicable in this system due to technical restrictions. The ﬁnal
update Bn = [bi,n ], i ∈ {1, . . . , PT } is a vector of size PT
containing the likelihoods of observing all measurements from
each possible point i, and has to be computed at each time
step. The new posterior distribution is then computed as
p̂n+1 = Bn+1 ◦ p̂n+1|n

(8)

where ◦ denotes the Hadamard product of matrices. To estimate the time of transmission t̂T,i we require that at least
half of the anchor measurements are reliable—which should
be valid in most measurement situations. Then rewriting (1)
yields


(9)
t̂T,i,n = med tQ,k,n − xQ,k − xT,i 2
k

as a robust estimator.
Following the update step according to (8), a position
estimate x̂T,n+1 can be given as the location of the mode
of the probability density in p̂n+1 , i.e.
îT,n+1 = arg max p̂n+1

(10)

x̂T,n+1 = xT,îT,n+1

(11)

i
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the position estimator with connecting lines that do not cross
walls.
For a conference room with furniture considered as inaccessible, Fig. 2 shows exemplary (not normalized) transition matrices An for different activity parameters σA,n =
{1.5 m, 0.6 m} per step as well as with and without the use
of geometry information. It can be noted that matrices have
a band-like structure which could be used to save storage
space—in particular for low animal activity—by neglecting
low-probability areas and use sparse matrix representations.
When geometry information is used, some distances between
points become larger because the direct path cannot be taken.
Therefore, the matrix entries shown in parts (e) and (g) of the
ﬁgure are lower than or equal to their counterparts in (a) and
(c). In the plots on the right side of the ﬁgure, matrix entries
are plotted on their true geometric location for a particular
source point marked with a red plus. When looking at the
versions using geometry information it can clearly be seen
that the transition probability ‘wraps’ around the geometry and
areas with identical travel distances are shown in the same gray
shade.
V. M EASUREMENTS
To evaluate the improvements that can be achieved by
the proposed positioning method enhancements, measurements
were carried out in an ofﬁce environment as well as in a
stable with live animals. For comparison, the basic positioning
algorithm (A) was compared to the improved versions using
only activity detection (B), only room geometry information
(C), or both (D).
A. Conference room
Six anchors were set up in a conference room of approximately 6 m×7 m with a U-shaped table in the center and some
other obstacles that served as geometric barriers. A trajectory
of 347 previously measured positions was drawn on the
accessible part of the ﬂoor, each point labeled with an index.
A mobile tag carried by a person was placed on the labeled
points along the virtual path, and a measurement was taken at
each point. While this case was not a true measurement of a tag
in motion, the movement could be synthesized by assigning
appropriate time stamps to the individual measurements. The
advantage of this approach in any case is that since the
reference path is exactly known, a quantitative statistical error
analysis can be performed. For evaluation, a discretization
interval of 10 cm was used. Fig. 3 (a) shows the true path
in gray, and the evaluations from the basic algorithm (A)
and the room geometry improvement (C) in red and blue,
respectively. Activity detection could not be used in this case.
While in most areas the results from the two algorithms are
similar, there are several cases where the red line crosses
inaccessible areas, an effect that is effectively prevented in
the results from algorithm (C). Quantitatively, there is on
average an improvement in accuracy by several centimeters, as
can be seen in the cumulative distribution function shown in
Fig. 3 (b). However, due to the relatively small dimensions and
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Algorithm 1 Rotating sweep line algorithm, adapted from [11]
Input: A set VD = VT ∪ VG of destination points vD,i , the
geometry described by a set of edges E containing ordered
tuples of points from VG , and a source point vS .
Output: A set of destination points VV ⊆ VD that are visible
from vS .
1: For each destination point vD,i , calculate ri and ϕi , the
length of the line vS vD,i and its angle from the horizontal
axis, respectively.
2: Sort the point list VD , ﬁrst by ϕi and then by ri in
ascending order
3: Create the incoming and outgoing edge lists EI,i ⊆ E and
Eo,i ⊆ E for every point vD,i
4: Create the blocking edge list EB , containing the sorted list
of edges that intersect the horizontal half-line emanating
from vS
5: Create the empty blocking point list VB
6: Create the empty visibility list VV
7: for all vD,i in VD do
8:
if vD,i = vS then
9:
Add vD,i to VV
10:
Continue for
11:
end if
12:
for all incoming edges eI,k to vD,i in EI,i do
13:
Remove eI,k from EB
14:
end for
15:
for all outgoing edges eO,k from vD,i in EO,i do
16:
if eO,k faces vS then
17:
Add eO,k to EB sorted by increasing
distance from vS
18:
end if
19:
end for
20:
for all points vB in VB do
21:
if vB , vD and vS are not in line then
22:
Remove vB from VB
23:
end if
24:
end for
25:
if an incoming and outgoing edge of vD,i face or are
in line with vS then
26:
Add vD,i to VB sorted by increasing
distance from vS
27:
end if
28:
if vS ∈
/ VG or ﬁrst outgoing not before last incoming
edge of vS counted CW from vS vD,i then
29:
if ﬁrst edge in EB not between vS and vD,i and
ﬁrst point in VB not between vS and vD,i then
30:
Add vD,i to VV
31:
end if
32:
end if
33: end for
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Fig. 3. Tag moved by a person on a speciﬁed trajectory in a conference
room equipped with furniture and outﬁtted with 6 anchors. (a) Geometry of
the room with inaccessible areas shown in gray and anchors plotted as black
squares. The true path is plotted in gray, estimates with and without utilizing
geometry information are shown in blue and red, respectively. (b) Cumulative
distribution function of the estimation errors with respect to the true locations.
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Fig. 2. (a), (c), (e), (g) Exemplary transition matrices An for a conference
room using a discretization of 25 cm (a), (c) without and (e), (g) with
geometry information for a tag detected as (a), (e) active (σA,n = 1.5 m)
and (d), (h) inactive (σA,n = 0.6 m). Higher values are shown darker. The
vertical red line indicates the transition column for a particular source point
for which the transition probability is plotted in the conference room geometry
in corresponding parts (b), (d), (f), (h). Source point marked with a red plus,
constant gray areas are inaccessible.

length of the path and the fact that in this case, the geometry
was only seldomly crossed erroneously by algorithm (A), the
improvement is somewhat limited and overall results are in
the range of a position error below 1 m in 80% of the cases.
B. Stable
A stable of approximately 40 m × 20 m with live pigs
was outﬁtted with 12 anchor stations shown as black squares
in Fig. 5. Several animals were equipped with ear-tags and
measurements were taken over a period of over one hour. In
this case, the true paths taken by the pigs during that time are
unknown and hence, a quantitative error analysis cannot be
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Fig. 4. (a) Accelerometer measurements for the ear-tag with its trajectory shown in yellow in Fig. 5 and the resulting transition probability parameter σA,n
switching between σA,inactive = 0.15 m and σA,active = 0.35 m. (b) x- and y-coordinates of the trajectory shown separately with and without using
accelerometer data in blue and red, respectively.

given. In this measurement, activity information was derived
from accelerometer data. In Fig. 4 (a), the raw acceleration
vector magnitude is plotted. Obviously, there is only a short
activity period between periods of rest. During that time, the
activity estimation sets σA,n to a higher value for algorithm
(B), thus allowing the estimate to more accurately follow
the true animal motion. For algorithm (A), σA,n is held at
σA,active . The resultant trajectories are shown seperated in xand y-coordinates in part (b) of the ﬁgure in red for algorithm
(A) and in blue for algorithm (B). During the low activity
periods it can be observed that the red line shows much more
activity than the blue line that stays relatively constant. As
soon as motion is detected, however, the two lines almost
coincide.
The effect of the different algorithm variants can more
clearly be seen in Fig. 5, with (A) in part (a), (B) in part
(b), and (D) in part (c) of the ﬁgure. While most of the
rectangular area is accessible to the animals, there are several
wall-like built-in structures marked by black lines. For four
tags the estimated trajectories using a discretization interval
of 25 cm are shown in different colors. While in (a), the paths
permanently cross walls and seem to wander about arbitrarily
even for the tag already shown in Fig. 4 that is inactive for
most of the time, the activity detection in (b) largely eliminates
the cloud-like estimates around the points of rest while still
allowing the estimate to follow along. When adding geometry
information in part (c), it can be seen particularly for the red
and blue trajectories that erroneous geometry crossings are
inhibited and estimates are conﬁned to a smaller and more
probable region.
Unlike in the ofﬁce environment, no reference trajectories
are available for the animal movements, since an alternative

means of exact tracking could not easily be implemented.
The results presented in this section are therefore of a more
qualitative nature and we cannot give a cumulative distribution
function analogous to Fig. 3 (b). However, it could be demonstrated in the previous section that the CDF can be improved
by limiting the trajectory to valid paths even in the small ofﬁce
room where geometry information contributes only little to the
position result. In the case of a large stable with impenetrable
walls that are long compared to the measurement error, animal
movement is restricted much more by geometry information,
as can be seen in particular in the trajectory represented by
the red line in Fig. 5 (b) and (c). We therefore conclude that
in this case, the accuracy improvements exceed those of the
ofﬁce experiment.
VI. C ONCLUSION
We have shown two improvements to Bayesian ﬁltering
for position estimation under difﬁcult conditions. Physical
constraints by the utilized bandwidth limit the accuracy of raw
single-shot measurements in metalliferous environments. By
using our approach of incorporating knowledge about possible
paths that can be taken as well as activity detection, these
estimates can be improved signiﬁcantly. Also, the Bayesian
estimator does not necessarily require the number of available measurements to yield a determined or over-determined
system of equations; instead, the update-step of the algorithm
can improve the estimate with as few as two anchor measurements. Further advantages are the inherent upper bound on
estimation error, the possibility to perform computationally
expensive operations in pre-processing, and the simplicity of
the algorithmic solution that essentially consists of matrix
multiplications. While storage and computational costs are
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considerable and depend on the dimensions of the discretized
area, large stables with several hundred tags have been shown
to be handled easily by an up-to-date PC system. Furthermore,
the use of matrix operations facilitates the effective use of GPU
implementations in future developments.
A robust and low-noise position estimate may serve as the
basis for the derivation of animal health indicators such as the
daily walking distance. If no measures are taken to prevent the
distance estimate to rise while animals remain stationary, it is
intuitive that the distance may largely be over-estimated due
to noisy position estimates. To this end, the proposed activity
detection may help to obtain reliable estimates of the animal
walking distance.
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Fig. 5. Estimates of four individual animal ear-tag positions in a stable with outer dimensions of approx. 40 m × 20 m. Built-in structures that cannot be
crossed by animals are shown in black. The estimates are computed (a) without activity and geometry, (b) using activity but no geometry, and (c) using both,
activity and geometry information.
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Abstract— The majority of infrastructure-based indoor
positioning systems faces many difficulties in indoor
environments due to measurement errors caused by fading,
shadowing multipath effects or signal propagation delay inside
buildings. In this contribution, an alternative indoor positioning
system based on artificially generated magnetic fields is
presented, which is able to cope with all these effects and enables
a reliable localization even under harsh conditions. Using the
observed magnetic signals from at least three different and
spatially distributed coils, the 3D position of the mobile station
can be determined by trilateration. Although the system is still
under development 3D positioning accuracies in the range of
centimeters to a few decimeters are already achievable in
laboratory scale using three coils and an industrial magnetic
field sensor.

I.

INTRODUCTION

In the past years numerous technologies have been
evaluated for positioning and navigation tasks inside
buildings resulting in various indoor positioning systems. A
lot of systems are infrastructure based using electromagnetic
waves (e.g. radio waves) or ultrasound for signal propagation
between fixed transmitters and mobile receivers. The main
drawbacks of these systems are signal propagation errors due
to attenuation, shadowing, multipath or signal delay inside
buildings. Even if some technologies like UWB are more
robust against the mentioned effects, it is impossible to
suppress signal propagation errors completely. However, in
contrary to electromagnetic waves, magnetic signals are able
to pass through any building material without propagation
errors even in None Line of Sight (NLoS) scenarios and, thus,
are in general very appropriate for indoor positioning
purposes.
In this contribution an indoor positioning system based on
artificially generated magnetic fields is introduced. First some
related work, the principle of our Magnetic Indoor Local
Positioning System (MILPS) and the underlying magnetic
field theory are presented in subsection II-A, II-B and II-C.
Under consideration of simulation results a demonstrator
consisting of three coils and a tri-axial magnetometer is

shown in subsection II-D. For the elimination of interference
fields (e.g. the earth’s magnetic field or electrical
disturbances) a differential measurement principle and noise
suppression algorithms are described in section III. Several
range measurements in real indoor scenarios have been
carried out. The results are shown and evaluated in section
IV. Section V performs an examination of 2D and 3D
positioning while the last section gives a conclusion and a
short outlook on further research.
II.

MILPS – MAGNETIC INDOOR LOCAL POSITIONING
SYSTEM

A. Related work
The use of artificially generated magnetic fields for
tracking purposes has been investigated by a number of
authors over the last decades. Some commercial systems
already exist [1,2]. In contrast to MILPS the majority of
magnetic field based tracking systems is designed for motion
tracking and virtual reality in a number of artistic, industrial
and biomedical applications. Magnetic field generation is
typically based on the use of concentric coils or permanent
magnets, giving small radius coverage areas only (typically <
1.5 m).
In general, magnetic field based positioning systems fall
in two categories using AC fields or DC fields. For example
systems that use sinusoidal magnetic fields are described in
[3] and [4]. For distance determination, the magnetic fields
have to be filtered by frequency. Systems using pulsed DC
fields are described in [5] and [6]. Here, the fields are
generated sequentially. Ref. [7] presents an experimental
system, which utilizes 8 small diameter coils giving limited
size coverage area of 4x4 m. To detect the signals from the
different coils a code division multiple access (CDMA)
approach was used.
B. Principle of MILPS
The objective of MILPS is to provide an accurate indoor
positioning system based on artificial generated magnetic
fields covering a whole building with a minimum of
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infrastructure and complexity. In order to enable position
estimation, Reference Stations (RSi) consisting of electrical
coils located inside the building are used (Fig. 1). For the
determination of the position a Mobile Station (MS) is
equipped with a magnetic field sensor (magnetometer). By
measuring the field components of multiple (at least three)
coils the distances between RSi and MS are determinable.
The coils are activated sequentially using real time clocks in
order to distinguish between their magnetic fields (time
division multiplexing, TDM). Based on the coordinates (Xi,
Yi, Zi) of the RSi in the building reference system the
unknown 3D coordinates of MS (XMS, YMS, ZMS) can be
estimated by the use of the lateration principle.
C. Coil magnetic field
According to [8] the three components Br, Bθ and Bφ of
the magnetic field vector can be expressed by using spherical
coordinates (s. Fig. 2) as follow:
Br =

The total magnetic field B at a point PN (r, θ, φ) can be
calculated from equation (1) using the following relation:
B=

μ0 NIF
1+ 3sin 2T
4πr 3

(2)

D. Experimental system
Several simulations have been achieved by considering a
desired maximal range of (15-20 m) between sensor and coil
on the one hand (see Fig. 3) and pragmatic considerations
relating to the dimensions, the weight, and the maximum
current of the coils on the other hand. Based on the
simulations, an experimental system was built. Similar to the
simulation the coil consists of 140 turns of wire wrapped on a
0.5 m diameter core. Fig. 4 shows the experimental setup and
its functional principle.

μ0 NIF
sin θ
2πr 3

Bφ = 0
Bθ =
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(1)

μ0 NIF
cos θ
4πr 3

N is the number of turns of wire, θ the elevation angle, r
the distance between the center of the coil and the point that
the field is to be calculated for and F is the coil’s area.
Figure 3. Calculated magnetic field strength at different current strengths
(coil radius r0 = 0.25 m, N = 140 turns).

Figure 1. MILPS System architecture with reference stations (RS1..6) and a
mobile station MS.

Figure 2. Field components as cylindrical and spherical coordinates.

Figure 4. Experimental system with a 3-axis magnetic field sensor, coil,
relay unit, DC power supply and measuring PC.
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The electrical current is provided by a 900 W low cost
power supply. A relay unit enables the switching of currents
up to 100 A. Magnetic field sensing is accomplished by using
three Honeywell magneto resistive transducers aligned in
orthogonal directions allowing the capturing of the three
vector magnetic field components [9]. The sensor’s
measurement range is between +/- 2 G, the resolution is 67
μG, which correspond to the noise chosen for the simulation
above (see Fig. 3). The relay unit, the coil’s power source and
the reading of the sensor data (maximal sampling time Ts =
6.5 ms) is controlled by a software application running on PC.
III.

MEASUREMENT PRINCIPLE AND SIGNAL PROCESSING

First of all, some measurements with the experimental
system inside buildings have been carried out. The evaluation
of these measurements showed that additionally to the earth
magnetic field, further magnetic fields interference with the
coil’s field. Thus, a differential measuring principle for
eliminating the interference fields has been applied. Therefore
the coil’s current direction is periodically switched. Fig. 5
depicts the raw data of a measurement example at a coilsensor distance of 12 m. The clusters that result from the
switching of the coil current can clearly be seen.
A. Differential measuring principle
The coil’s magnetic field B can be estimated by using the
following relation, where Bt is the median of cluster at point
in time t:
B

Bt 1  Bt
2

B  Bst1   B  Bst 0
2

(3)

Figure 5. Captured magnetic field at coil-sensor distance of 12 m.

So it is impossible to be responsive to changing frequency
abilities. To prevent this circumstance of no stationary
signals, adaptive filters are used [10,11]. This subsection
gives a short overview of the use of adaptive filtering in
MILPS. A detailed description can be found in [10].
The used set up of adaptive filtering is shown in Fig. 6.
The adaptive filter is used to find the optimal coefficients ω
of variable filter to extract an estimate of the desired signal
d[k], which is in our case an uncorrupted magnetic field at a
reference sensor located in a known position. Figure 7 depicts
an example of a measured reference signal x[k] in
comparisson to the desired signal d[k]. The adaptive filter is
driven by the input signal x[k] (corrupted magnetic field
signal at reference sensor) and has as output y[k] (estimate of
the desired signal).

Bst1 and Bst0 are the overlaying long periodic interference
fields. Assuming that interference fields remain stationary
during the switching interval (Bst1=Bst0), the interference
would be completely eliminated by difference. The resulting
coil magnetic field can be used for distance determination. In
addition to the long periodic interference fields, short period
noise components caused by further electrical devices are
superimposed to the measured signal. Since the method of
building the difference of successive cluster corresponds to a
high-pass filter which cut-off frequency is related to the
switching frequency, the high frequency noise components in
the signal are still present and affect the formation of the
cluster medians. To reduce these noise components, a digital
Finite Impulse Response (FIR)-Filter with a cutoff frequency
of 1 Hz is used [10].

Figure 6. Set up of adaptive filtering. [13]

B. Adaptive Filtering
The method of digital filtering provides a useful method
to separate the captured signal from noise. However the
drawback of normal FIR filters is that they are invariant in
respect to the absolute time (non stationarity).

Figure 7. Reference signal in comparison to the desired signal. [10]
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The objective is to change (adapt) the coefficients of the
filter in a way, that the variance of the error signal
e >k @ d >k @  y >k @ becomes minimal. The computed adaptive
filter coefficients are used to filter the signal of every sensor
in the proximity of the reference sensor. Fig. 9 shows, for
example, the location of the sensors. In this example, the
measurement and reference sensors are connected to the same
PC, which performs two tasks at the same time: calculation of
the filter coefficients and filtering of the sensor signal. The
filter coefficients are therefore transferred in real time
between the tasks.

Eds. Leo J De Vin and Jorge Solis

TABLE I. Least Mean Square (LMS) algorithm. [10]
Initialisation: Z >0@ Z0 ,

P !0,

1.

μ: step size (adaptation constant)
Filtered Signal:
y > k @ ZT > k @  x > k @

2.

Error value:

e >k @

3.

Iterative Process:

Z > k  1@ Z > k @  P  e > k @  x >k @

d >k @  y >k @

In the case of an indoor positioning system, it is necessary
to find the filter coefficients in real time. For that purpose the
Least Mean Square (LMS) algorithm, which is the most
popular implementation of adaptive filtering, is used. The
LMS algorithm consists in general of two basic processes:
The filtering process, which computes the output y[k] of an
adaptive filter in response to an input signal x[k], generates an
estimation error e[k] by comparing the output y[k] with the
desired signal d[k] and the adaptive process, which adjusts
the coefficients vector ω[k+1] corresponding to the
estimation error e[k] (s. Table I) [10,12].
IV.

EVALUATION AND VERIFICATION OF THE
EXPERIMENTAL SYSTEM

For the evaluation of the experimental system practical
measurements have been conducted in real indoor test
environments. The current running through the coil was set to
12 A (compared to the originally proposed 14-15 A) in order
to maintain a constant current.
A. Rotational symmetry
To verify the production quality of the coils with regard to
the generated magnetic fields, the coil rotational symmetry
has been tested by comparing magnetic field measurements
from various coil rotation angles. In Fig. 8 the results of one
coil is shown.
The sensor has been located in a horizontal plane at a
constant distance of 4 m and angular steps of 18 deg about
the coil vertical axis. In the upper part of the figure, the
observed magnetic field strengths are plotted for each angular
step. The number of measurements is 8 for each angle. The
lower part depicts the calculated distances at each angular
step and the mean value (circle). In this example the standard
deviation is about 0.004 m what is considered to be sufficient.
The remaining coil deliver comparable results, so that
rotationally symmetric coil fields are proved for the followup works.
B. Maximal range and accuracy
The maximum range of the experimental system was
tested both in direct line of sight (LoS) and in the absence of
direct line of sight (None Line of Sight, NLoS) between the
coil and sensor.

Figure 8. Rotational symmetry of the coil magnetic field.

Fig. 9 depicts a measurement scenario [13]. The magnetic
coil is located near the staircase and the sensor is placed in
different positions along a straight line. As shown in Fig. 9,
miscellaneous obstacles exist in the measurement line.
In this scenario the coil and sensor are separated by a
27 cm reinforced concrete wall. At distances between 6 m
and 9 m the sensor is in the vicinity of the home electrical
equipment and furthermore the coil and the sensor are
separated by several 24 cm brick walls. The performance of
the current prototype can be shown by plotting the Signal-toNoise Ratio (SNR) of the magnetic signal relative to the
distance between coil and sensor. In Fig. 10 the determined
SNR is depicted. This example shows – as expected – that the
SNR decreases very rapidly as a function of range and
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Figure 9. Magnetic coil and sensor locations for a sample NLoS measurement environment.

Figure 10. Measured signal to noise ratio (SNR).

degrades considerably in the proximity of electrical noise
sources.
An accuracy of about 50 cm has been achieved in short
range (0-8 m) and approximately 1 m in the vicinity of the
maximum range. By the use of two reference sensors and the
adaptive filtering method the ranging accuracy could be
improved to less than 20 cm for short ranges and below 40
cm for far ranges (8-14 m). The empirical standard deviation
as indicator for the ranging precision could also be improved
to approximately 1 cm and 10 cm in short and far range
respectively by applying the adaptive filter method. [13]
C. Calibration
The results of first accuracy evaluations clearly show a
systematic increase of the distance deviation between
calculated and true distances with growing range. Since the
positioning principle is based on distance measurements,
calibration measurements of the system (coil-sensor) have
been conducted in a noise free environment. These
measurements have been carried out first for the 2D case

Figure 11. Linear regression of distance calibration measurements to one
specific coil.

only, i.e. coils and sensors have been placed in the same
horizontal plane.
An example of calibration measurements is shown in Fig.
11. Plotted are the deviations between computed and true
distances and a best fitting regression line describing the
systematic ranging errors. This can be explained by a model
uncertainness for the theoretically calculated magnetic field
strength [14]. Therefore for each coil a regression line has
been estimated, whereby the influence of the systematic error
could be significantly minimized for the 2D distance
determination. The resulting residuals have been estimated to
5 cm in average.
D. Mass market (low-cost) sensors
The popularity of smart phones like iPhone or Android
phones makes them also to be promising platforms for mobile
location services inside of buildings. Covering multiple
sensors such units enable the collection of different kinds of
data including surrounding magnetic fields. An evaluation of
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the integrated sensors for positioning by using MILPS has
been performed.
Therefore the Apple iPhone 3GS, iPhone 4 and an
Android device (Samsung Galaxy Nexus), which contain
ultra low power digital three-axis electronic compasses, have
been tested. The analysis of the raw data shows, that it is
possible to detect the coil’s magnetic signal up to a distance
of 6 m. The distance deviations are in average less than
15 cm. [13,14]
V.

POSITION ESTIMATION

A. 2D Position estimation
If the coil and the magnetic field sensor are approximately
located on the same horizontal plane, then the measured
magnetic field B depends only on the distance r between the
sensor and the coil center.
r

3

P 0 NIF
4SB

(4)

Thus the horizontal distance between the sensor and the
coils can be derived from the observed field strengths to two
coils. Using the known coordinates of the reference coils (xi ,
yi), the sensor position is calculated by means of trilateration.
Two possible positions are then calculated. By comparison
with the distance observation to the third coil, a solution
could be excluded. The calculated solution (x0, y0) is then
used as an approximate solution for the Gauss-Newton
algorithm which iteratively solves the linearized equations of
r0i

x0  xi

2

 y0  yi

2

(5)

by Least-Square estimation.
2D positioning accuracies of less than 0.5 m can be
achieved by using three magnetic coils and a magnetic sensor
in an area of 15x15 m. By utilizing the simple calibration
approach the accuracy could be improved to less than 0.1 m
[13]. A detailed description of the 2D position estimation can
be found in [13].
B. 3D-Position estimation
Besides the 2D positioning, 3D position estimation
algorithms have been investigated. One approach which is
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already introduced in [7] and adapted for MILPS is based on
the solution of the three extended magnitude equations:
Bi

k

3( z  zi ) 2  ri 2
ri 4

with k

P0

NIF
4S

(6)

Similar to the 2D case, the resulting equation system (6)
can be solved by using the Gauss-Newton method, whereby
for the determination of a starting solution some assumptions
have to be made. A more detailed description can be found in
[13] and [7].
Since the experimental system consists only of three coils
another approach was developed for 3D position estimations
with MILPS (Fig. 12). In the initialization step, we assume
that the elevation angles Ti are equal to zero for all field
strength observations, so that (4) can be used for a distance
derivation ri. Since this assumption usually delivers distances
which are longer than the projection on the horizontal plane, a
sphere intersection yields to a 3D position estimate by means
of a direct solution algorithm [15]. In the next step, this first
guess is recursively used for the calculation of the elevation
angles Ti, which in turn allows the calculation of (true) slope
distances ri. These new distances are the observations for the
next position estimation step. The iteration is performed until
the coordinate changes fall below a threshold. The last result
is the final estimate for the 3D position. Because the direct
solution always delivers two potential solutions, one position
has to be rejected due to an assumption e.g. regarding the zcomponent. Furthermore this approach is not considering
observation weights since the system’s 3D calibration is still
pending.
C. Positioning experiments
For the evaluation of the 3D position estimation the
positioning accuracy has been examined by comparing the
true and calculated position in different measurement
experiments.
An example of 3D position determinations has been carried
out by using magnetic field measurements of three different
coils at the university building. The number of measurements
is 10 for each position. Fig. 13 depicts the location of the
coils as well as the MS in different rooms. The three coils and
the sensor have been placed at different heights above the

Figure 12. Iterative algorithm for 3D position estimation with MILPS.
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TABBLE II. 3D POSITIONING RESULTS
Mean value

Standard deviation

Position dX [cm] dY [cm] dZ [cm] σx [cm] σy [cm] σz [cm]
-26
11
7
0.5
0.1
0.4
1

Figure 13. Magnetic coils and sensor locations for 3D positioning test.

ground (hcoil1=1.14 m, hcoil2=1.79 m, hcoil3=4.23 m and hsensor=
1.12 m). Table II shows the results as deviations between the
calculated and the true coordinates. As shown, the 3D
positioning accuracy is better than 0.5 m for the coordinate
values. In this experiment the number of measurement pro
position is 10.

[5]

CONCLUSION AND OUTLOOK

The results of the measurements performed with the
prototype confirm the feasibility to determine the threedimensional position of a user or object inside buildings
based on artificially generated magnetic fields even in NLoS
conditions. In a laboratory scale, accuracies from centimeters
to a few decimeters can be attained.
Based on the experimental system a 1 m diameter coil has
been fabricated enabling the use of higher currents. First
measurements at higher currents lead to a significant increase
in range at NLoS conditions (>50 m) enabling building wide
coverage with a small number of coils. Thus, scenarios are
conceivable in which the coils infrastructure is deployed in
front of a building, and localize, for example, rescue teams
entering a building ("firefighters" scenario).
Besides the expansion of the system’s coverage area,
future work comprise the increase of the measurement
frequency, improvement of 3D position estimations,
particularly the 3D calibration, and further development in
regard to kinematic applications. The latter has already been
implemented by fusion with inertial sensors [16].
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Abstract—For many applications, e.g. in high speed applications like racing, where detailed information about the
vehicles movement is to be analyzed, it is more important
to get a stable and smooth relative position rather than a
good accuracy for the actual position since the result is
not used for navigational purposes. The long term stability of a GPS receiver and the short term stability of an inertial navigation system (INS) have been combined and
implemented in hardware utilizing a loosely-coupled
GPS/INS integration. For our case the simpler approach
utilizing the standard extended Kalman filter (EKF) instead of more advanced estimation methods like the unscented Kalman filter (UKF), gave smooth and stable position estimates. Simulated results were promising, and
hardware tests show that the implementation gives a detailed and stable position estimate for our application,
although with some bias offset so far. This is achieved using low cost MEMS sensors and a standard GPS unit.

I.

INTRODUCTION

Navigational performance has increased dramatically the
later decades, and even higher expectations and demands are
coming, e.g. in unmanned vehicles or in racing and other applications involving high velocities, where accurate information about position, velocity and attitude are important to
get optimum performance.
The integration of satellite navigation systems (e.g. the
American GPS or the European Galileo system) and inertial
navigation systems, where the long term stability of satellite
systems and the short term accuracy of inertial systems are
combined, is well known [1-5].

3

PREVAS AB.
Karlskoga, Sweden

Based on the type of GPS data utilized, the integration can
be categorized differently. In loose integration the GPS position and/or velocity solution is used, whereas in tight integration the raw GPS data for pseudorange (distance) and rangerate or deltarange (via Doppler shift) for each individual satellite is utilized. The main advantage of the latter is that the data
for each satellite can be utilized separately to correct the INS
error, even if the number of visible satellites drops below four
so that the GPS cannot provide any position and velocity solution by itself [6, 3]. The main drawback of a tightly-coupled
integrated system is the increased complexity that is connected
with the need to handle raw GPS data.
By integrating GPS and INS the navigational errors can be
estimated by a Kalman filter and fed back to the system to increase its performance or accuracy [7]. The dynamics of the
governing equations causes nonlinear state space models, even
for a loosely-coupled GPS/INS integration [3]. However, the
degree of nonlinearity will affect the accuracy for different filtering approaches.
The standard approach to estimate states in nonlinear systems has been the extended Kalman filter (EKF), where the
nonlinearities have been accounted for by first order linearization. The process noise is modeled as Gaussian random vectors for which the Kalman filter (KF) is the optimal estimator
for linear systems [3, 6]. To account for the flaws of the EKF,
sigma point Kalman filters (SPKF), like the unscented Kalman
filter (UKF), were introduced [8, 9]. Here a limited number of
sigma points are propagated through the nonlinearities, and
the statistical properties are extracted so that the linearization
by the Jacobian is not required, giving an accuracy to the third
order Taylor series expansion for Gaussian distributions [6, 35]. For non-Gaussian distributions the accuracy is at least to
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the second order. Even higher accuracy can be achieved by
more general “sampling” methods like particle filters (PF), but
at the expense of orders of magnitude more sample points
necessary to catch the non-Gaussian distribution [10].
To achieve the highest level of performance a tightlycoupled integration and the more advanced filter estimators
(e.g. UKF) are required instead of the standard traditional
EKF. However, the improvements have been demonstrated for
more severe situations with highly nonlinear systems and in
situations where the GPS signal was blocked, or with a limited
number of satellites available, whereas in other cases (with
good GPS coverage) the performance was basically identical
to that of the standard EKF [4, 6]. This was explained with
that the nonlinearities involved were moderate, so that the first
order linearization of the EKF actually is sufficient for an accurate solution.
In addition to the above described general approaches proposed for GPS/INS integration with Kalman filtering, many
researches have been focused to more specific applications,
e.g. reconfiguration using FPGA [11], abnormal GPS measurements elimination [12], aviation applications [13], urban
navigation [14], and detecting vehicle sideslip [15] etc. However, with a huge potential application area, there is still a
need for investigating the tradeoff between accuracy and computational effectiveness as well as to perform field experiments with hardware, so both the effectiveness and feasibility
of the proposed application can be studied. Therefore, in this
paper we use a standard EKF estimator in a loosely-coupled
integration, and investigate the performance of an embedded
system using low cost MEMS sensors together with a standard
GPS unit integrated into the design. Since nonlinear estimation methods are highly application specific, the use of EKF
needs to be evaluated for each individual application. For our
case, this simpler approach gave good results, with a smooth
and stable position estimate.
The structure of the paper is as follows. The background,
motivation and some samples of related work have already
been introduced. In section II the modeling of the GPS/INS integration is given together with a short description of the (extended) Kalman filter. In section III some simulation results
are presented verifying the modeling and giving some characteristic parameters describing the accuracy of the estimated solution. Section IV describes the hardware implementation and
some test results. The paper ends with some concluding remarks and comments for possible future improvements.
II.

MODELING

A. GPS/INS Integration
The integration of the Kalman filter in the sensor fusion
can be done in different ways [16], and, in addition, the details
can be implemented differently. Fig. 1 shows a simplified
block diagram for a loosely-coupled GPS/INS integration, giving the main structure of our implementation. The INS consists of the inertial measurement unit (IMU), i.e. the MEMS
sensors for acceleration and rotation, together with the navigational calculation unit. In a loosely-coupled integration the dynamics of the inertial system is not coupled to the GPS measurement updates. Instead, the Kalman filter estimates the errors, which are fed back to the inertial system to correct the
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output to get the estimated states and thus the most probable
movement of the vehicle.
The errors are only estimated if there is new GPS data
available, but the states are estimated as soon as there is new
IMU data available, as the update frequency of the IMU is
much larger than for the GPS. This specific solution originates
from [7].
Estimated states:
position, velocity, attitude
IMU

INS calculations

xˆk

Estimated
error states

G xˆk 1
EKF

Hk

 yˆ k
Innovations



zk

GPS

Figure 1. Simplified block diagram for the GPS/INS integration.

The state space model is divided into two parts, one part
describing the error dynamics and the other part describing the
navigational dynamics. The model presented here was first
developed in [17] and slightly modified in [18] together with
the tuning of the Kalman filter and the preparation for hardware implementation. It is the discrete time linearized model,
introducing the risks associated with these systems such as aliasing and errors due to nonlinearities not captured by the linearized model. The error dynamics are time varying and hence
the coefficient matrices describing these errors must be computed at each time update of the filter. Mathematical details
can be found in [19, 20].
The error dynamics state space model is:


G xk 1
yk

Fk G xk  Gk Zk
H k xk





Here yk [ p, v, <]T is the vector of observations containing the position, velocity and attitude respectively in navigational coordinates. The observations are compared with the
GPS measurements, and the differences (errors) are designated
innovations. Euler angles (roll, pitch, yaw) are used to represent the vehicle attitude. G xk [G p, G v, G<, G a, GZ]T is the
vector of errors where a and ω are the acceleration and anguT
T
T
is the
lar velocity in body coordinates. Zk [Zacc
, k Zgyro , k ]
measurement noise vector of the IMU, assumed to be zeromean Gaussian distributed.
The coefficient matrices include a lot of details, e.g. physical modeling and transformation between different coordinate
systems [17-20]. Fk is the error dynamics matrix, Gk is the
noise dynamics matrix and Hk is the measurement sensitivity
matrix. Even if Gk needs to be defined to form a complete
noise model it is not used in the Kalman filter gain calculations. Hk has been expanded by three rows to include fictitious
process noise to roll and pitch as described in [20]. This means
the changes in these parameters are limited to some degree to
resemble the probable movements of a car.
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The navigational dynamics state space model is:


xk 1

Fk , INS xk  Gk , INS uk 



where the state vector xk [ p, v, <]T contains the position,
velocity and attitude respectively in local level coordinates,
and where Fk , INS and Gk , INS describe the inertial navigation
dynamics. By using local level coordinates we assume the area
to be locally flat. This is an approximation which limits the
range where the output of the navigational system is valid.
The trade-off is that the analysis of the vehicle states is simplified, but the GPS measurement has to be converted from
WSG84 to local level coordinates, which means extra computational effort.
B. Kalman Filter
The Kalman filter was developed by Rudolf E. Kalman
and Richard S. Bucy in 1958. The discrete time version is basically a first order digital recursive filter, (6), that estimates
the correct current state based on current noisy measurements,
knowledge about the system including the noise characteristics, and the previous estimated state. The key point is to determine the optimal Kalman gain for each time step. This is an
optimization problem where knowledge about the noise characteristics is essential. The Kalman filter has been proven to
give the optimal estimate with respect to any quadratic function of estimation error for linear dynamic systems under zero
mean additive white Gaussian noise (AWGN), and it has been
successfully applied in many areas since its discovery [20].
The general equations for the discrete time Kalman filter are:

xˆk k 1
Pk k 1
Kk
xˆk k

Fk xˆk 1  Gk uk 



Fk Pk 1 k 1 FkT  Qk 


1

Pk k 1 H kT ª H k Pk k 1 H kT  Rk º 
¬
¼



xˆk k 1  K k ª¬ zk  H k xˆk k 1 º¼

K k zk  1  K k  H k xˆk k 1



> I  H K Kk @ Pk k 1 .



Pk k
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real noise acting on the system. The Kalman filter assumes the
process and measurement covariance matrices to be known.
The measurement noise covariance Rk can be estimated by a
separate experiment but the process noise covariance Qk is often subject to some numerical optimization method. An important task is to tune these matrices to get a good and stable
estimate. As we don’t have detailed knowledge about the
noise, this mainly becomes guessing and trial and error.
The extended Kalman filter (EKF) is the adaptation of the
Kalman filter to non-linear systems. By taking the first order
derivatives of the state space system matrices, the system is
linearized around the sample interval. This is done at each
sample time. For a nonlinear system, we have that:


f xk 1 , uk  wk , yk

xk



and thus the linearized state space matrices for the EKF are
found from the Jacobian matrices of f and h as:


§ wf ·
¨ ¸ , Gk
© wx ¹

Fk

§ wf ·
¨ ¸ , Hk
© wu ¹

§ wh ·
¨ ¸ .
© wu ¹



C. Initialization
The initialization procedure, i.e. finding the initial parameters for position and attitude, could be considered a separate
parameter estimation problem but this is not considered here.
It is safe to assume that the host vehicle is stationary during
initialization, and hence, angular velocity, velocity and acceleration equal zero (except for gravitational pull). The starting
position can be assumed to be zero using the first GPS measurement as reference to be subtracted from all consecutive
GPS positions. A drawback is that all following measurements
will be subject to the same error as the first position.
III.

This procedure could be described as: state prediction (3),
error (noise) covariance calculations (4), Kalman gain calculations (5) where the parenthesis represents a comparison of the
estimated and real errors, state estimate update (6) where the
square parenthesis represents a comparison of the estimated
and the measured (GPS) states, and at last, covariance matrix
update (7). xˆk k is the state estimate at time k given data up to

h xk  vk ,

SIMULATION RESULTS

To verify that the algorithms were working, they were first
implemented in Matlab and tested against some important error sources like measurement sampling frequency and bias. In
addition some simulated tests were done to investigate the
noise immunity. This was combined with running a simulated
figure-eight track, with banked curves and a cross-over altitude change, from [20], see Fig. 3. In this simulation it is not
possible to precisely control the speed in the heading direction, but the function allows the user to set the average speed
of the vehicle. In Fig. 2 the local level coordinate system is
given together with the attitude angles roll (M), pitch (T) and
yaw (\). For the simulations, the GPS signal was generated by
adding Gaussian noise to the true states. In order to better resemble a real GPS, more noise was added in the vertical direction than to the horizontal directions.

and including time k. Kk is the Kalman gain matrix, Pk is the
error covariance matrix and Qk and Rk are the covariance matrices of the process noise and measurement noise respectively, and strictly these are the only available tuning parameters
of the Kalman filter. Ideally these should be identical to the
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A first verification that the algorithms are working is
shown in Fig. 3 where a 20 lap simulation for the figure-eight
track is plotted on top of each other showing the error as the
spread of the estimated positions plotted. In this dynamic setting with large speed and roll, the average error for the position was approximately 0.7 m rms, and for the velocity 1.7 m/s
rms.

height

Position in body coordinates

Figure 4. States plot of the filter estimates. The true states are dashed line in
red and the estimates are continuous line in blue.

300

200
100
0
-100
y-position [m]

100

-200

0

-300

-100

x-position [m]

Figure 3. Simulated figure-eight track with position plots of the filter estimates for a 20 lap simulation showing the spread of position estimates.

Fig. 4 shows the estimated velocity (x- and y-direction)
and attitude (roll) for the vehicle together with the true states
for part of the simulation time. The vertical estimates (not
shown) were not that good, but that is due to the generated
GPS characteristics. From the simulations (only a few shown
here) we see that the algorithms are working and giving good
estimates, at least in the horizontal directions.
Fig. 5 and Fig. 6 show the autocorrelation and histogram
plots respectively for the difference between the estimated and
the measured GPS states. This difference is then not the same
as the errors relative to the true states plotted in Fig. 4. The
largest deviation from the ideal autocorrelation occurs for the
roll. It is noteworthy that this corresponds to the most nonGaussian histogram. Since the GPS signal was generated by
adding Gaussian noise to the true states, the non-Gaussian
shape for some of the differences is expected to be due to the
characteristics of the estimation algorithm, i.e. the tuning of
the Kalman filter. This information could then be used in the
optimization process for the filter. However, this needs to be
further investigated.
IV.

HARDWARE IMPLEMENTATION AND TESTS

A. Measurement Setup
After the testing and tuning with Matlab/Simulink simulations, the algorithms were first modified to be suitable for
code generation utilizing Simulink Coder and Embedded Coder from Mathworks, and then the real-time implementation
was done on a Texas Instruments C28335 DSP. The last step
needs to be carefully checked so that no significant changes
occur in the real-time computations compared to the simulations. Initial tests showed a numerical deviation of only 10-12.
The GPS, which was integrated on the circuit board, was a
standard unit. However, the design of this unit has not been
considered and thus also not the GPS position estimate problems. The small and low cost MEMS sensors are constructed
to measure only one single quantity each (e.g. acceleration in
one dimension). Thus the IMU uses six such MEMS sensors;

Figure 5. Autocorrelation plots of the difference between the estimated and
the measured states for position, velocity and attitude (roll).

Figure 6. Histogram plots of the difference between the estimated and the
measured states for position, velocity and attitude (roll).

three for acceleration and three for angular velocities, mounted
in the three orthogonal Cartesian directions to give a total of
six degrees of freedom. A more accurate (but larger and more
expensive) alternative would be to use the more accurate fiber
optic gyroscopes (FOG) together with MEMS accelerometers.
The IMU unit supports measurement frequencies up to 1000
Hz, significantly higher than what is generally available in
GPS units. For further information, see [7, 15, 21].
Last year a real test of the hardware was conducted in
Karlskoga (Sweden). The devices were mounted in the trunk
of a standard road vehicle, which was driven around in different types of areas (industrial, high way and urban areas). Together with our device under test (DUT), also the signals from
a similar equipment (MicroStrain 3DM-GX3-45) and a high
precision reference device (SatLab SL500) were recorded at
the same time for comparison and evaluation purposes. All
tests were logged using CANalyzer, recording both the raw
GPS and IMU data as well as the output from the sensor fu-
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sion algorithm of the DUT. The MicroStrain unit was logged
with software from the supplier and the SL500 unit was
logged using RS232 serial adapter and terminal emulator.
The MicroStrain device was fixed on top of the DUT,
whereas the GPS antennas and the SL500 unit were mounted
on the roof of the host vehicle approximately 1 meter above
the DUT. The DUT was aligned to the host vehicle body fixed
coordinate system. This setup should function well for positioning since the accelerometers axes are aligned to the host
vehicle coordinate system. However the gyroscope axes are
not positioned in the rotational center of the vehicle, except for
the x-axis (roll), which means that when the vehicle rotates
around the z- or y-axis, there is a lever-arm effect (not considered here).
B. Straight Line Performance Test
For the straight line test a 50 meter long track was drawn
of the ground. The direction of the track was recorded using a
compass. The host vehicle was driven along the track a total of
10 times. For initialization, the first start GPS value of the reference unit was taken as the origin of the local coordinate system.
Fig. 7 shows the average over the 10 test runs of the state
estimates from the DUT and the MicroStrain unit together
with the reference GPS unit. The plot clearly shows an offset
error (average value calculated to 3.51 m). However, in the
DUT the first GPS value is used as reference (not coinciding
with the GPS reference from the reference unit), so this error
should be possible to calibrate. The important result is that the
DUT gives a relative performance on a par with the reference
unit (stable and smooth), whereas the MicroStrain result clearly deviates from the straight line.
This is also confirmed when investigating the recorded
GPS data and IMU data separately. In addition the MicroStrain unit often had problems with data loss for the GPS
signal. However both the altitude and the heading data showed
more likely behavior for the MicroStrain unit (when working)
than the DUT. Actually, even the SL500 reference unit
showed large errors in the heading measurements, which is
troubling with respect to the relatively high price of the unit. If
this data had not been corrupted, it could have been used to
compute the velocity in the x and y direction in Cartesian coordinates and then used to verify the velocity estimates of the
DUT.
C. Long Duration Performance Test
For this test the road vehicle (with the mounted hardware)
was driven around for almost half an hour in different types of
areas while recording a lot of data. Only a small sample of the
results is presented here. During this test the problems with
GPS data loss in the MicroStrain unit was further illuminated
as well as the problem with data corruption in the reference
unit. The heading and altitude measurements were greatly corrupted and the validity of the reference unit is questionable.
These issues made it impossible to use the full set of test data.
However, the data that could be used, further confirms the
usefulness of the DUT. The absolute position estimates are
within the precision of the GPS unit alone, and there are examples to be found where the DUT does correctly keep the
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position estimates reasonable even though the GPS reception
is impaired. Fig. 8 displays one result from the long duration
test, a small cut for the state estimates when driving a large
roundabout. Again, we see that the DUT gives a smooth and
stable result for the estimated position.
SL500 (average)
MicroStrain (average)
DUT (average)

Figure 7. State comparison of the three units for the straight line test.

SL500 GPS
MicroStrain States
DUT States

Figure 8. State comparison of the three units when driving a large roundabout.
Only a small cut of the roundabout is shown to see the details.

V.

CONCLUSIONS

The long term stability of a GPS receiver and the short
term stability of an INS unit have been combined and implemented in hardware, utilizing a loosely-coupled integration
with a standard extended Kalman filter (EKF) estimator. For
the simulations, Gaussian noise was added to the true states to
resemble the measured GPS signal. The results showed that
the algorithms were stable and worked over a wide range for
the added noise, corresponding to a varying accuracy for the
measured GPS positions.
The simulations were promising, and hardware tests
showed that the implementation gives a detailed smooth and
stable position estimate for our application, although with
some bias offset so far. However, a small bias offset is not important for applications not used for navigational purposes, but
where the vehicles trajectory and movements are to be analyzed in detail. This is achieved using low cost MEMS sensors
and a standard GPS unit.
The stability and smoothness of the estimated position for
the DUT showed results on a par with the reference unit,
showing that the development has been successful so far. Even
without knowledge about the noise characteristics, the tuning
of the Kalman filter is working. However, there are still things
to be improved. The offset in position, relative to the reference
unit, shows that there is a need for better initialization, and the
estimation of the vehicle attitude needs to be improved.
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VI.

[6]

FUTURE WORK

Improving the model further will be a trade-off between
getting a general navigational unit and a unit optimized for a
specific application.
The system could e.g. be supported by extra measurements
such as wheel rotation, wheel angle or steering wheel movements [22]. The inclusion of such measurements would require a host vehicle model to translate into navigational data,
but could be used to calculate e.g. vehicle side slip [15].
In addition the choice to use Euler angles to represent vehicle attitude limits the possible uses of the system. Traveling
straight upwards results in singularities in the directional cosine matrix and this will effectively exclude some applications. This could e.g. be solved by using quaternions to represent attitude [23].
Investigating how to tune the Kalman filter is an important
but difficult task since it requires knowledge about the noise
characteristics, and that will be application specific. Modifying the model to include the IMU signal in the state vector
(and not only as an input signal), adds the possibility to also
model noise in the IMU explicitly, and also to do the measurement update at each time instant when updating the state
error, and estimate the error covariance matrix as well. However, the dependency on a good noise model for the IMU is
somewhat surpassed by the fact that it is not explicitly formulated in the Kalman filter equations.
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Abstract—The recent technological advances in robot technology,
musical information retrieval, artificial intelligence, and so forth,
enable anthropomorphic robots to roughly emulate the physical
dynamics and motor dexterity of humans while playing musical
instruments. In particular, research on musical robots provides
opportunity to study several aspects outside of robotics,
including understanding human motor control from an
engineering point of view, understanding how humans generate
expressive music performances, and finding new methods for
interactive musical expression. However; living organisms (e.g.
humans) are complex systems exhibiting a range of desirable
engineering characteristics that have proved difficult to realize
using traditional engineering methodologies. In particular, in
recent years the benefits of biologically-inspired approaches
have become increasingly clear in mechanism design for robots.
In this paper; two examples following the biologically-inspired
mechanism design approach for a flutist robot and a saxophoneplaying robot at Waseda University are described. In particular,
the details of the procedure in order to simplify the mechanism
design based on the MRI analysis of human players for the redesigning of the oral cavity mechanism. A set of experiments
have been proposed in order to verify the improvements of the
re-designed mechanisms.

I.

INTRODUCTION

The development of wind instrument playing
anthropomorphic robots has interested the researchers since
the golden era of automata up to today. As an example, we
may find some classic examples of automata displaying
human-like motor dexterities to play instruments such as the
“Flute Player” [1]. In addition, we find the first attempt to
develop an anthropomorphic musical robot, the WABOT-2.

Humanoid Robotics Institute
Waseda University
Tokyo, Japan

The WABOT-2 was capable of playing a concert organ, built
by the late Prof. Ichiro Kato. In particular, Prof. Kato argued
that the artistic activity such as playing a keyboard instrument
would require human-like intelligence and dexterity [2].
Compared to other kinds of instruments (i.e. piano, violin,
etc.), the research on wind instruments have interested
researchers from the point of view of human science (i.e.
study of breathe mechanism), motor learning control (i.e.
coordination and synchronization of several degrees-offreedom), musical engineering (i.e. modeling of sound
production.), etc. In fact, thanks to the advances in electronics,
computers science, etc., different musical-instrument playing
robots have been developed to produce live performances by
enhancing their dexterity and perceptual capabilities.
Nowadays, research on musical robots opens the opportunity
to study several aspects of humans, such as understanding
human motor control, how humans communicate ideas,
finding new ways of musical expression, etc. As a result,
different kinds of wind playing-instrument automated
machines and anthropomorphic robots have been developed
for playing wind instruments [3-9]. Other researchers have
been focusing in analyzing wind-instrument playing from a
musical engineering approach by performing experiments with
simplified mechanisms [10-11] and from a physiological point
of view by analyzing medical imaging data of professional
players [12-13].
The authors particularly deal with the development of an
anthropomorphic flutist robot and a saxophone-playing robot
designed to mechanically emulate the required organs during
the flutist and saxophone playing. Due to the interdisciplinary

*Corresponding author
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nature of this research, our collaboration with musicians,
musical engineers and medical doctors has been of vital
importance to better reproduce and understand the human
motor control from an engineering point of view.
In the other hand, one of the first attempts to develop a
flute-playing robot was done during the golden era of
automata by Jacques de Vaucanson. He has a “Flute Player”
designed and constructed as a means to understand the human
breathing mechanism. Vaucanson presented it to the Academy
of Science in 1738. For this occasion he wrote a lengthy report
carefully describing how his flutist can play exactly like a
human. The design principle was that every single mechanism
corresponded to every muscle [1]. Thus, Vaucanson had
arrived at those sounds by mimicking the very means by
which a man would make them. More recently, the “Flute
Playing Machine” developed by Martin Riches was designed
to play a specially-made flute somewhat in the manner of a
pianola, except that all the working parts are clearly visible [4].
The Flute Playing Machine is composed of an alto flute,
blower (lungs), electro-magnets (fingers) and electronics. The
design principle is basically transparent in a double sense. The
visual scores can be easily followed so that the visual and
acoustic information is synchronized.
On the other hand, one of the first attempts to develop a
saxophone-playing robot was done by Takashima at Hosei
University [6]. Such a robot; named APR-SX2, is composed
of three main components: mouth mechanism (as a pressure
controlled oscillating valve), the air supply mechanism (as a
source of energy), and fingers (to make the column of air in
the instrument shorter or longer). The artificial mouth
consisted of flexible artificial lips and a reed pressing
mechanism. The artificial lips were made of a rubber balloon
filled with silicon oil with the proper viscosity. The air
supplying system (lungs) consists of an air pump and a
diffuser tank with a pressure control system (the supplied air
pressure is regulated from 0.0 MPa to 0.02 MPa). The APRSX2 was designed under the principle that the instrument
played by the robot should not be changed. A finger
mechanism was designed to play the saxophone’s keys
(actuated by solenoids), and a modified mouth mechanism
was designed to attach it to the mouthpiece, no tonguing
mechanism was implemented (normally reproduced by the
tongue motion). The control system implemented for the
APR-SX2 is composed by one computer dedicated to the
control of the key-fingering, air pressure and flow, pitch of the
tones, tonguing, and pitch bending. In order to synchronize all
the performance, the musical data was sent to the control
computer through MIDI in real-time. In particular, the SMF
format was selected to determine the status of the tongue
mechanism (on or off), the vibrato mechanism (pitch or
volume), and pitch bend (applied force on the reed).
Even that at Hosei University has developed the APR-SX2;
its design is based on the concept of reproducing melodies on
a tenor saxophone. Therefore, the saxophone playing robot
has been developed under the condition that the musical
instrument played by robots should not be changed or
remodeled at all. However; a total of twenty-three fingers
have been used to play the saxophone’s keys (actuated by
solenoids), a modified mouth mechanism has been designed

Figure 1. Waseda Flutist Robot No. 4 Refined VI (WF-4RVI)

(composed by a flexible artificial lip and a reed pressing force
control mechanism were developed) to attach it with the
mouthpiece, and no tonguing mechanism has been
implemented (normally reproduced by the tongue motion).
The authors have developed the Waseda flutist robot No. 4
Refined IV (WF-4RIV) [14]. The WF-RIV has a total of 41DOFs; which mechanically simulate the human organs
involved during the flute playing. The WF-4RIV
mechanically reproduced the anatomy and physiology of the
following organs: lips (3-DOFs), neck (4-DOFs), lungs and
valve mechanism (2-DOFs and 1-DOF, respectively), fingers
(12-DOFs), throat (1-DOF), tonguing (1-DOF), two arms
(each with 7-DOFs) and eyes (3-DOFs). The WF-4RIV has a
height of 1.7 m and a weight of 150 kg. In addition, in [15],
the authors have proposed as a long-term goal to enable the
flutist robot to interact more naturally with musical partners
on the context of a Jazz band by implementing a MusicalBased Interaction System (MbIS). On the other hand, the
authors have developed the Waseda Saxophonist Robot No. 2
Refined (WAS-2R). The WAS-2R is composed by 22-DOFs
that reproduce the physiology and anatomy of the organs
involved during the saxophone playing as follows: 3-DOFs to
control the shape of the artificial lips, 16-DOFs for the
human-like hand, 1-DOF for the tonguing mechanism and 2DOFs for the lung system. In addition, to improve the
stability of the pitch of the sound produced, a pressure-pitch
controller system was implemented.
In this paper, we focus in describing in detail the
biologically-inspired mechanism design approach for the redesigning of the oral cavity mechanism of both the flutist
robot and the saxophone-playing robot. In particular, the
details of the procedure in order to simplify the mechanism
design based on the magnetic resonance image and
ultrasound image analysis of human players is given.
II.

ANTHROPOMORPHIC FLUTIST ROBOT

In [16], the Waseda Flutist Robot No.4 Refined VI (WF4RVI) has been introduced. The WF-4RVI is composed by
41-DOFs that reproduce the physiology and anatomy of the
organs involved during the flute playing as follows (Figure 1):
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Lips, lungs, arms, neck, oral cavity, vocal cord, tongue,
fingers and eyes. The previous version of the flutist robot was
characterized by a low conversion efficiency ratio and the
appearance of husky sounds due to a speed reduction of the air
flow inside the oral cavity and therefore the air flow is
partially disrupted. Therefore, we have focused on redesigning the oral cavity without increasing the complexity of
the mechanism.

Eds. Leo J De Vin and Jorge Solis
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In order to re-design the oral cavity, MR images from 2
professional flutist players (one man and one woman) were
obtained. As the MR system has a very strong magnetic field
that may be hazardous to individuals entering the MR
environment or MR system room if they have use the metal
objects e.g. the head joint of the flute is made of solid silver; a
dummy flute instrument was developed with ABS material.
For this experiment, the subjects were asked to hold the
dummy flute and simulate playing low-pitch and high-pitch
notes and for each of case they played two types of tones (low
and high). Therefore; a total of 4 types of cases were
registered in the coronal direction. Furthermore, a mouthpiece
made of SEPTON (a thermoplastic rubber which has the
advantage of having the elasticity of a rubber as well as having
the possibility of being molded like plastic) was developed
and the subjects were asked to attach the mouthpiece on their
tooth. From this, also four different types of cases were
registered in sagittal direction. The parameters used for this
purpose is shown in Table I. The experiment was held in
Waseda University at Tokorozawa campus where the Signa
Excite 1.5T (developed by GE) was used.

Oral cavity
cross-section
Center line

Inscribed
circle

Z
Y

r

R

approximate
ellipse
r䋺short radius
R䋺long radius

Figure 3. 3D model centerline extraction.

Based on the image obtained from the tooth and following
a)

Table I. MR image parameter setting used for the proposed
experiment

Image direction
Slice thickness
Slice gap
Number of slices
Total thickness
Image resolution
Number of additions
Image time

Coronal (sagittal)
3mm
None
44 slices
129mm
265*224pixels
1 time
3 minutes
30seconds

b)
Figure 4. Experimental results of the evaluation of the cross-section
area: a) women subject; b) male subject.

Figure 2. Experimental results of the mouth shape extraction: a) male
subject playing high-pitch (piano); b) male subject playing high-pitch
(forte); c) male subject playing low-pitch (piano); d) male subject
playing low-pitch (forte); e) female subject playing high-pitch (piano);
f) female subject playing high-pitch (forte); g) female subject playing
low-pitch (piano); h) female subject playing low-pitch (forte)

Figure 5. Experimental results obtained from the analysis of the MRI
data of the lips and mouth
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the studies carried by Takemoto et al. [17]; the 3D model of
the tooth was obtained by using the volume rendering
function of the software 3D Mimics. From this a 3D model of
the oral cavity is obtained for each of the registered cases. In
Fig. 2, the average cross-sectional image is shown. By using
3D Mimics functions, the cross-sectional centerline is
obtained. The minimal cross-section of the 3D model is
obtained as it is shown in Fig. 3. In addition, the rate of
change of the cross-sectional area respect to the position of
the lip and the cross-sectional area respect to the tip is
identified so that the approximate shape of the cross section
of an ellipse is drawn. By obtaining the circumscribed circle
radius and the maximum radius of the inscribed circle, we
have to evaluate the change from the position of the crosssectional shape of the lips and the tip radius. Regarding the
changes of the cross-sectional area of the female professional
flutist player, no significant difference has been detected
among the collected data (Figure 4a). Regarding the changes
of the cross-sectional area of the male one, a difference has
been detected among the collected data (Figure 4b). From the
above results related to the cross-section and tooth shape
changes; as it is shown in Fig. 5, a total of four different types
of prototypes for the oral cavity and lip shape were obtained
from the male subject and one prototype based on the average
from the female one. From this, a total of five different
prototypes of oral cavities and lip shape were designed for the
WF-4RVI.
In order to select the final design of the new oral cavity
and lip for the WF-4RVI; we have proposed an experiment
were the sound evaluation function is used to determine which
of the prototypes is able to assure both the improvement of the
air conversion efficiency ratio as well as the sound evaluation
score compared to the previous version. The sound evaluation
function [14] is defined as Eq. (2); where V is the sound
pressure (dB), H is the average of harmonics [dB], Hs is the
average of semi-harmoniccs [dB], Hd is the the average of the
difference between even harmonics and odd harmonics [dB],
and Z1 and Z2 are the weighting coefficients. As higher the
value of the sound evaluation function (F) is obtained, the
sound quality is higher. The weighting coefficients Z1 and Z2
were experimentally determined and their values are 1.0 and
0.4 respectively.

F

Z1  ( H  Hs )  Z 2  Hd
V
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Figure 7. Waseda Saxophonist Robot No.24 Refined II (WAS-2RII)

The experimental results are shown in Fig. 6. As we can see,
the prototype labeled m-HF shows the best experimental
results both in terms of air conversion efficiency ratio and
sound evaluation function score. Therefore, the new oral
cavity and lip of the WF-4RVI has been constructed and
integrated into the flutist robot.
III.

SAXOPHONE-PLAYING ROBOT

In this paper, the Waseda Saxophonist Robot No.2 Refined
II (WAS-2RII) is introduced. The WAS-“RII is composed by
26-DOFs that reproduce the physiology and anatomy of the
organs involved during the saxophone playing as follows
(Figure 7): Lips, lung, oral cavity, tongue and fingers. In
particular, the previous version of the saxophone-playing
robot was characterized by a narrow sound pressure range
compared to a professional player. For this purpose, we have
analyzed the shape of the oral cavity while a professional
player produced a sound from a small to a big sound pressure
range. Based on this analysis, the oral cavity of the previous
version has been re-designed.
In order to re-design the oral cavity, we have used an
Palate
Tongue

(2)
z

x
a)

b)

y

Ultrasonic Probe

c)

Figure 8. a) Experimental setup for the measurement of the shape of the
oral caivty; b) image taken while a sound is produced with a small sound
pressure; c) image taken while a a sound is produced with a a big sound
pressure.

Figure 6. Experimental results obtained to select the new oral cavity
and mouth by comparing the relation between the air conversion
efficiency ratio and sound evaluation function score

552

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Timing belt

Eds. Leo J De Vin and Jorge Solis

Ball screw
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Motor
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z
x
y

Tongue

Figure 9. 3D model of the re-designed oral cavity mechanism for the
saxophone-playing robot capable of changing the cross-sectional area.

Figure 10. Experimental results obtained while comparing the relation
between the air conversion efficiency ratio and degree of vorticity.

ultrasound probe and measure the shape of the oral cavity
while a professional player is producing the sound (Figure 8a).
As we can observe from the ultrasound image (Figure 8b); at
the time the sound is produced with a big sound pressure, the
space between the palate and tongue is wide. On the contrary,
when the sound is produced with a small sound pressure, the
space is narrow.
Based on this analysis, we have re-designed an oral cavity
capable of adjusting the cross-sectional area of the oral cavity.
As it is shown in Fig. 9, the mechanism has been designed
with 1-DOF and it is composed by a DC motor, a timing belt,
and a ball screw which controls the vertical motion of a slide
guide. The outer part of the oral cavity has been also made of
SEPTON.
IV.

EXPERIMENTS & RESULTS

A. Evaluating the improvements from the re-designed oral
cavity of the flutist robot
In order to verify the improvements of the air conversion
efficiency, we have used the software COSMOSFloWorks in
order to analyze the air flow. For the analysis, the
atmospheric pressure at the outlet of the mouthpiece lip was
measured by calculating the vital capacity of the robot and
the duration of a long tone (in this case D6). In particular, we
paid attention to various parameters to show the state of the
exhalation at seven different points (13mm from the lip
C5

Figure 11. Experimental results obtained while comparing the relation
between the air conversion efficiency ratio and degree of vorticity.

mouthpiece tip, the width of 12mm in intervals of 2mm)
corresponding at the edge of the flute mouth piece.
The experimental results are shown in Fig. 10. As we may
observe, the degree of vorticity of the new oral cavity and lip
(based on m-HF model) is small compared with the previous
version of the flutist robot. Moreover, as it is shown in Fig. 11,
the relation between the air conversion efficiency and the
degree of vorticity were analyzed where a strong negative
correlation was found (CC=-0.86). From the above results, it
can be concluded that the improvement of the air conversion
efficiency is due to the reduction of the degree of vorticity.

pp

ff

2

䋺WAS2-R II 100%(sectional area 156[mm ])
2

䋺WAS2-R II 50%(sectional area 78[mm ])

Note

B4

2

䋺WAS2-R II 30%(sectional area 46.8[mm ])

G4

䋺WAS2-R(sectional area 156[mm ])

E4

䋺Human(Professional)

2

C4
B3
G3
E3
C3

Volume dB
Figure 12. Experimental results obtained while comparing the sound pressure range measured from both the WAS-2RII and the previous version.
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B. Evaluating the improvements from the re-designed oral
cavity mechanism of the saxophone-playing robot
In order to verify the improvements achieved with the redesigned oral cavity mechanism, we have compared the sound
pressure range between the WAS-2RII and the previous
version. In particular, the parameters of both versions were
adjusted in order to obtain the same target value of the sound
pressure. Then, the each robot version has been programmed
to produce the same sound five times and we have obtained
the average value of the sound pressure.
The experimental results are shown in Fig. 12. As we can
observe, there is an average of increase of 33% on the range of
sound pressure achieved by WAS-2RII compared with the
previous version. It can be also observed that the range of the
sound pressure for the lower tones was also improved.
V.

CONCLUSION & FUTURE WORK

In this paper, the development of anthropomorphic musical
performance robots has been described. In particular, the
biologically-inspired mechanism design approach in order to
simplify the mechanism complexity of the designing of the
oral cavity of both a flutist and saxophone-playing robots
were detailed. In both cases, a set of experiments were
proposed in order to verify the improvements achieved. From
the experimental results, the best prototype of the oral cavity
for the Waseda Flutist Robot No.4 Refined VI based on the
analysis results from the subjects was selected and the
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Abstract—The authors have been developing a walking assist
machine for paraplegics. Its concepts are (1) utilization of the
user’s ability, (2) simple structure and low cost, and (3)
realization of upright posture of user. To realize these concepts,
the walking assist machine is composed of a wearable
exoskeleton driven by smallest number of actuators and
crutches operated by the user. Several prototypes have been
developed. In this article, concept, design of mechanism and
motion of the prototypes and experimental results are
summarized.

I.

INTRODUCTION

In order to establish sustainable aged society, engineering
solution for providing daily mobility assistance is important.
In case of Japan, there are 0.83 million people[1] who have
disability issue in their lower limbs. In most cases, such
people use wheel chair since it is stable, simple and easy to
use. However, wheel chair has disadvantages such as
difficulty of step climbing, restriction in range of activity due
to large footprint, lower field of vision and range of reach, and
lower visibility from other people. In order to solve these
problems and support such people to establish independent
daily lives, a lot of works in the field of robotics have been
done.
“Walking chair” has been developed as an alternative
vehicle of wheel chair which enables the user move across
steps as well as on flat surface[2][3]. Its leg mechanism is
driven by a small number of actuators to make it simple and
highly efficient. It is composed of fundamental-motion
generator with a single actuator and brakes for flat surface and
adjust-motion generator to adjust the leg motion for slopes and
steps. To utilize the user’s ability, power-assist drive system
has been developed[4][5]. Another type of walking chair has

been developed, in which parallel mechanism with six dof has
been applied to the leg mechanism[6]. Although walking chair
has a potential to move across the terrain with steps and stairs,
it has also disadvantages in large footprint and high cost.
A lot of wearable robotic devices such as [7]-[9] have been
developed to help people with lower-limb disability to walk in
an upright posture. To improve the walking stability and make
much use of the upper-limb ability, use of crutches by the user
as well as the use of wearable device is a good strategy. This
leads to reduction of required performance to the wearable
device and to improvement of the user’s activity in physical
and mental point of view. Some devices have been developed
[10][11]. However, these devices including those in [7]-[9] are
quite expensive since they have a lot of actuators and sensors.
The authors started to develop a Walking Assist Machine
using Crutches (WAMC) in 2007 based on the concept: (1)
utilization of the user’s ability, (2) simple structure and low
cost, and (3) realization of upright posture of user. In this
article, concept, design of mechanism and motion of the
prototypes and experimental results are described.
II.

COMCEPTUAL DESIGN OF WAMC

Figure 1 shows a conceptual drawing of WAMC[12]. By
the help of the combination of the wearable exoskeleton
along the lower limb of the user and the crutches operated by
the user, the user can achieve a stable movement in an upright
posture. To realize simple and low-cost hardware
composition, the wearable device is designed to generate
motions needed in usual daily life such as movement for
horizontal floor, slope and steps by only one actuator.
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User-centered design: Utilization of remaining

User
Judgment of situation
Operation of crutches

Controller & Battery
Deduction of user’s intention
Control of actuators
Detection of danger
Self-contained

physical and cognitive functions and ability
Judge
Think
Plan

Visibility and safety: standing
posture during locomotion

Sensing

Operation

Harness

Exoskeleton
Motion generation in
accordance with terrain
condition and user’s
intention

Linear actuator
Foot driving mechanism

Crutches
Foot plate

Mobility: Biped locomotion strategy

Minimum Cost: Composition of the exoskeleton with
minimum number of actuators contributes to mass, energy and cost
reduction and simple control algorithm.

Figure 1. Concept of WAMC

Figure 2 shows the hardware composition of WAMC. The
telescopic links (c), each of which is located on the outer side
of each lower limb and driven by a linear actuator (f), are
connected with the harness (e) and the axillary crutches (a) by
spherical joints (b) at their upper ends, and are connected
with the soleplate (i) by spherical joints (j) at their lower ends.
The user’s feet are constrained on the soleplate by the toe
band (h). The ankle spring (g) between the soleplate and the
link is used for assisting ankle torque. The waistband, which
connects both links at the user’s waist, prevents the hip and
knee joints from flexing backward when the link shrinks.
Using this composition, all forces applied to the user’s body
are basically supported by the link and the crutch through the
harness, not by the user. The user can walk with the WAMC
by operating the crutches. Grip switch (k) and contact sensor
(l) are used for deducing the user’s intention. An energy
source (n), such as a battery, and controller (o) are attached to
the user’s body. Sensors (m) such as accelerometers are
attached to the user and a brake is attached to the spherical
joint between the soleplate and the link for safety from
external disturbances.
III.

MOTION SYNTHESIS

A. Analysis Model
On determination of the model, the two legs of the WAMC
attached on left and right sides are assumed to be co-axially
driven. On the basis of this assumption, the motion of the
apparatus and the user before the swing motion is modeled as
a planar four-link mechanism moving in the sagittal plane
shown in Fig. 3. The prismatic joint is driven by a linear
actuator and the revolute joints other than the joint S are
passive joints. The joint S is considered to be an active joint,
which corresponds to the shoulder joint of the user.

(a) axillary crutch
(b) spherical joint
(d) waistband

(e) harness

(c) telescopic link
(f) linear actuator

(k) grip switches

(g) ankle spring
(h) toe band

(i) soleplate
(l) contact sensors
(j) spherical joint with brake
(n) battery (energy source)
(o) controller

(m) disturbance sensor
(attached with the user)

Figure 2. Hardware Composition of WAMC

Model parameters are each link’s length, L, mass, m, and
moment of inertia, I. The actual value of each model
parameter is listed in Table 1. Configuration of the mechanism
is represented by the angles between crutch and the ground,
and between lower limb and the ground, denoted by Tand I,
respectively.
B. Fundamental Input-Motion for Swing-Through Crutch
Gait
Control input is given to the linear actuator, represented
by a prismatic joint M in Fig.3. First, swing-through crutch
locomotion by an able-bodied person was measured using an
optical motion capture setup to clarify the motion and desired
actuator input trajectory. From the obtained results,
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A1. This phase ends when the angle of the crutch, T,
reaches a threshold, Toff.
(#2) Beginning of the leg-swing phase. The velocities at the
end of phase #1, Voff, and at the beginning of #2, V3, are
interpolated by a 5th power polynomial.
(#3) Linear actuator contracts to a threshold, L4, at a velocity
V3 (<0, const.) for obtaining a sufficient clearance
between the foot and the ground.
(#4,5,6) Actuator extends to the initial length, L0, to prepare
contact of the foot with the ground. Phase #5 is a
constant velocity phase, and #4 and #6 are connection
phases. Length is interpolated by a 5th power polynomial.
Dynamic analysis was carried out using the model
illustrated in Fig.3 and the desired actuator input trajectory
illustrated in Fig.4 to investigate the quantitative gait
characteristics, such as success/failure of gait achievement,
energy consumption, and ride comfort. Determining the
desired actuator trajectory requires the parameters L0, A1, Toff,
V3, and L4 and the initial step length, Lstep. From these
parameters, inclination angle of the crutch, Toff, and angular
velocity of the foot, Ioff , at the taking-off moment can be
calculated in straightforward way since the time-width during

Figure 3. Schematic drawing of WAMC

locomotion during one gait step is divided into seven phases
and approximated using polynomials as illustrated in Fig. 4:
(#0) At the beginning, the linear actuator is kept at an initial
length, L0. After that, acceleration is interpolated from
zero to A1 by a 5th power polynomial.
(#1) Actuator length, ", is extended at a constant acceleration
TABLE I.

DESIGN PARAMETERS OF WAMC

Length [m]

Mass [kg]

1.10
0.51
(Variable)

7.41
42.8
34.7

Upper limb & Crutches (link SC)
Head & Body (link SM)
Lower limb (link MA)

(Phase #0)

(#1)

(#2)

T1

T2

Acceleration

Moment of
Inertia [kg m2]
5.64
2.49
5.14

(#3)

(#4)

(#5)

(#6)

T3

T4

T5

T6
L0

L4

0

Time t

Voff

V5

0

V3

t

Swing phase

a

Velocity

T step

L0

v

Length

"

T0
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S
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Figure 4. Input-motion curve and corresponding configurations
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that the robustness of the resulting gait is guaranteed by
choosing the parameters within the region of the largest Lstep,
which is 0.60 m in this case. The obtained parameter region is
called gait-feasible region (GFR).

Lstep = 0.50 m
Lstep = 0.55 m

Ioff [deg/s]

Lstep = 0.60 m

-30

IV.

-60
80

90

Figure 5. Gait-feasible resions for different step lengths

phase #1 is pre-determined. After that, motion of the
mechanism from taking-off to touching-down is calculated as
an inverted pendulum system. During this calculation, motion
of the transfer-leg is determined to suppress collision of the
foot and ground by retracting at a constant velocity, V3,
during the phase #3. During the phase #5, the leg extends at a
constant velocity, V5. A constant value of shoulder joint’s
torque was determined based on preliminary calculation and
experiments such that appropriate gaits are achieved.
C. Gait Feasible Motion
Motions of WAMC during leg-swing phase, namely
between the phases #2 to #6, can be analyzed using the model
of double inverted pendulum, and thus were predetermined.
By taking this assumption into account, whether gait can be
achieved or not was predicted by the condition at the toe-off
moment, namely the combination of the angle Toff and
angular velocity Ioff . Arbitrary combinations of these two
values within the practical ranges, [80 < Toff < 100] deg and [60 < Ioff < 0] deg/s, were examined to determine a suitable
parameter domain to achieve successful gaits. Regarding the
variation of gait condition, three different Lstep values (0.50,
0.55, and 0.60 m) were considered. Other design parameters
for the kinematic model were given as V3 = 0.5 m/s, L4 = 1.05
m, and L0 = 1.1 m, so that the apparatus can fit a user's
physique.
Figure 5 plots parameter regions to achieve successful
gait. Three regions correspond to Lstep = 0.50, 0.55, and 0.60
m, and the former region includes the latter one. This means

Foot-driving
mechanism

IMPROVEMENT OF ENERGY COMSUMPTION BY FOOT
DRIVING MECHANISM

A. Introduction of Foot Driving Mechanism
The results of the simulation revealed that the GFR of Toff
and Ioff at the moment of toe-off exists as a closed region and

100

Toff [deg]

the combination of larger Toff and smaller Ioff (right-bottom
region in Fig. 5) leads to the robustness of a successful gait.
However, reaching such a region (Toff, Ioff ) by only extending
the linear actuator needs a higher acceleration and a large
energy supply. High acceleration leads to a loss of ride
comfort. To reduce energy consumption during a gait and to
improve ride comfort without losing gait achievement
capability, we came up with an idea to amplify the angular
velocity, Ioff , mechanically while decreasing the initial
constant acceleration, A1. In designing an amplification
mechanism, a human's ankle mechanism was referred to. Our
ankle allows us to kick the ground with our toe during the
extension of lower limb so that large propulsive velocity can
be achieved. Figure 6 illustrates the foot-driving mechanism
(FDM) and its motion while the lower limb is extended. FDM
is composed of a couple of links, called Tendon Links, which
are connected by a passive prismatic joint with a stopper. The
tendon links are connected with the foot plate and the link SM
at H and B by passive revolute joints. The stopper determines
the maximum length of the tendon link LH. While the linear
actuator is extended, point H is lifted after the tendon link
reaches its maximum length LH. In this condition, foot plate
rotates around the toe, T, and a large Ioff is obtained.
B. Performance Evaluation
Gait-feasible region, energy consumption during one gait
cycle Estep[J] and ride comfort with and without FDM were
calculated under the same conditions to obtain the results
shown in Fig. 5, and its results are shown in Fig. 7. First, it can
be seen from the results that GFR is expanded by using FDM
toward right-bottom. In terms of the ride comfort, the initial
acceleration, A1, shows the same trend in both cases, but the
required value with FDM is 10 times smaller than that without

Maximum length
S

Large

B

LH

LH

M
C
H
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A

T
Figure 6. Foot-driving mechanism (FDM)
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-60
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(a) without FDM
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100

Toff [deg]
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Figure 7. Effect of FDM on ride confort (acceleration) and energy consumption

TABLE II.

Toff [deg]
w/o FDM

90

Ioff [deg/s]
-30

With FDM

90

-30

TABLE III.

w/o FDM
With FDM

COMPARISON OF GAIT CHARACTERISTICS

A1 [m/s2]

Estep [J]

V3 [m/s]

L4 [m]

Lstep [m]

L0 [m]

0.40

203

0.50

1.05

0.55

1.10

--

0.064

140

0.50

1.05

0.55

1.10

0.65

LH

COMPARISON OF ENERGY CONSUMPTION AT EACH PHASE (UNIT: J)

Phase #0, #1
34
19

Phase #2
18
134

FDM. Energy consumption, in contrast, shows different trends
in two cases. In the results with FDM, Estep is almost
proportional to the value of Toff, unlike the case without FDM
where Estep depends on both Toff and Ioff .
To validate the effectiveness of FDM, gait characteristics
of the same input parameters are compared. Table 2 lists the
gait characteristics obtained from the same input value with
and without FDM. These results show that A1 and Estep are
reduced by almost 90% and 30% by using FDM. The detailed
energy consumption of each phase is listed in Table 3. The
reduction of energy consumption is mainly observed in phases
#0, #1, and #3. Reduction in phases #0 and #1 is due to the
reduction of acceleration A1, and this also reduces the
extension length of the linear actuator. That in turn results in

Phase #3
90
47

Phase #4, #5, #6
61
60

reduction in phase #3 because contraction length can also be
reduced.
V.

EXPERIMENTS

A. Walking on Flat Floor[12]
Figure 8 shows our first prototype of the WAMC, which
does not have FDM. Each linear actuator is composed of a DC
servo motor, which is located in front of the waist of the user,
a reduction gear, and a rack-pinion. The axillary pad of the
crutch is connected with the harness that the user wears, and
the upper side of the telescopic link by a lateral strap. By these
connections of the user’s body to the telescopic link and the
crutch, the user’s supporting strength can be greatly reduced.
The user’s body is lifted up from the bottom of the crutch
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to use his own lower limbs strength as little as possible to
model the use of the WAMC by paraplegics. His impression
after experiments was, “Though I unconsciously made an
effort to my lower limbs during landing, I could successfully
achieve a swing-through crutch locomotion without using my
lower limbs for other periods.” We need to improve accuracy
of the dynamic simulation model by which modification at the
experiment by trial and error is not required.
B. Ascending and Descending Steps[13]
Based on the features of motions for ascending and
descending steps by a healthy person using crutches that were
measured using a motion capture system, parameters to define
the input-motion curve were determined through dynamic
simulation for ascending and descending steps.
Figure 8. Overview of the first prototype

when the linear actuator extends. When the user’s leg is in a
swing phase (in the air), the WAMC, together with the user’s
body, hangs from the crutch through the harness.
We carried out walking experiments using the first
prototype. In the experiments, modifications of parameters to
determine the actuator trajectory were needed since there
existed differences of parameter values used in simulation
from those in practice such as shoulder joint torque, placement
of the tip of crutch, position of center of mass, mass of each
link, etc. We adjusted these values taking into account
walking stability and user’s comfort. Modification was
experimentally done by trial and error. As shown in the photos
in Fig. 9, swing-through crutch gait was successfully achieved.
In this experiment, we did not use any sensors. The command
for starting to walk was given by an operator who did not wear
the WAMC. Control of the actuators was done by a wired
computer. We asked the subject, who was a 23-year-old male,
to walk with a constant step length, indicated on the floor, and

We carried out walking experiments using the first
prototype. Figures 10 and 11 show the photos during
ascending and descending step of height 80 mm. We
confirmed the effectiveness of the input-motion curve for
ascending/descending steps by WAMC.
C. Effect of FDM[14]
Figure 12 shows the second prototype with FDM. Figure
12(b) shows the actual composition of FDM. It is composed
of two aluminum pipes of different diameters. The smaller
one has a slit so that a follower pin can be inserted to limit the
range of sliding. Two DC motors of 200W drive the lower
limb through the power transmission mechanism composed
of pulley, rack, and pinion. Output angle, coil current, and
voltage were measured to calculate energy consumption. The
apparatus was operated by an able-bodied subject (22-yearold male). Parameters to calculate actuator input were
adjusted during the initial trial.
Energy consumption, Estep, obtained from simulation and
experiment is plotted in Fig. 13. Both with and without FDM,
Estep in the simulation is smaller than that in the experiment.

Figure 9. Walking experiment on flat floor
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Figure 10. Walking experiment in ascending a step (step height: 80mm)

Energy consumption Estep [J]

Figure 11. Walking experiment in descending a step (step height: 80mm)

Exp: 398

450
400
350
300
250
200
150
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50
0
250
200
150
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50
0

(w/o FDM)

Sim: 273

Exp: 232

(with FDM)

Sim: 203
0

0.5

1.0

1.5

2.0

2.5

Time t [sec]
Figure 12. Second prototype with FDM

Figure 13. Energy consumption

However, the trends of those plots agree with each other,
especially when FDM was used, and energy consumption was
reduced by 40% by introducing FDM in the walking
experiment.
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Abstract— We have been developing a casting manipulator that
includes a flexible light wire in the link mechanism to enlarge
the workspace of the manipulator. In this paper we focus on a
grasping motion of casting manipulation in which the gripper
avoids an obstacle. Tension control based on a technique of
multiple braking of wire is used for control of a flight trajectory
of the gripper. We then develop the motion generator that
provides the optimal trajectory designed with geometric
constraints. We confirm the effectiveness of the proposed
method through numerical simulations. Finally, we conduct
experiments using casting manipulator hardware and realize the
motion of obstacle avoidance and grasping the object.

I. INTRODUCTION
A large workspace is one of the basic features required in
robotic manipulation, especially for filed works. The
workspace of fixed manipulators such as industrial
manipulators is restricted by the length of their arms, which
are several meters long at most. Mobile manipulators, such as
wheeled or legged robot manipulators are possible means for
enlarging the workspace via their mobility; however, it is still
difficult for them to move through wasteland containing
features such as deep depressions, steep slopes, or swamps. To
overcome this difficulty, we have previously proposed the
method of enlarging workspace of manipulators by replacing
several of the rigid links with a light, flexible wire. The
proposed system, called “a casting manipulator (CM),” [1]
consists of a rigid arm, a flexible wire with variable length,
and a gripper. Figure 1 shows the phases of the CM motion to
catch a target object. First, the arm swings repeatedly to build
up kinetic energy [1]. Next, the gripper is launched to the
target by changing the length of the wire [2]. While the
gripper flies, its trajectory is controlled by the tension in the
wire [3], [4]. The gripper then approaches the target in a
suitable state and catches the target object [5]. Finally, the
target is retrieved by reeling up the wire with swinging the
arm [6]. In this way, the CM obtains a large workspace by
making effective use of its dynamics. This manipulator uses
substantially less energy to move the gripper with high speed

as compared to other robot designs; additionally it has a light
and compact body for transportation thanks to its simple
mechanism and low power. Except for collection of object
shown in Fig. 1, the CM’s performances shown in Fig. 2 can
be considered. In case that the CM catches the fixed end, the
mobile CM can move to the grasp point in a vertical direction
by reeling up the wire, or convey the device such as a sensor
or robot along the wire by the ropeway system. Using these
performances, it can be expected to be applied to fieldwork
such as collecting samples for examination of volcanic activity
in locations people cannot easily approach or for
interplanetary exploration. It may also be used for other
applications such as land survey, maintenance of large bridges,
or rescue/recovery works for disaster area.
Let us here consider investigation support works in the
disaster area as filed works. Figure 3 shows that a human
inspects inside of the collapsed building of the Fukushima
nuclear power plants. It is one of very real problems there. The
automation of the inspection is required now to relieve a
human from such dangerous works harmful to the human
body.
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Figure 1. Phases of casting manipulator.
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gripper

arm. When the brake releases the wire, the gripper is launched
and it draws the wire out of the arm. The mechanical
properties of the wire are expressed by the spring-damper
model. The flight of the gripper can be controlled by the
impulsive tension of the wire that is produced by braking the
wire. We consider the negative direction of the y axis to be the
direction of the gravitational force.

fixed end
cableway
system

mobile CM

(a)

Eds. Leo J De Vin and Jorge Solis

(b)

The dynamic equations of the gripper after launching are
expressed by

Figure 2. Examples of the CM’s performance using its wire.

mG xG = –Tw cosθw,

(1)

mG yG = –Tw sinθw – mGg,

(2)

IG MG = – Tw Lg3,

(3)

where mG and IG are mass and momentum inertia of the
gripper, respectively. θw is angle between the wire and the
horizontal line. (xG, yG) and φG are position and posture of the
gripper. Tw is tension of the wire that is obtained by
Tw = Cw sw Kw sw,
http://yoshi-tex.com/Fuku1/Fuku1No4-5-4-3.htm

Figure 3. Inspection of inside of the collapsed building.

The crawler type robots such as “Quince” may be a
dominant way to investigate damage in the disaster area at the
moment [7-10]. However, they still have limits to move on the
wall, along the pipe, or on the fragile rubble mountain. Huang
et al. [11] have developed the real-time environment
recognition system by using Kinect sensor installed on the
quad-copter and succeeded in autonomous flight control and
mapping. It may be expected that this system is effective for
the inspection works in the space shown in Fig. 3, but it has
demerits; fling up a great deal of dust; unstable condition
caused by a wind that generates in the narrow space; difficulty
of its operation only with image of the onboard camera;
oscillation; small payload. They disturb the inspection works.
In case of introducing the CM to the inspection works, the
performance shown in Fig. 2(b) is available because cableway
system moves the monitoring device such as a camera without
climbing over piles of rubble or wall. By setting cable ways in
many directions, we expect that the CM inspects stably in the
wide 3D space. For the inspection work in the real world, the
first question we should ask here is how to avoid obstacles
when they block the target fixed end. Facing this challenge,
we discuss how to design the flight trajectory of the gripper
under consideration of a geological condition and realize its
motion with the hardware in this paper.
II. MODEL OF THE SYSTEM AND DYNAMIC EQUATIONS
Figure 4 shows a model of the CM system and
environment. As the first trial, we set a box just in front of the
target as an obstacle. In this figure, wbox, hbox and Pt represent
the box size and the target point, respectively. xobs is the xposition of the box. J1, J2 and J3 are positions of joint 1, 2 and
3, respectively, and J1 has the absolute coordinates (0, Lh). L1,
L2 and L3 are the length of rigid arm, wire, and the gripper,
respectively. Lg3 is the distance between the wire connection
point (J3) and the CoM of the gripper. θam and θr denote the
amplitude of the pendulum swing and the release angle of the

(4)

where Kw and Cw are spring constant and viscous damping
coefficient of the wire, respectively. sw is the expansion of the
wire. In case that sw = 0, namely the tension of the wire (Tw) is
zero, (1)-(3) represent parabolic motion of the gripper.
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Figure 4. Model of the CM system.

III.

MOTION GENERATION AND CONTROL

A. Midair control of gripper
When braking the wire drawn out of the arm during the
flight of the gripper, the gripper’s motion in the direction of
the wire is restricted. At that time, impulsive tension is applied
to the gripper and its flight motion changes. Expanding on this
idea to motion of obstacle avoidance and grasp of the target,
we here introduce the multiple-braking technique. In this
technique, the tension is intermittently applied to the gripper
by repeating brake and release of the wire while the gripper is
flying. The time chart in Fig. 4 illustrates pulse input for the
brake. tb(i) and Δtb(i) in the figure represent a braking time and
a duration of braking at the ith brake. The former parameter (tb)
changes location of the turning point of the trajectory, while
the latter (Δtb) changes the bounce of the gripper at the point.
In case of braking three times as shown in Fig. 4, the number
of control parameters is totally six. Therefore, more than three
times braking may produce the desired motion of the gripper
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because the number of its state variables is six; xG, yG, φG,
xG , y G , MG .
Our goal is to make the gripper grasp the target by using
the multiple-braking technique without touching the obstacle
as shown in Fig. 4.
B. Constraints
We discuss constraints mainly on obstacle avoidance and
limited motion of approach to the target.
To avoid an obstacle, geometric constraint condition is
discussed. Ignoring volume of the gripper, it is regarded as a
segment and instead we set a margin to the obstacle as the
dotted line shown in Fig. 5(a). Lines l1 (x = x1), l2 (x = x2) and
l3 (y = y3) include the dotted lines. In the figure, Pj (j =1, 2, 3)
is an intersecting point of lj and the segment. If the dotted lines
include Pj, it means the gripper comes into contact with the
obstacle. Consequently, the gripper avoids obstacle when the
following inequalities are NOT satisfied:
x1 < xcj < x2, or 0 < ycj < y3,

reaching the target is final state Sf as shown in Fig. 4. The
desired state Sd is defined by user. They are described as
follows; S0 = (x0, y0, φ0, x0 , y 0 , M0 ); Sf = (xf, yf, φf, xf , y f ,
Mf ); Sd = ( xd , yd ,M d , xd , yd ,M d ) . In case of three braking
control, the control vector u is described by u = (tb(1), Δtb(1),
tb(2), Δtb(2), tb(3), Δtb(3)). To realize the ideal approach of the
gripper to the target, xd is right upper position of the target,
yd is slightly larger than the height of the target, M d = –90
deg, xd = 0 m/s, and M d = 0.
If the initial state S0 and the control vector u are given, the
final state Sf can be calculated numerically by using (1)-(3).
However, u cannot be obtained by the initial state S0 and the
final state Sf analytically. The inverse arithmetic is not
available because of the nonlinearity of (1)-(4). They are not
decided to be only one solution. Hence, we firstly define the
distance between the final state and the desired state as
follows:
D ( Sd , Sf ) c1 ( xd  xf )  c 2( yd  yf )  c3k (M d  M f )
2
2
2
2
 c 4 ( xd  xf )  c5( yd  yf )  c6 k (M d  M f )  (7)
2

(5)

where (xcj, ycj) is the coordinates of Pj.
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2

2

2

where ci (i = 1, 2, .., 6) t 0 are weighting factors, and φf is
calculated by mod(φf, 2π). k is the radius of gyration which is
given by k
I G / mG . Finally, the optimal control vector is
obtained by minimizing the objective function (7) under the
constraints (5) and (6). The quasi-Newton method [12] is
used for optimization, and the self-scaling variable metric
(SSVM) algorithm [13] is used for improving its convergence.

In order to grasp the target, the gripper needs to approach
the target with suitable position, posture and velocity of the
gripper. It is ideal that the gripper’s palm faces toward the
target and the gripper dose not rotate when it approaches the
target as shown in Fig. 4. Thus, we set the allowable range of
the approaching motion. Figure 5(b) shows that the gripper
approaches a target with some error. In Fig. 5(b), dap, ξap and
IV. SIMULATION
vap are the error of position, posture and velocity of the gripper,
The specifications for the simulation are the followings: Pt
respectively. We consider that the gripper catches the target
(1.5m, 0.425m), xobs = 1.255m, wbox = 0.19m, hbox = 0.753m,
when they are satisfied with the following inequalities:
mG = 0.21kg, IG = 0.001kgm2, Lh = 1.555m, L1 = 0.337m, L2 =
|dap| < dapmx, |ξap| < ξapmx, vapmn< vap < vapmx,
(6) 0.2m, L3 = 0.355m, Lg3 = 0.282m, Ew = 0.23×1010N/m2, ηw =
8
2
where Xmn and Xmx represent the minimum and maximum 0.855×10 N·s/m . Ew and ηw are the Young's modulus and the
limitation of X, respectively. Through free fall experiments, it viscosity coefficient of the wire. The spring stiffness Kw and
is found that the allowable limitation of dap, ξap and vap are the viscous damping coefficient Cw are generally expressed by
shown as Table 1.
Ar
Ar
Ew, Cw =
ηw
(8)
Kw =
[
L
w
L
w
ap
l1 l2
P1
where Lw is the wire length, and Ar is cross sectional area of
P3
the wire.
y3
P2 l3

(xobs, yobs)
x1

According to the motion planner proposed in Section III,
the control parameter vector u is obtained as follows: (0.235s,
0.004s, 0.058s, 0.002s, 0.033s, 0.005s), while θam = 82deg, θr
= 43.62deg.

vap
dap

x
(a) 2

(b)
Figure 5. Constraints of the pass area and grasp.
TABLE I.
dapmx
vapmn

0.02 [m]
0.63 [m/s]

ALLOWABLE VALUES
ξapmx
vapmx

20 [deg]
4.20 [m/s]

C. Optimization
We assume the followings; the state of the gripper when
launched is initial state S0; the state of the gripper just before

Figure 6 shows the trajectory of the gripper numerically
controlled by u. Fig 6(b) shows the release of the gripper.
From (b) to (f) in the figure, the CoM of the gripper draws the
parabolic path with rotating in the CCW direction. The
rotation is generated by the swing from (a) to (b). In Fig 6(f),
the wire is firstly braked, and the rotation is reversed. Through
the second and third braking, the gripper smoothly avoids the
obstacle with reducing its rotational speed. As shown in Fig.
6(i) and (j), the gripper approaches the target straightly with its
tip heading to the target. Finally the tip of the gripper reaches
the target. The configuration of the gripper at the arrival point
is (1.490m, 0.495m, –89.56deg), and the approaching speed

565

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

vap is 3.532m/s. They have small error, but they are all within
the allowable values as shown in Table I.

 ۑ: Wire connection point
 ە: CoM of gripper
 ڹ: Tip of gripper
 : Braking point
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y [m]

Figure 7 shows the locus of the gripper from release point
to the target point. Since the CoM of the gripper draws the
smooth curve in the figure, it is considered that the impulsive
tension of the wire does not have a strong effect on the
translational motion. “x” in Fig. 7 represents the braking point.
After the gripper passes through the three braking points, the
gradient of the gripper converges to the tangent line of the
curve as the gripper approaches the target. It is an ideal
approaching motion.

release point

0.5

Figure 8 shows the CoM position and posture of the
gripper. Dotted line in the figure represents the start time of
braking. Lines xG and φG have bent points, but line yG is
smooth. It may indicate that the wire tension does not act well
in the y-direction. The end point of each line almost reaches
the target value.

target
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Figure 7. Gripper Trajectory and braking positions.
CoM position [m]

These simulation results show the effectiveness of the
multiple braking control method and its motion generator for
the reach to the target with obstacle avoidance.
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Figure 8. Motion of the gripper with respect to time.

V.

EXPERIMENT

The specifications for the experiments are the same
parameters as that for the simulation.
A. Experimental setup
The CM system is developed as shown in Fig. 9. The arm
is driven by a DD motor (T-2959, Inland motor Corp.)
attached at the base frame, and its angle is measured by an
optical encoder (R-1L, Canon Inc.). The release device
equipped at the boom is driven by the solenoid (S-1212,
Shindengen Co.). The nylon fishing line is used for the wire.
At the tip of the wire, the passive gripper with four fingers is
equipped. The gripper closes its fingers when the object
collides with the attacker at the palm. This system runs on a
1GHz CPU-based PC (Intel Pentium(R) III) under real time
OS, ART-Linux 2.4.34. The sampling time is set at 0.001s.

Figure 6. Simulation results of the obstacle avoidance and arrival at the
target by multiple braking control.

B. Obstacle avoidance and grasp of the target
Figure 10 shows the experimental results of the flight
motion of the gripper. Each photo of Fig. 10 approximately
corresponds to that of Fig. 6. Fig. 10(b) shows the release of
the gripper. From (b) to (f), the gripper rotates in the CCW
direction as the same as the simulation results. From (f) to (i),
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the gripper prevents the collision with the obstacle and turns to
the back side of it. From (i) to (j), the gripper approaches the
target with its posture constant and finally grasps the target.
The experimental results are approximately identical to the
simulation results.
The experimental results show the feasibility of the
proposed method and the CM system.

potentio
-meter
rigid arm
wire

line
guide

angular
sensor

wire

passive
gripper
attacker
four fingers
Figure 9. System overview.

VI.

CONCLUSION

In this paper, we first raised a problem of using the CM
system for the inspection works at the disaster area. We then
addressed obstacle avoidance by using the multiple-braking
technique. With simplified model, constraints about obstacles
and approaching motion were discussed. We developed a
motion generator that provides an optimal motion of the
obstacle avoidance and reaching the target. In simulation, we
verified that the effectiveness of the multiple braking control
method and its motion generator. Finally, we conducted
experiments with the hardware and realized the motion of
grasping the target with avoiding the obstacle.
Future works include development of high-speed vision
system to detect the gripper’s position, and the visual feedback
control to reduce its position error at the grasping point.
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Figure 10. Shapshot of the gripper avoiding obstacle and reacing the target.
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$VVLVWDQFH$SSDUDWXVHVIRUWKH(OGHUO\3DWLHQWV
DQG&DUH:RUNHUVE\,QFOXVLYH'HVLJQ


(LLFKLURX7DQDND 

'HSDUWPHQWRI0DFKLQHU\ &RQWURO6\VWHPV
6KLEDXUD,QVWLWXWHRI7HFKQRORJ\6,7
6DLWDPD-DSDQ
WDQDNDH#VLFVKLEDXUDLWDFMS



$EVWUDFW²9DULRXV DVVLVWDQFH DSSDUDWXVHV IRU WKH HOGHUO\
SDWLHQWV DQG FDUH ZRUNHUV KDYH EHHQ GHYHORSHG E\ ,QFOXVLYH
'HVLJQ QRW RQO\ HQJLQHHUV EXW DOVR PHGLFDO GRFWRUV SK\VLFDO
WKHUDSLVWV RFFXSDWLRQDO WKHUDSLVWV SDWLHQWV FDUH VWDIIV FDUH
ZRUNHU PDQXIDFWXUHU DQG GHVLJQHUV %\ FDUU\LQJ RXW WKH
LQWHUYLHZDQGGLVFXVVLRQRYHUDQGRYHUDJDLQZHGHYHORSHGWKH
XVHIXODQGDGHTXDWHDSSDUDWXVHVIRUHDFKXVHUZKLFKFDQVHOHFW
WKHP DFFRUGLQJ WR WKHLU FRQGLWLRQV ,Q WKLV SDSHU ZDONLQJ
DVVLVWDQFH DSSDUDWXVHV UHVWUDLQW IUHH W\SH FORVH ILWWLQJ W\SH
ZHLJKWEHDULQJW\SHDQGURERWVXLWW\SH VWDQGLQJXSDVVLVWDQFH
DSSDUDWXVHV ZKHHO FKDLU W\SH DQG EHG W\SH  XSSHU OLPE
DVVLVWDQFH DSSDUDWXV IRU PXVFXODU G\VWURSK\ SDWLHQWV DQG
UHKDELOLWDQWVDQGOLIWXSDVVLVWDQFHVXLWIRUFDUHZRUNHUVZLOOEH
H[SODLQHG

,
,1752'8&7,21
5HFHQWO\ WKHUH DUH VR PDQ\ VWURNH SDWLHQWV LQ -DSDQ
1HXUR5HKDELOLWDWLRQ ZKLFK UHSDLUV WKH QHXUDO FLUFXLW E\
GLUHFWO\ LQSXWWLQJ PRYHPHQW WR WKH ERG\ KDV DWWUDFWHG
DWWHQWLRQ DQG QXPHURXV WUDLQLQJ PDFKLQHV KDYH EHHQ
GHYHORSHG 1HXUR5HKDELOLWDWLRQ LV QHXURVFLHQFH EDVHG
UHKDELOLWDWLRQ ,QWKHFDVHRIZDONLQJZKHQWKHLGHDOOHJ JDLW
PRWLRQ IRU WKH PRWRU SDOV\ SDWLHQW LV LQSXW E\ XVLQJ D JDLW
DVVLVWDQFH GHYLFH WKH VXEMHFW UHJDLQV KLVKHU PRWRU IXQFWLRQ
DQGWKHPRWLRQDFWLYDWHVWKHVXEMHFW¶VEUDLQRQWKHXQGDPDJHG
DUHD 7KHQ WKH QHXUDO QHWZRUN RQ WKH EUDLQ LV UHFRQVWUXFWHG
0L\DL HW DO VDLG 1,56 1HDU,QIUDUHG 6SHFWURVFRS\  ZDV
XVHIXO WR HYDOXDWH FHUHEUDO DFWLYLW\ GXULQJ ZDONLQJ DQG
K\SRWKHVL]HG WKDW WKH DOWHUQDWLQJ OHJ PRYHPHQWV VHHQ GXULQJ
JDLW DUH FRQWUROOHG E\ WKH OHJ UHJLRQV RI WKH SULPDU\ PRWRU
FRUWH[DQGRWKHUUHODWHGPRWRUDUHDV>@6X]XNLHWDOVKRZHG
WKDW WKH SUHIURQWDO DQG SUHPRWRU FRUWLFHV DUH LQYROYHG LQ
DGDSWLQJ ZDONLQJ DQG UXQQLQJ VSHHG RQ WKH WUHDGPLOO XVLQJ
1,56 >@ +RZHYHU PRVW RI WKHVH DSSDUDWXVHV UHTXLUH WKH
PRWRUSDOV\SDWLHQWWRUHPDLQVWDWLRQDU\GXULQJXVH HJ>@ 
0DQ\ FRQYHQWLRQDO GHYLFHV >@>@>@ DUH IL[HG WR DUPV DQG
OHJV WLJKWO\ DQG PRVW RI WKH FRQYHQWLRQDO DSSDUDWXV GLG QRW
HTXLSWKHDFWXDWRUIRUDVVLVWLQJ7$ 7LELDOLV$QWHULRUPXVFOH 
ZKLFK LV XVHG LQ WKH GRUVLIOH[LRQ RI DQNOH MRLQW DQG PRVW

IDWLJDEOH PXVFOH 7R DGGUHVV WKH QHHGV DQG SUREOHPV QRWHG
DERYHZHGHYHORSHGDQHZZKROHERG\ PRWLRQVXSSRUWW\SH
PRELOH VXLW RI UHVWUDLQW IUHH W\SH >@ 7KLV VXLW FDQ EH XVHG
VHSDUDWHO\IRUVXSSRUWLQJWKHXSSHU>@DQGRUORZHUOLPEV>@
IRUDVVLVWLQJLQ$'/ $FWLYLWLHVRI'DLO\/LYLQJ +RZHYHUWR
FDUU\ RXW WKH JDLW WUDLQLQJ IRU KHPLSOHJLF SDWLHQWV LW LV
QHFHVVDU\ WR UHGXFH WKH ZHLJKW RI WKH DSSDUDWXV ZKLFK LV
DWWDFKHG WR WKH SDWLHQW¶V OHJ 7R DGGUHVV WKLV SUREOHP ZH
GHYHORSHGDZDONLQJDVVLVWDQFHDSSDUDWXVXVLQJIOH[LEOHVKDIW
>@)XUWKHUPRUHLQWKLVSDSHUWKHQRYHOZDONLQJDVVLVWDQFH
DSSDUDWXVZKLFKFDQUDLVHWKHXVHU¶VOHJXWLOL]LQJVWUHWFKUHIOH[
WRELDUWLFXODUPXVFOHRIWKHXVHURQO\DVVLVWLQJDQNOHMRLQWLV
VKRZQ
0HDQZKLOH -DSDQ KDV VR PDQ\ LQFUHDVLQJ HOGHUO\
SRSXODWLRQV ,Q RUGHU QRW WR LQFUHDVH WKH SHRSOH ZKR UHTXLUH
QXUVLQJ FDUH WKH HQYLURQPHQW DQG WKH DSSDUDWXVHV ZKLFK
SURPRWH IRU WKH HOGHUO\ WR UHJDLQ LQGLYLGXDOO\ KDYH WR EH
SUHSDUHG HVSHFLDOO\ IRU $'/PRWLRQV ZDONLQJ RSHUDWLQJ E\
XSSHU OLPE VWDQGLQJ XS DQG VR RQ 7R SURPRWH RXWGRRU
ZDONLQJ RXU GHYHORSHG ZDONLQJ DVVLVWDQFHV >@>@ ZKLFK LV
WDNHQ LQWR DFFRXQW WKH ZDONLQJ UDWLR DQG IUHTXHQF\
HQWHUWDLQPHQWFDQEHXWLOL]HG
)RUDVVLVWLQJ$'/PRWLRQHVSHFLDOO\VWDQGLQJXSPRWLRQ
WKHUHDUHPDQ\SURGXFWV>@>@IRUDVVLVWLQJUDLVHWKHXVHU¶V
KLS +RZHYHU PRVW RI WKHVH DSSDUDWXV ZHUH QRW WDNHQ LQWR
DFFRXQWWKHKXPDQ¶VPRWLRQ7KHUHIRUH ZHK\SRWKHVL]HGWKH
EHVW ZD\ WR VWDQG XS IRU WKH HOGHUO\ LV WR OHDQ IRUZDUG WKH
XSSHUERG\ ZKLOHVWDQGLQJDQGGHYHORSHGWKHDSSDUDWXVHVWR
SURPRWHWKLVPRWLRQ>@FDVHUZDONHUW\SHDQGEHGW\SH
,Q WKH FDVH RI $'/ DVVLVWDQFH RI WKH RSHUDWLRQ E\ XVLQJ
WKHVH GHYLFHV >@>@ WKH SDWLHQWV FDQ KDYH D PHDO ZLWKRXW
XVLQJ WKHLU KDQGV +RZHYHU LI D SDWLHQW FDQ XVH KLVKHU RZQ
KDQG LW LV LPSRUWDQW WR XVH KLVKHU KDQG E\ ZKDWHYHU PHDQV
SRVVLEOHWRUHJDLQLQGHSHQGHQFH7RDVVLVW$'/PRWLRQV HJ
HDWLQJ PDNH XS RU ZDVKLQJ IDFH  XVLQJ WKH XSSHU OLPE ZLWK
VRPHSRZHUVRXUFHV HJPRWRURUSQHXPDWLFDFWXDWRU PDQ\
GHYLFHV KDYH GHYHORSHG 7R DVVLVW WKH VSDWLDO PRWLRQ RI WKH

&RUUHVSRQGLQJDXWKRU
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SDWLHQW YDULRXV GHYLFHV ZKLFK KDG PXOWLGHJUHH RI IUHHGRPV
ZHUHGHYHORSHG>@>@%\XVLQJWKHVHGHYLFHVWKHXVHUFDQ
PRYH KLVKHU RZQ DUP DFFRUGLQJ WR KLVKHU ZLVKHV
)XUWKHUPRUHWKHVHGHYLFHVDUHDWWDFKHGDQLQGHSHQGHQWIUDPH
WKHUHIRUHWKHZHLJKWRIWKHGHYLFHLVQRWLPSRVHGIRUWKHXVHU
+RZHYHU PRVW RI DOO GHYLFHV DUH WRR EDON\ 7KH PRVW
LPSRUWDQW SRLQW RI GHYHORSLQJ WKH GHYLFH IRU SDWLHQWV LV WR
GHVLJQWDNLQJLQWR DFFRXQWWKH SUDFWLFDO XVH IRU SDWLHQWV IURP
WKH EHJLQQLQJ RI WKH GHVLJQ $V WKH UHVXOW RI WKH KHDULQJ ZH
GHYHORSHGDQ$'/DVVLVWDQFHDSSDUDWXVIRUXSSHUOLPEVZKLFK
FDQ XVH RQO\ SXWWLQJ WKH XVHU¶V DUP RQ WKH WUD\V RI WKH
DSSDUDWXV >@ %\ XVLQJWKLV DSSDUDWXV PXVFOH DFWLYLW\ RIWKH
XVHUFDQGHFUHDVH
)LQDOO\ LQ FDVH RI OLIW XS PRWLRQ HVSHFLDOO\ IRU WKH FDUH
ZRUNHUV LQ D KRVSLWDO EDFN SUREOHP LV WKH VHULRXV LVVXH 7R
DGGUHVV WKH SUREOHP 6PDUW VXLW >@ DQG 0XVFOH VXLW >@
ZHUH GHYHORSHG +RZHYHU ERWK DSSDUDWXV DUH IRU RQO\ EDFN
DVVLVWDQFHDQGLQWKHOLIWXSPRWLRQWKHFDUHZRUNHUVEHKDYH
WU\QRWWREHQGWKHLUZDLVWVDQGPRVWIDWLJDEOHPXVFOHLVLQWKH
XSSHU OLPE 7KHUHIRUH ZH GHYHORSHG WKH OLIW XS DSSDUDWXV
ZKLFKFDQDVVLVWERWKWKHXVHU¶VEDFNDQGXSSHUOLPE
2XUGHYHORSHGDVVLVWDQFHDSSDUDWXVHVRIHDFKSXUSRVHDUH
VXPPDUL]HGDVVKRZQLQ)LJ9DULRXVDVVLVWDQFHDSSDUDWXVHV
IRU WKH HOGHUO\ SDWLHQWV DQG FDUH ZRUNHUV KDYH EHHQ
GHYHORSHGE\³,QFOXVLYH'HVLJQ´ ZKLFKLVGHILQHGLQ%ULWLVK
6WDQGDUG >@ QRW RQO\ HQJLQHHUV EXW DOVR PHGLFDO GRFWRUV
SK\VLFDO WKHUDSLVWV RFFXSDWLRQDO WKHUDSLVWV SDWLHQWV FDUH
VWDIIV FDUHZRUNHU PDQXIDFWXUHUDQGGHVLJQHUV%\FDUU\LQJ
RXW WKH LQWHUYLHZ DQG GLVFXVVLRQ RYHU DQG RYHU DJDLQ ZH
GHYHORSHG WKH XVHIXO DQG DGHTXDWH DSSDUDWXVHV IRU HDFK XVHU
ZKLFKFDQVHOHFWWKHPDFFRUGLQJWRWKHLUFRQGLWLRQV

,,

Eds. Leo J De Vin and Jorge Solis

:$/.,1*$66,67$1&(

$ 5HVWUDLQW)UHH7\SH
:H KDYH GHYHORSHG D SURWRW\SH IRU D ZDONLQJDVVLVWDQFH
DSSDUDWXV WKDW VHUYHV DV D QH[WJHQHUDWLRQ YHKLFOH RU D
PRYDEOHQHXURUHKDELOLWDWLRQWUDLQLQJDSSOLDQFHIRUWKHHOGHUO\
RU PRWRU SDOV\ SDWLHQWV 2XU SURWRW\SH XVHV D QRYHO VSDWLDO
SDUDOOHOOLQNPHFKDQLVPZLWKDZHLJKWEHDULQJOLIWDVVKRZQLQ
)LJ7KHIODWVWHSVRIWKHDSSDUDWXVPRYHLQSDUDOOHOZLWKWKH
JURXQG WKH DSSDUDWXV VXSSRUWV FRPSOHWH OHJ DOLJQPHQW
LQFOXGLQJWKHVROHVRIWKHIHHWDQGDVVLVWVZDONLQJEHKDYLRUDW
WKHDQNOHNQHHDQGKLSMRLQWVVLPXOWDQHRXVO\7RHVWLPDWHWKH
ZDONLQJSKDVH RI HDFK OHJRIWKHXVHU SUHVVXUHVHQVRUV ZHUH
DWWDFKHGXQGHUWKHWKHQDUHPLQHQFHDQGWKHKHHORIWKHVROHDV
VKRZQ LQ )LJ  DQG WKH SUHVVXUH YDULDWLRQ DW HDFK VHQVLQJ
SRLQWZDVPHDVXUHG7RGHWHUPLQHWKHGLUHFWLRQLQZKLFKWKH
XVHULVZDONLQJDSUHVVXUHVHQVRUZDVDWWDFKHGWRWKHIOH[LEOH
FUXUDO OLQN 7R DGDSW WR WKH YDULDWLRQV LQ WKH XVHU¶V ZDONLQJ
YHORFLW\ WKH VWULGH OHQJWK DQG ZDONLQJ F\FOH ZKLOH ZDONLQJ
ZLWKWKHDSSDUDWXVZHUHFRPSHQVDWHGIRUXVLQJWKHFRQFHSWRI
WKHZDONLQJUDWLR WKHVWULGHOHQJWKWLPHVWKHZDONLQJF\FOHLV
FRQVWDQW  7KH DSSDUDWXV FDQ WKHUHIRUH EH FRQWUROOHG LQ
UHVSRQVHWRWKHXVHU¶VLQWHQW
:HSURSRVHGWKHFRQWUROPHWKRGDFFRUGLQJWRWKHSXUSRVH
RI WKH XVHU )RU H[DPSOH WR SURPRWH JDLW WUDLQLQJ WKLV
DSSDUDWXV FDQ VHOHFW WKH LPSHGDQFH FRQWURO PHWKRG 8VHU¶V
OHJVDUHDVVLVWHGDORQJWKHWUDMHFWRU\ZLWKWKHLGHDOJDLWDVZHOO
DVWKHDVVLVWUDWLRIRUWKHXVHUDVVKRZQLQ(T  7RSURPRWH
RXWGRRU ZDONLQJIRUWKHHOGHUO\ WKLVDSSDUDWXV FDQVHOHFWWKH
WRUTXHFRQWUROPHWKRG7KHDSSDUDWXVFDOFXODWHVWKHQHFHVVDU\
WRUTXHV RI HDFK MRLQW DFFRUGLQJ WR WKH SRVWXUH DQG PRWLRQ RI
WKHDSSDUDWXVDQGXVHUDVVKRZQLQ(T  ,QWKHFDVHRIWKH




































































)LJXUH2XUGHYHORSHGDVVLVWDQFHDSSDUDWXVHV
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LPSHGDQFHFRQWUROPHWKRGE\DGMXVWLQJWKHQDWXUDOIUHTXHQF\
RIWKHLGHDOG\QDPLFHTXDWLRQIRUWKHIODWVWHSVXQGHUWKHVROHV
WKH XVHU IHOW LW ZDV HDVLHU WR ZDON E\ IUHTXHQF\ HQWUDLQPHQW
2Q WKH RWKHU KDQG WR SURPRWH RXWGRRU ZDONLQJ RI WKH XVHU
WKLV DSSDUDWXV KDVWREH XVHG QRWRQO\ RQWKH IODW JURXQGEXW
DOVRRQVWDLUVRUVORSHVZLWK IUHHGRPEHKDYLRUV DQGLWKDVWR
PDNHWKH XVHUIHHOFRPIRUWDEOH7RDGGUHVV WKLVSUREOHPWKH
WRUTXH FRQWURO PHWKRG SURSRVHG WR XVH UHDOWLPH DFFHOHUDWLRQ
GDWD LQVWHDG RI XVLQJ WKH WHPSODWH WUDMHFWRU\ %\ XVLQJ WKLV

Eds. Leo J De Vin and Jorge Solis

PHWKRG WKH VXEMHFW FRXOG ZDON RQ WKH VORSH VWDLUV DQG WKH
VXGGHQ VWHS FRQWLQXRXVO\ DV VKRZQ LQ )LJ  7KHUHIRUH WKH
LPSHGDQFH FRQWURO PHWKRG LV JRRG IRU JDLW WUDLQLQJ DQG WKH
WRUTXHFRQWUROPHWKRGLVJRRGIRUZDONSURPRWLRQ
Ĳ

0 ș ș  K ș  ș  J DS ș  DJ KXPDQ ș
  
 - 7 0 G -ș  -ș  'G S H  . G SH  I U  5 

Ĳ

0 DS ș -  S  -ș  KDS ș  ș  J DS ș  - 7 I U

>^

@

`

  

 D 0 KXPDQ ș -  S  -ș  KKXPDQ ș ș  J KXPDQ ș  5 

Control box
(SH-4 board, I/O board,
Motor drivers, DC-DC
converters, 3kg)

Li-ion Battery
(14.8V, 8.8Ah, 950g x3)
Total weight: 23kg
Continuous
utilization time: 1hour


)LJXUH6WUXFWXUHRIWKHPHFKDQLVPRIWKHDSSDUDWXVRIUHVWUDLQWIUHHW\SH

% &ORVH)LWWLQJ7\SH
)RU JDLW WUDLQLQJRI KHPLSOHJLFSDWLHQWV LW LV QHFHVVDU\ WR
UHGXFH WKH ZHLJKW RI WKH DSSDUDWXV ZKLFK LV DWWDFKHG WR WKH
SDWLHQW¶V OHJ 7R DGGUHVV WKLV SUREOHP ZH GHYHORSHG D
ZDONLQJ DVVLVWDQFH DSSDUDWXV XVLQJ IOH[LEOH VKDIW ZKLFK FDQ
UDLVH WKH XVHU¶V OHJ XWLOL]LQJ VWUHWFK UHIOH[ WR ELDUWLFXODU
PXVFOHRIWKHXVHURQO\DVVLVWLQJDQNOHMRLQWDVVKRZQLQ)LJ
 7KH PHFKDQLVP RI UDLVLQJ D OHJ RQO\ DVVLVWLQJ DQNOH MRLQW
FDQEHH[SODLQDVIROORZV )LJ  %\WKH GRUVLIOH[LRQRI
WKH DQNOH MRLQW E\ WKH DSSDUDWXV *0+ 0HGLDO +HDG RI
*DVWURQHPLXVPXVFOH RIELDUWLFXODUPXVFOHLVGLPLQLVKHGE\
VWUHWFKUHIOH[DQGNQHHMRLQWLVLQIOHFWHG %\LQIOHFWLQJWKH
NQHHMRLQW5) 5HFWXV)HPRULVPXVFOH RIELDUWLFXODUPXVFOH
LVDOVRGLPLQLVKHGE\VWUHWFKUHIOH[DQGWKHIRRWLVUDLVHG%\
XWLOL]LQJWKLV PHWKRGWKHDFWXDWRUIRUWKH NQHHMRLQWGRHVQRW
KDYH WR EH HTXLSSHG DQG WKH ORDG IRU WKH XVHU¶V OHJ E\ WKH
ZHLJKWFDQEHGHFUHDVHG
)LJXUHDQGVKRZWKHPHDVXUHPHQWUHVXOWRIWKHDQJOHV
RI WKH XVHU¶V DQNOH DQG NQHH MRLQWV 7KH VXEMHFW LV DQ DEOH

7KHQDU
HPLQHQFH
+HHO
9ROWDJHOHYHORISUHVVXUHVHQVRU+LJK

/RZ



)LJXUH0HDVXUHPHQWRIZDONLQJSKDVH


)LJXUH6WUXFWXUHRIWKHPHFKDQLVPRIWKHDSSDUDWXVRIUHVWUDLQWIUHHW\SH

5)

+LSMRLQW

6WUHWFK

.QHH
MRLQW

7$

6WUHWFK
6WUHWFK
&RQWUDFW

&RQWUDFW



6WUHWFK

&RQWUDFW
&RQWUDFW

6WUHWFK

$QNOHMRLQW

*0+*/+

)OH[LRQ
RIWKH
KLSMRLQW

)OH[LRQRI
WKHNQHHMRLQW

)RRWLVUDLVHG

)LJXUH0HFKDQLVPWRUDLVHDIRRWE\GRUVLIOH[LRQDVVLVWDQFH

)LJXUH([SHULPHQWRIZHDULQJWKHDSSDUDWXVRQDVWHS >VSKRWR@ 
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ERGLHG PDQ 7KLV DSSDUDWXV XWLOL]HV WKH $)2 $QNOH )RRW
2UWKRVLV  DQG XVXDOO\ KHPLSOHJLF SDWLHQWV HTXLS WKH NLQG RI
WKLVW\SHEHFDXVHWKHGRUVLIOH[LRQRIWKHDQNOHMRLQWLQFUHDVHV
WRSUHYHQWWKHVWXPEOHDWWKHSKDVHFKDQJLQJIURPVZLQJSKDVH
WR VWDQFH SKDVH $V D UHVXOW RQO\ HTXLSSLQJ WKH $)2 WKH
GRUVLIOH[LRQ RI WKH DQNOH MRLQW LQFUHDVHG KRZHYHU DW WKH
WHUPLQDO RI WKH VZLQJ SKDVH WKH GRUVLIOH[LRQ FRXOG QRW EH
PDLQWDLQHG $QG WKH SODQWDU IOH[LRQ RI WKH DQNOH MRLQW DW WKH
SKDVH FKDQJLQJIURPVZLQJSKDVHWR VWDQFH SKDVH GHFUHDVHG
DQG NQHH MRLQW DQJOH LQ WKH VZLQJ SKDVH GHFUHDVHG LH WKH
VWULGHZDVGLPLQLVKHG2QWKHFRQWUDU\E\DVVLVWLQJWKHDQNOH
MRLQW WKH GRUVLIOH[LRQ RI WKH DQNOH MRLQW ZDV PDLQWDLQHG DQG
DQJOHRINQHHMRLQWZDVUHFRYHUHG
& :HLJKW%HDULQJ7\SH
8VHUVLQFOXGLQJWKHHOGHUO\ZKRFDQZDONLQGHSHQGHQWO\
FDQXVHWKHDSSDUDWXV,QFRQWUDVWLWLVGLIILFXOWIRUWKRVHZLWK
DPEXODWLRQ GLIILFXOW\ RU XQDEOH WR ZDON LQGHSHQGHQWO\ WR XVH
WKH DSSDUDWXV LQGHSHQGHQWO\ EHFDXVH VXFK XVHUV DUH PRUH
OLNHO\ WR VWXPEOH PDNLQJ LW QHFHVVDU\ WR VXSSRUW WKH XVHU¶V
SRVWXUH 0RVW RI WKHVH DSSDUDWXVHV UHTXLUH WKH PRWRU SDOV\
SDWLHQWV WR UHPDLQ VWDWLRQDU\ GXULQJ XVH HJ >@  DQG WKH
XVHUVDSWWREHFRPHERULQJ$ZHLJKWEHDULQJOLIWLVHIIHFWLYH
IRU XVLQJ DSSDUDWXV SRZHU HIIHFWLYHO\ DQG SUHYHQWLQJ WR EH
ERULQJ $VVKRZQLQ)LJVDQG ZHGHYHORSHGDZHLJKW
EHDULQJ OLIW ZLWK WZR DUPV $ DQG % ZKLFK FDQ EHDU WKH
FRPELQHG ZHLJKW RIWKHXVHUDQGWKH DSSDUDWXV$V VKRZQLQ
)LJ  WKLV OLIW LV FRQWUROOHG ZLWK D MR\VWLFN WKDW VSHFLILHV
ZKHUHWKHFDUHZRUNHURUWKHXVHUZDQWVWRJR
6WDQFHSKDVH

Eds. Leo J De Vin and Jorge Solis

$UP $ EHDUV WKH ZHLJKW RI WKH DSSDUDWXV )LJ   VLQFH
WKH DSSDUDWXV LV IL[HG RQ DUP $ 7KH ZHLJKWEHDULQJ OLIW KDV
ZKHHOVVRWKDWWKHDSSDUDWXVDQGOLIWFDQEHXVHGZKLOHPRYLQJ
$FDUHZRUNHUFRQWUROVWKHZHLJKWEHDULQJOLIWIURPEHKLQGDW
DVSHHGVXLWDEOHWRWKHSDWLHQW¶VQHHGV$UP$EHDUV>NJ@
ZKLFKLVPRUHWKDQVXIILFLHQWWRVXSSRUWWKH DSSDUDWXV¶VWRWDO
ZHLJKWRI>NJ@7KHDUPKDVDFWXDWRUVWKDWFDQEHDGMXVWHG
WRWKHKHLJKWRIWKHDSSDUDWXV$UP%EHDUVWKHZHLJKWRIWKH
SDWLHQWDQGLVDWWDFKHGWRDUP$7KHSDWLHQWZHDUVDKDUQHVV
KXQJIURPDKRRNDWRQHHQGRIDUP%ZKLFKZDVGHVLJQHGWR
EHDU D ZHLJKW RI XS WR  >NJ@ DQG FDQ EH DGMXVWHG WR WKH
SDWLHQW¶V KHLJKW LH XS WR  >FP@ 7KH ZHLJKWEHDULQJ OLIW
HQDEOHV WKH SDWLHQW WR IHHO VDIHU ZKLOH XVLQJ WKH DSSDUDWXV
EHFDXVH WKH DSSDUDWXV LV IL[HG RQ DUP $ DQG WKH SDWLHQW LV
VXSSRUWHG E\ DUP % WKXV SUHYHQWLQJ WKH SDWLHQW IURP
VWXPEOLQJRUIDOOLQJ
' 5RERW6XLW7\SH
:H GHYHORSHG D ZKROH ERG\ PRWLRQ VXSSRUW W\SH PRELOH
VXLWRIUHVWUDLQWIUHHW\SHDVVKRZQLQ)LJ>@7KLVVXLWFDQ
EH XVHG VHSDUDWHO\ IRU VXSSRUWLQJ WKH XSSHU >@ DQGRU ORZHU
OLPEV >@ IRU DVVLVWLQJ LQ $'/ $FWLYLWLHV RI 'DLO\ /LYLQJ 

6ZLQJSKDVH

$QJOHRIDQDQNOHMRLQW>GHJ@




1RUPDOZDON ZRGHYLFH



:LWKGHYLFHZRFRQWURO



:LWKGHYLFHDQGFRQWURO







)LJXUH3KRWRVRIWKHDSSDUDWXVDQGZHLJKWEHDULQJOLIW









:DONLQJSKDVH>@







)LJXUH9DULDWLRQVRIWKHDQJOHRIWKHDQNOHMRLQW
6WDQFHSKDVH

6ZLQJSKDVH


1RUPDOZDON ZRGHYLFH

.QHHMRLQWDQJOH>GHJ@



:LWKGHYLFHZRFRQWURO



:LWKGHYLFHDQGFRQWURO













:DONLQJSKDVH>@









)LJXUH9DULDWLRQVRIWKHDQJOHRIWKHNQHHMRLQW

)LJXUH0HFKDQLVPRIWKHZHLJKWEHDULQJOLIW
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Weight bearing
lifter

Eds. Leo J De Vin and Jorge Solis

Probe

Whole body
motion support
type mobile suit

ETG-4000

Treadmill





)LJXUH  &RPSRQHQW GHYLFHV RI WKH H[SHULPHQW IRU JDLW WUDLQLQJ RQ D
WUHDGPLOO

)LJXUH$VVLVWDQFHDSSDUDWXVRIURERWVXLWW\SH

7KLV VXLW DQG WKH OLIWHU FDQ EH XVHG E\ PRWRU SDOV\ SDWLHQWV
SHRSOHZKRKDYHVXIIHUHGDVWURNHSDWLHQWVZLWKVSLQDOFRUG
LQMXU\ DQG SHRSOH ZLWK FHQWUDO QHUYH GLVRUGHUV 8VLQJ WKLV
GHYLFHWKHVHSDWLHQWVFDQUHFRYHUQRUPDOJDLWZLWKQRULVNRI
IDOOLQJ 7KLV VXLW LV HTXLSSHG ZLWK  PRWRUV DQG WKH WRWDO
SRZHULV>:@7RWDOZHLJKWLV>NJ@7KHFRQWUROV\VWHP
RI WKH VXLW LV WKH VHOIFRQWDLQHG FRPSXWHU /(35$&$81
&38*HQHUDO5RERWLFV,QF DQGZKLFKFRQWUROVPRWRUVLQ
D OXPS DQG FRQWURO LQWHUYDO LV  >PVHF@ :DONLQJ DVVLVWDQFH
FRQWURO PHWKRG LV DV IROORZV $FFRUGLQJ WR WKH HVWLPDWHG
ZDONLQJ SKDVH ERWK IODW VWHSV XQGHU WKH VROHV DUH FRQWUROOHG
DORQJWKHWUDMHFWRU\ZKLFKZDVFDOFXODWHGE\XVLQJWKHGDWDRI
WKH HTXLSSHG SHUVRQ¶V OHJV DQG D YDULDWLRQ RI GDWD IURP KLS
NQHH DQG DQNOH MRLQWV DV ZULWWHQ LQ PHGLFDO ERRNV
6LPXOWDQHRXVO\ ERWK XSSHU DUPV DUH VZLQJLQJ E\ WKH UDQJH
EHWZHHQ  >GHJ@ DQG >GHJ@ IRU VKRXOGHUV DQG EHWZHHQ 
>GHJ@ DQG >GHJ@ IRU HOERZV GDWD ZDV GHWHUPLQHG IURP
REVHUYLQJDEOHERGLHGZDONLQJ 

Probe

Weight bearing
lifter

Whole body
motion support
type mobile suit

ETG-4000



)LJXUH&RPSRQHQWGHYLFHVRIWKHH[SHULPHQWIRUJDLWWUDLQLQJLQDFRUULGRU

ZKLFKVXSSRUWVIURPWKHIURQWRIWKHXVHUDVVKRZQLQ)LJ
7KHWUDQVIRUPDWLRQIURP VLWWLQJLQWRVWDQGLQJ SRVWXUHDVZHOO
7KH FHUHEUDO FRQWRXU PDSV EHWZHHQ XQDFFXVWRPHG DQG DV OHDQLQJ IRUZDUG WKH XSSHU ERG\ LV VKRZQ LQ )LJ  7KLV
DFFXVWRPHGVXEMHFWVZHUHFRPSDUHGDQGIRXQGWKHGLIIHUHQFH DSSDUDWXVFDQ EHXVHGLQ DVLWXDWLRQRIWKHPRYHPHQWIURPD
RIWKHDFWLYDWHGDUHD$QGWKHLQIOXHQFHRIWKHGLIIHUHQFHRIWKH EHG WR D UHVWURRP 7KH PHFKDQLVP RI WKLV W\SH RI WKH
WUDLQLQJ SODFH RQ D WUHDGPLOO DV VKRZQ LQ )LJ  RU LQ D DSSDUDWXVLVFRQVWLWXWHGOLQNVDQGJDVVSULQJVZLWKRXWDPRWRU
FRUULGRUDVVKRZQLQ)LJ WRWKHFHUHEUDODFWLYLW\ZDVDOVR $QRWKHULVEHGW\SHZKLFKVXSSRUWVIURPWKHEDFNRIWKHXVHU
FRPSDUHG )URP WKHVH UHVXOWV ZH IRXQG LW LV LPSRUWDQW IRU 7KLV DSSDUDWXV FDQ DVVLVW WKH XVHU WR DOWHU IURP VWDQGLQJ RU
SDWLHQWV WR VZLQJ WKHLU DUPV DQG DFWXDOO\ ZDON GXULQJ JDLW VLWWLQJ SRVWXUH WR O\LQJ SRVWXUH DV VKRZQ LQ )LJ  DQG WKH
WUDLQLQJIURPWKHDVSHFWRIPRWLYDWLRQLQ1HXUR5HKDELOLWDWLRQ SKRWRV RI WKH DSSDUDWXV DUH VKRZQ LQ )LJ  $OWKRXJK WKH
PHFKDQLVPKDVPXOWLSOHOLQNVDQGMRLQWVRQO\RQHDFWXDWRULV
,,, 67$1',1*83$66,67$1&(
UHTXLUHG WR WUDQVIRUP WKH DSSDUDWXV EHWZHHQ DIRUHPHQWLRQHG
7DQDND$QDSSDUDWXVWRDVVLVWHOGHUO\SDWLHQWVWRVWDQGXS WKUHHSRVWXUHV7KHOHQJWKRIHDFKOLQNRIWKHPHFKDQLVPVKDV
DVZHOODVOHDQLQJIRUZDUGWKHXSSHUERG\KDVEHHQGHYHORSHG EHHQGHWHUPLQHGIURPWKHLUHIIHFWRQWKHERG\WUXQNDQJOHRI
7KH PHFKDQLVPRIWKHDSSDUDWXVHQDEOHVWRVKLIWWKHSHUVRQ V WKHXVHUZKHQHDFKOLQNLQWKHPHFKDQLVPOHQJWKLVFKDQJHGDV
FHQWHU RI JUDYLW\ DORQJ DQ DGHTXDWH WUDMHFWRU\ GXULQJ WKH VKRZQLQ)LJ
VWDQGLQJXSSURFHVVVRDVQRWWRFDXVHVWUDLQRQWKHMRLQWVRI
7R YHULI\ WKH YDOLGLW\ RI WKHDSSDUDWXVZHSHUIRUPHGWKH
WKH XVHU V OHJ )URP WKH UHIHUHQFHV SXEOLVKHG PDQ\ SHRSOH¶V
GDWDZKLOHVWDQGLQJZHK\SRWKHVL]HWKHEHVWZD\WRVWDQGXS LQWHUYLHZDQGPHDVXULQJH[SHULPHQWVRIWKHERG\PRWLRQDQG
IRUWKHHOGHUO\LVWROHDQIRUZDUGWKHXSSHUERG\EHFDXVHWKH WKH FHQWHU RI JUDYLW\ )URP WKH UHVXOWV E\ XVLQJ WKHVH
ORDG RI WKH OHJ PXVFOHV FDQ EH GHFUHDVHG :KLFK KDV WZR DSSDUDWXVHV WKH XVHU VDLG WKDW WKH\ FDQ VWDQG XS HDVLO\ DQG
IHDWXUHVWKHWUDMHFWRU\RIWKHFHQWHU RIJUDYLW\KDVDUFVKDSH WKHVHWUDMHFWRULHVRIWKHKLSMRLQWDQGWKHFHQWHURIJUDYLW\RI
DQGWKHWUDMHFWRU\RIWKHKLSMRLQWLVDORQJWKHXSZDUGVWUDLJKW WKHDEOHERGLHGHOGHUO\ $JH  ZHUH DOPRVWVDPH EHWZHHQ
OLQH ZKRVH DQJOH LV  GHJ 2Q D EDVLV RI WKLV FRQFHSW ZH XVLQJ WKH DSSDUDWXVHV DQG ZLWKRXW XVLQJ WKH DSSDUDWXVHV DV
PDGH WZR W\SHV RI WKH DSSDUDWXV 2QH LV FDVWHU ZDONHU W\SH VKRZQLQ)LJ7KHUHIRUHRXUK\SRWKHVLVZDVFRQILUPHG
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)LJXUH  &RPSDULVRQ EHWZHHQ FDOFXODWHG GDWD RI WKH EDFNUHVW DQJOH DQG
PHDVXUHGGDWDRIWKHXSSHUERG\DQGKLSMRLQWDQJOH

)LJXUH6WDQGLQJXSDVVLVWDQFHDSSDUDWXVRIWKHFDVWHUZDONHUW\SH






)LJXUH  7UDQVIRUPDWLRQ IURP VLWWLQJ LQWR VWDQGLQJ SRVWXUH DV ZHOO DV
OHDQLQJIRUZDUGWKHXSSHUERG\



)LJXUH  &RPSDULVRQ RI WKH PHDVXUHG GDWD RI WKH WUDMHFWRULHV RI KLS MRLQW
%ODFN OLQH  DQG WKH FHQWHU RI JUDYLW\ 5HG OLQH  EHWZHHQ ZLWKRXW XVLQJ WKH
DSSDUDWXVDQGXVLQJWKHDSSDUDWXV




)LJXUH7UDQVIRUPDWLRQLQWRVLWWLQJVWDQGLQJO\LQJSRVWXUHV



)LJXUH3KRWRVRIWKHDSSDUDWXVRIWKHEHGW\SH

,9 833(5/,0%$66,67$1&(
7KH DVVLVWDQFH DSSDUDWXV IRU XSSHU OLPEV )LJ   LV
GHVLJQHGIRUWKHSDWLHQWVZKRFDQFRQWUROWKHLUILQJHUEXWWKH\
FDQQRW OLIW XS WKHLU DUPV WKHPVHOYHV HVSHFLDOO\ P\RSDWK\
SDWLHQWV 7KH PHFKDQLVP RI WKH DVVLVWDQFH LV XWLOL]HG WKH
GLIIHUHQWLDO JHDUV WR ORVH WKH ZHLJKW DQG YROXPH RI WKH
PHFKDQLFDODUPDQGWKDWHQDEOHGWRFRQILJXUHWKUHHPRWRUVWR
GULYH  '2)V 'HJUHHV RI IUHHGRP  IRU WKH VKRXOGHU DQG 
'2)IRUWKHHOERZDURXQGWKHURRWRIWKHPHFKDQLFDODUP7KH
DUPFDQOLIWXSWR>NJI@DWWKHWLSRIWKHH[WHQGHGDUPDQG
HDFKDQJOHYHORFLW\LV>UDGVHF@7KLVDUPKDVWZRVXSSRUW
WUD\V IRU ZULVW DQG XSSHU DUP (DFK WUD\ LV HTXLSSHG D
SUHVVXUHVHQVRUDWWKHFRQWDFWSRLQWWRXVHU¶VDUPDQGE\XVLQJ
WKHPHDVXUHGUHVXOWRIWKHVHIRXUVHQVRUVWKHFRQWUROFRPSXWHU
FDQ EH REWDLQ WKH VWDWH RI WKH XVHU¶V DUPV )XUWKHUPRUH WR
UHDOL]H WR GR VRPH $'/ DFWLYLWLHV RI GDLO\ OLYLQJ  PRWLRQV
IRULQVWDQFHHDWLQJZULWLQJPDNLQJXSZLSLQJKLVKHUIDFH
DQG VR RQ  WKHPVHOYHV ZH SURSRVHG WR FRQWURO WKH GHYLFH
XVLQJWKHWDUJHWHGSRVWXUHPDSIRUWKHPHFKDQLFDODUP7REH
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DEOH WR FKRRVH WKH DSSURSULDWH LQSXW ZD\ IRU HDFK SDWLHQW
YDULRXVLQSXWLQWHUIDFHVIRUH[DPSOHMR\VWLFNSXVKEXWWRQV
VHQVRUJORYHXVLQJEHQGLQJVHQVRUVDQGVRRQDUHHTXLSSHGDV
VKRZQLQ)LJ7KHFHQWHURI)LJVKRZVWKHH[DPSOHIRU
DVVLVWLQJWRSOD\WKHYLROLQLQSXWWHGZLWKWKHVHQVRUJORYHDQG
WKHULJKWRIWKH )LJVKRZVWKHH[DPSOH IRUWKH PRWLRQRI
GULQNLQJ LQSXWWHG ZLWK WKH MR\ VWLFN 7KLV WDUJHW PDSSLQJ
V\VWHP LV IRU SDWLHQW VDIHW\ DQG IHHGEDFNHG IURP SDWLHQWV¶
RSLQLRQ
*HQHUDOO\HYHQWKRXJKDKXPDQEHKDYHVDQDWRQLFPRWLRQ
WKHPD[LPXPYROXQWDU\FRQWUDFWLRQ 09& RXWSXWVDWOHDVW
IURP  WR   7KH XVDJH RI WKLV DSSDUDWXV LV WR PRYH WKH
XVHU¶V XSSHU OLPEV ZLWK GHSHQGHQFH FRPSOHWHO\ DQG WKH
SXUSRVH RI WKLV DSSDUDWXV LV WR GHFUHDVH WKH YDOXH RI 09&
XSWRDSSUR[LPDWHO\7KHUHIRUHWKHPXVFOHVRIWKHXVHU
ZHUH HYDOXDWHG ZLWK WKH UDWLR RI 09& 7R FRQILUP WKH
HIIHFWLYHQHVV RI DVVLVWDQFH DELOLW\ ZH PHDVXUHG PXVFOH
DFWLYLW\ZKLOHXVLQJWKHGHYLFHDQGFRPSDUHGWKH09&GDWD
EHWZHHQ XVLQJ WKH GHYLFH RU QRW $V D UHVXOW WKH DFWLYLW\
GHFUHDVHG XS WR  DQG WKH HIIHFWLYHQHVV RI WKLV GHYLFH
FRXOGEHFRQILUPHG)XUWKHUPRUHWRH[SDQGWKHXVDJHRIWKLV
DSSDUDWXV WR HQFRPSDVV 1HXUR5HKDELOLWDWLRQ DV ZHOO ZH
PHDVXUHG FHUHEUDO DFWLYLW\ ZKLOH XVLQJ WKH GHYLFH IRU
UHKDELOLWDWLRQPRWLRQDVVKRZQLQ)LJZLWKDQHDULQIUDUHG
VSHFWURVFRS\ 1,56 7KHQZHFRPSDUHGWKHGDWDIURPXVLQJ
WKH GHYLFH RU QRW DQG LQSXW PRWLRQ IURP D WKLUG SHUVRQ %\
XVLQJ WKLV GHYLFH WKH FHUHEUDO DFWLYLW\ GHFUHDVHG HVSHFLDOO\
ZKHQ WKH WDUJHW PRWLRQ ZDV FRPSOH[ +RZHYHU ZKHQ WKH
VXEMHFW LQSXW WKH PRWLRQ WKHPVHOYHV WKH FHUHEUDO DFWLYLW\
LQFUHDVHGPRUHWKDQZKHQWKHGDWDLVLQSXWE\DWKLUGSHUVRQ
HVSHFLDOO\ ZKHQ WKH WDUJHW PRWLRQ ZDV FRPSOH[ 7KHUHIRUH
IRUXVHLQ1HXUR5HKDELOLWDWLRQZHIRXQGLWLVLPSRUWDQWWKH
VXEMHFW LQSXW WKH WDUJHW PRWLRQ KLPKHUVHOI )LQDOO\ WKH
LQIOXHQFHRIWKHFHUHEUDODFWLYLW\DFFRUGLQJWRWKHGLIIHUHQFHRI
WKH LQSXW GHYLFHV ZDV PHDVXUHG $V D UHVXOW WKHVH NLQGV RI
LQSXWGHYLFHVKDYHWREHVHOHFWHGDFFRUGLQJWRWKHSXUSRVHRI
WKHXVHU

Eds. Leo J De Vin and Jorge Solis


D )OH[LRQDQGH[WHQVLRQRIWKHHOERZ VHFSKRWR 


E 5RWDWLRQRIWKHHOERZ VHFSKRWR 
)LJXUH0RWLRQVRIWKHDUPIRU$'/UHKDELOLWDWLRQ


9

/,)783$66,67$1&(

:H GHYHORSHG D QRYHO SRZHU DVVLVWDQFH VXLW ZLWKRXW
HOHFWULFLW\DVVKRZQLQ)LJ7KLVVXLWLVIRUVXSSRUWDFDUH
ZRUNHU¶VDVVLVWDQFHEHKDYLRUHJOLIWXSPRWLRQDQGZKLFKLV
PDGH RI RQO\ UXEEHU DQG Q\ORQ EHOWV 7KLV VXLW FDQ DVVLVW
HTXLSSHG SHUVRQ¶V DUPV DQG ZDLVW ZLWK WZR NLQGV HTXLSSHG
EHOWV DV VKRZQ LQ )LJ  2QH LV IRU ZDLVW DWWDFKHG IURP
VKRXOGHUWRWKHEDFNZDUGRIWKHNQHHYLDKLVKHUEDFN2WKHULV
IRU DUPV DWWDFKHG IURP HTXLSSHG SHUVRQ¶V IRUHDUP WR WKH
EDFNZDUGRIWKHNQHHYLDKLVKHUEDFN7RFRQILUPWKHYDOLGLW\
RI WKLV VXLW DW ILUVW ZH FDUULHG RXW WKH LQWHUYLHZ IRU PHGLFDO
GRFWRUV$VWKHLUFRPPHQWVLWLVLPSRUWDQWWRDGMXVWWKHOHQJWK
RI HDFK EHOW IRU DQ HTXLSSHG SHUVRQ DGHTXDWHO\ DQG LW LV
HIIHFWLYH IRU WKH DVVLVWDQFH RI WKH PRWLRQ LQ D KDOIVLWWLQJ
SRVWXUHDQGWUDQVIHUPRWLRQVEHWZHHQDEHGDQGDZKHHOFKDLU
)XUWKHUPRUH ZH PHDVXUHG WKH YDULDWLRQ RI PD[LPXP RXWSXW
IRUFHDQG09&RIWKHHQWLUHERG\PXVFOHVZKLOHOLIWLQJDQG
KROGLQJPRWLRQXVLQJWKHVXLWRUQRW)URPWKHUHVXOWE\XVLQJ
WKLVVXLWWKHPD[LPXPOLIWLQJZHLJKWRIHTXLSSHGSHUVRQZDV
LQFUHDVHGE\NJDVVKRZQLQ)LJDQGWKHDUPDQGOHJRI
WKHHTXLSSHGSHUVRQZHUHDVVLVWHGHIIHFWLYHO\



)LJXUH3KRWRVRIWKH$'/DVVLVWDQFHDSSDUDWXVIRUXSSHUOLPEV




)LJXUH/LIWXSDVVLVWDQFHDSSDUDWXVIRUFDUHZRUNHUV

Push switch, Joy stick, Sensor glove





)LJXUH,QSXWGHYLFHV

575

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

①Belt for the arms

>@

Force direction with the spring
Strained direction of the belt

②Belt for
the waist

>@

>@

>@

①Belt for the arms

②Belt for the waist
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)LJXUH0HFKDQLVPRIWKHOLIWXSDVVLVWDQFHDSSDUDWXVIRUFDUHZRUNHUV
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Lifting force [kgf]
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)LJXUH0HDVXUHGUHVXOWRIWKHPD[LPXPOLIWLQJIRUFH



>@

9,

&21&/86,216

:H GHYHORSHG YDULRXV DVVLVWDQFH DSSDUDWXVHV IRU WKH
HOGHUO\SDWLHQWVDQGFDUHZRUNHUVE\,QFOXVLYH'HVLJQ $VD
IXWXUH ZRUN ZH ZLOO FDUU\ RXW WKH SUDFWLFDO UHDOL]DWLRQ RI DOO
DSSDUDWXVHVDQGZHZLVKWKHVHDSSDUDWXVHVZLOOEHEHQHILWIRU
VRPDQ\SHRSOHLQWKHZRUOG


>@

>@
>@

5()(5(1&(6
>@

>@

>@

, 0L\DL HW DO ³&RUWLFDO PDSSLQJ RI JDLW LQ KXPDQV $ QHDULQIUDUHG
VSHFWURVFRSLF WRSRJUDSK\ VWXG\´ 1HXUR ,PDJH     SS

0 6X]XNL , 0L\DL 7 2QR , 2GD , .RQLVKL 7 .RFKL\DPD .
.XERWD ³3UHIURQWDO DQG SUHPRWRU FRUWLFHV DUH LQYROYHG LQ DGDSWLQJ
ZDONLQJDQGUXQQLQJVSHHGRQWKHWUHDGPLOODQRSWLFDOLPDJLQJVWXG\´
1HXUR,PDJH  
&RORPER * HW DO ³7UHDGPLOO WUDLQLQJ RI SDUDSOHJLF SDWLHQWV XVLQJ D
URERWLFRUWKRVLV´-RXUQDORI5HKDELOLWDWLRQ5HVHDUFKDQG'HYHORSPHQW
9RO1RSS

>@

>@

>@
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$GDP % =RVV HW DO ³%LRPHFKDQLFDO 'HVLJQ RI WKH %HUNHOH\ /RZHU
([WUHPLW\ ([RVNHOHWRQ %/((; ´ ,((($60( 7UDQVDFWLRQV RQ
0HFKDWURQLFV9RO1R$SULOSS
< 6DQNDL ´+$/ +\EULG $VVLVWLYH /LPE %DVHG RQ &\EHUQLFV´
5RERWLFV5HVHDUFK7KHWK,QWHUQDWLRQDO6\PSRVLXP,655SS

- <RQHWDNH DQG 6 7R\DPD ³'HYHORSPHQW RI WKH 8OWUDVRQLF 0RWRU
3RZHUHG$VVLVWHG6XLW6\VWHP´3URFRIWKHVW.60(-60(-RLQW,QW
&RQI RQ 0DQXIDFWXULQJ 0DFKLQH 'HVLJQ DQG 7ULERORJ\ ,&0'7 
6HRXO.RUHD&'520  
( 7DQDND 6 6DHJXVD / <XJH ³'HYHORSPHQW RI D :KROH %RG\
0RWLRQ6XSSRUW7\SH0RELOH6XLWDQG(YDOXDWLRQRI&HUHEUDO$FWLYLW\
&RUUHVSRQGLQJ WR WKH &RUWLFDO 0RWRU $UHDV´ -RXUQDO RI $GYDQFHG
0HFKDQLFDO'HVLJQ6\VWHPVDQG0DQXIDFWXULQJ9RO1R  
SS
(7DQDND66DHJXVD<,ZDVDNL/<XJH³'HYHORSPHQWRIDQ$'/
$VVLVWDQFH$SSDUDWXVIRU 8SSHU /LPEV DQG(YDOXDWLRQ RI 0XVFOHDQG
&HUHEUDO $FWLYLW\ RI WKH 8VHU´ -RXUQDO RI $GYDQFHG 0HFKDQLFDO
'HVLJQ6\VWHPVDQG0DQXIDFWXULQJ   ,QSUHVV 
(7DQDND7,NHKDUD+<XVD<6DWR76DNXUDL66DHJXVD.,WR
/<XJH³:DONLQJ$VVLVWDQFH$SSDUDWXVDVD1H[W*HQHUDWLRQ9HKLFOH
DQG 0RYDEOH 1HXUR5HKDELOLWDWLRQ 7UDLQLQJ $SSOLDQFH´ -RXUQDO RI
5RERWLFVDQG0HFKDWURQLFV9RO1R  SS
7 ,NHKDUD ( 7DQDND . 1DJDPXUD 7 7DPL\D 7 8VKLGD .
+DVKLPRWR 6 .RMLPD . ,NHMR /RXLV <XJH ³'HYHORSPHQW RI D
&ORVHG)LWWLQJ7\SH :DONLQJ $VVLVWDQFH 'HYLFH RQ /HJ ZLWK D 6HOI
&RQWDLQHG &RQWURO 6\VWHP´ -RXUQDO RI 5RERWLFV DQG 0HFKDWURQLFV
 9RO1RSS
7RVKLED7HFK&RUSRUDWLRQ³:KHHOFKDLUZLWKVWDQGLQJXSDVVLVWDQFH´
-DSDQSDWHQW3$
$PDPL &R /WG ³6WDQGLQJ XS DVVLVWDQFH FKDLU DEOH WR UHFOLQLQJ´
-DSDQSDWHQW3$
(7DQDND7,NHKDUD.)XQD\DPD0.RQWDQL7+DWVXNDULDQG1
0L\DNH³0HFKDQLFDO'HVLJQRID6WDQGLQJXS$VVLVWDQFH$SSDUDWXVRI
OHDQLQJIRUZDUGWKHXSSHUERG\ZKLFKFDQEH7UDQVIRUPHGLQWRD)ODW
/\LQJ 3RVWXUH´ 7UDQVDFWLRQV RI WKH -DSDQ 6RFLHW\ RI 0HFKDQLFDO
(QJLQHHUV 6HULHV & 9RO  1R    SS  ,Q
-DSDQHVH 
0LNH 7RSSLQJ ³7KH GHYHORSPHQW RI +DQG\  D URERWLF V\VWHP WR
DVVLVW WKH VHYHUHO\ GLVDEOHG´ 3URF RI WKH ,&255 ¶ ,QWHUQDWLRQDO
&RQIHUHQFHRQ5HKDELOLWDWLRQ5RERWLFV6WDQIRUG&$  SS

5 6R\DPD 6 ,VKLL DQG $ )XNDVH ³7KH 'HYHORSPHQW RI 0HDO
$VVLVWDQFH 5RERW 0\ 6SRRQ ´ 3URFHHGLQJV RI WKH WK ,QWHUQDWLRQDO
&RQIHUHQFHRQ5HKDELOLWDWLRQ5RERWLFV  SS
. .LJXFKL ³$FWLYH ([RVNHOHWRQV IRU 8SSHU/LPE 0RWLRQ $VVLVW´
-RXUQDORI+XPDQRLG5RERWLFV9RO1R  SS
1/XFFKHVL60DUFKHVFKL/%RUHOOL)6DOVHGR0)RQWDQDDQG0
%HUJDPDVFR ³$Q $SSURDFK WR WKH 'HVLJQ RI )XOO\ $FWXDWHG %RG\
([WHQGHUVIRU0DWHULDO+DQGOLQJ´WK,(((,QWHUQDWLRQDO6\PSRVLXP
RQ5RERWDQG+XPDQ,QWHUDFWLYH&RPPXQLFDWLRQ3ULQFLSHGL3LHPRQWH
9LDUHJJLR,WDO\6HSW  &'520
< ,PDPXUD 7 7DQDND < 6X]XNL . 7DNL]DZD DQG 0 <DPDQDND
³0RWLRQ%DVHG'HVLJQRI(ODVWLF0DWHULDOIRU3DVVLYH$VVLVWLYH'HYLFH
8VLQJ0XVFXORVNHOHWDO0RGHO´-RXUQDORI5RERWLFVDQG0HFKDWURQLFV
9RO1R  SS
+.RED\DVKL7$LGDDQG7+DVKLPRWR³0XVFOH6XLW'HYHORSPHQW
DQG )DFWRU\ $SSOLFDWLRQ´ ,QWHUQDWLRQDO -RXUQDO RI $XWRPDWLRQ
7HFKQRORJ\9RO1R  SS
%ULWLVK 6WDQGDUGV ,QVWLWXWH   %ULWLVK 6WDQGDUG 
'HVLJQPDQDJHPHQWV\VWHPV0DQDJLQJLQFOXVLYHGHVLJQ*XLGH
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A
Abstract— Thhis paper deescribes kinetoostarics analyyses of
u
underactuated wire-driven mechanisms. Assuming p
posture
aangles of wires as rigid links,, configuration
n of output link
k chain
w
will be calculatted with kinem
matics analysis. As forward an
nalysis,
id
deal configuraation of the link chain will be determined so that
th
he center of gravity of th
he link chain will be miniimized.
R
Required motioon of control link chain can
n then be calcculated
b
based on direcctions of wire pulling forcees obtained wiith the
statics analysis of output link
k chain with d
desired configu
uration
w
while the desirred configurattion will be iimproved in ccase of
im
mpossible con
nfiguration. Th
he proposed m
method is app
plied to
aanalyze a planaar and a spatiial human typ
pe marionettes and is
cconfirmed its efffectiveness.

IN
NTRODUCTION
N
Wire-driveen mechanism
ms attracts atteention as one of the
m
mechanisms w
with a simple structure. Foor example, M
Michael
aand et al. propposed high peerformance coonveyer in thee air in
w
which a platforrm is hung byy helicopters w
with wires and is sixddimensionally controlled its position and pposture by adjjusting
ppositions of heelicopters and wire lengths[1]. In order too make
ssuch wire-drivven mechanissms generate more complicated
m
motions, we w
would like to extend them so that their output
pplatforms become link chhains while w
wires with coonstant
leength are pullled by anotherr link chain too control the m
motion
oof output link chain. In this case, if degreee-of-freedom
m of the
ccontrol link chhain is less tthan that of ooutput link chhain, a
w
whole mechaanism becom
mes underactuated wire--driven
m
mechanism. Thherefore if pottential by gravvity is not takeen into
aaccount, the motion
m
of outpuut chain cannoot be determineed.
A marionnette as shoown in Fig.11 is one off such
uunderactuated wire-driven mechanism. To controol the
m
marionette, puuppeteer’s skilll is strongly required. It is
i thus
ddifficult to reaalize arbitrary configurationns utilizing m
multiple
ddegrees-of-freeedom. The ppuppeteer’s skkill gives spectators
im
mpressions of the imitated motions. Inn order to ddevelop
m
marionette robbot for enterrtainment, kiinetostatics annalysis
m
methods should be establishhed instead of tthe puppeteer’s skill.

Some researcchers have reeported the motion
m
controll of
marrionette[2-5]. Chen[3] and Kim[4] deveeloped marionnette
roboots driven witth wires and sstepping motoors and generaated
conffiguration off the robots by calculatiing wire lenggths
withh inverse kineematics from
m joint positionns estimated w
with
hum
man’s motionn captured daata. Yamane[5] developedd a
mecchanism whiich drive aan end-effeccter horizontally
by adjusting
a
wiree lengths, andd controlled a marionette w
with
the m
mechanism avvoiding the problem of the movable
m
rangee of
wirees.
B
Because a m
marionette is an underactuuator mechannism
drivven by wiress, there exisst impossiblee configuratioons.
Prevvious researchhes have not deealt with the m
motion controll for
the impossible coonfigurations. Thus in this paper, aimingg to
estaablish general motion controol method for static marioneette,
we propose a noovel kinetostattics analysis of underactuaated
wiree-driven mechhanism to geneerate its variouus configuratiions
incluuding the plauusible configurration near thee impossible oone.

*Corresponnding author
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Figure 1. A marionette
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II. KINETOSTATICS ANALYSIS OF UNDERACTUATED
WIRE-DRIVEN MECHANISMS
A. Forward Analysis
Kinetostatics analyses of underactuated wire-driven
mechanisms are explained with a simple planar link chain.
Figure 2 shows a link chain which is composed of three links
in lengths, L1, L2and L3 which are connected with two
revolute pairs and which both ends are hung by wires in
lengths, w1 and w2. S1 and S2 are wire control points which
are located at both ends of a controller of two links chain. J1,
J2, J3 and J4 are assumed as revolute joints, G1, G2 and G3 are
center of gravity of links. By specifying configuration of a
controller composed of two links chain with h1 and h2 in
length, which is connected with a revolute pair C and then
determining the positions of wire control points, we can
control the configuration of the link chain. As the forward
analysis, the position vector of joints should be calculated in
case where the position vectors of wire control points are
specified.
By assuming the angles of tight wires, T1 and T 2 ,
positions of both ends of the chain, J1 and J4, can be
calculated. Then by assuming angle, M , the positions of
joints J2 and J3 can be calculated because the output link chain
is three serial link chain of which positions of both ends are
specified . The configuration of the link chain can then be
determined and the center of gravity of both links, G1 , G2 and
G3, can be calculated. Since masses of wire are ignorable, the
y-coordinate of the center of gravity of the link chain can
calculated as

be then determined so that the link chain has the minimum
potential energy. Figure 3 shows one example of the results
of forward analysis in case where the wire control point, S1,
moves along a straight line and the posture angles of
controller two link chain increases gradually.
A wire driven three links chain with parameters listed in
Table 1 is analyzed with the gradient method. The black line
denotes locus of center of gravity of wire-driven link chain.
As seen in the figure, the configuration can be calculated.
B. Inverse Analysis
In order to generate configuration of wire-driven link
chain, the inverse analysis is then proposed. After specifying
the position of link joints, J1, J2, J3 and J4 in Fig.4, the wire
control points, S1 and S2 should be determined and then the
configuration of controller, namely position, C, and postures,
O1, O2, should be determined.
By taking account of joint forces, F1, F2, F3 and F4 and
gravitational forces, m1g, m2g and m3g and virtual torque W as
shown in Fig.4, the static force balance equations of motion
of wire-driven three link chain, J1J2J3J4, can be derived as

F1  F2  m1 g

yG (T1 , T 2 , M )

i 1

,

½
°
°
°°
¾.
°
°
°
°¿

0

- F2  F3  m2 g

0

- F3  F4  m3 g

0

( J1  G1 ) u F1  ( J 2  G1 ) uF 2 0
- ( J 2  G2 ) u F2  ( J 3  G2 ) u F 3 0
- ( J 3  G3 ) u F3  ( J 4  G3 ) u F 4W

3

¦ mi yG ,i (T1,T 2 , M )
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0

(1)

3

¦m

Table 1. Parameters of wire driven three links chain

i

i 1

where yG (T1 ,T 2 , M ), yG ,i (T1 ,T 2 , M ) denote y-coordinate of center
of gravities of link chain and each link.
By minimizing y G (T1 ,T 2 , M ) in Eq.(1) as the objective
function, angles of wires, T1 and T 2 , and link angle, M , can

Figure 2. A wire-driven three links chain

L1

0.5 m

L2

0.5 m

L3

0.5 m

m1
G1

0.5 kg
(0.25,0.0) m

m2
G2

0.5 kg
(0.25,0.0) m

m3
G3

0.5 kg
(0.25,0.0) m

h1

0.8 m

h2

0.8 m

w1

1.0 m

w2

1.0 m

Figure 3. One example of forward analysis of three links chain

578

(2)

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

By solving Eq.(2) as a system of linear equations with respect
to F1, F2, F3, F4, W , the inverse statics can be achieved. Then
the position vector of wire control point, S1* and S*2 can be
calculated using F1 and F4 as
w1
½
S1*
F1  J 1 °
F1
°.
(3)
¾
w2
*
S2
F4  J 4 °
F4
°¿
Then position vector of joint C can be calculated as
ª h1 cos O1 º
*
(4)
C «
»  S1 ,
h
sin
O

1¼
¬ 1
where
½
y  y S1
O1  tan S 2
ࠉࠉࠉࠉࠉࠉࠉࠉࠉࠉ ࠉࠉ
°
xS 2  xS1
°
2
2
2
2
°
1 h1  h2  ( x S 2  x S 1 )  ( y S 2  y S 1 )
 cos
ࠉ
¾ . (5)
2
2
2h1 ( x S 2  x S 1 )  ( y S 2  y S 1 )
°
°
y S 2  yC
ࠉࠉࠉࠉࠉࠉࠉࠉࠉࠉ ࠉࠉ
O2  tan
°
x S 2  xC
¿
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the two links controller for the specified configuration of the
wire-driven link chain can be obtained however the specified
configuration of wire-driven link chain is modified with the
proposed method. Figure 5 shows one example of the inverse
analysis. In the figure, the Green colored link chain shows the
initially specified configuration of output link chain and blue
colored one shows the modified configuration.
Figure 6 shows the calculated wire angle and angle of
forces at both ends of the output link chain. The wire
directions completely agree with driving force directions.
Figure 7 show the calculated virtual torque. If the specified
configuration is not modified, the virtual torque is not equal
zero after x1 becomes larger than 0.6. It is thus confirmed that
the proposed inverse analysis is effective.
III. MOTION PLANNING OF HUMAN TYPE MARIONETTES
A. Planar Marionette
The proposed methods are applied to a planar human
type marionette shown in Fig.8. A puppet is composed of 10
links mutually connected with 7 revolute joints and is driven

ࠉ
However, if the virtual torque obtain in the statics analysis
is not equal to zero or the distance between S1* and S*2 is
longer than h1+h2, the controller cannot generate the ideal
position of S1 and S2. In this case, by modifying posture of
links with modifying angle, \ j (j=1,2,3), of each link, the
specified desired configuration of output link chain should be
optimized so that the controller can generate the ideal
position of S1 and S2. Let set a penalty function, ) (\ i ) , as

) (\ j )

p1 ¦ S i*  S i  p2W 2 ,
2

(6)

i

where p1 and p2 denote weights.
By using gradient method with the maximum sensitivity,

w) w\ j , of the penalty function of Eq.(6), configuration of
Figure 5. One example of inverse analysis of three links chain

Figure 6. Calculated angles of wires and applied forces

Figure 4. Forces and moments applied on output link chain
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S6

Controller

S5

Wires

S1

w3

w5 G5
Figure 7. Calculated virtual torque before and after modifying
desired configuration of output link chain

S1

ªCS1 cos O1  xC º
».
«
CS
sin
O
y

1
C¼
¬ 1

J10
O

J5

i

However, it is difficult to obtain the optimum design
variables which make the penalty function in Eq.(8) zero. In
this case the specified configuration of the puppet should be
modified. Thus, by rotating the links J1J3J4 about J1 with an
angle \1, rotating the links J1J5J6 about J1 with an angle \2,
rotating the links J2J7J8 about J2 with an angle \3 and rotating
the links J2J9J10 about J2 with an angle \4, the configuration
of the puppet is slightly modified. Then the same penalty
function in Eq.(8) but with respect to the design variables of
\1, \2, \3 and \4, is minimized to zero with the gradient
method.
Figure 9 shows one example of the inverse analyses. At
the, initial configuration, the puppet raises the both arms and

J2

J9

//x

O2

S2
w2

G10

J4

J11
G2
J1
G1
G6
J7

G3

J3

w4
G7

Links

J8

x

Figure 8. A planar human type marionette

Table 2. Parameters of a planar human type marionette

(7)

Thus the following penalty function with respect to xC, yC, O1,
O2 andO3 is directly minimized with the gradient method.
2
(8)
) ( xC , yC , O1 , O2 , O3 ) ¦ Si*  Si

G9

J12

G4

G8
y

O1 w
6

w1

J6

with 6 wires connected with a controller which is composed
of three links jointed at joint C. By specifying the position C
and three angles, O1, O2 and O3, the configuration of the
puppet can be determined. Parameters of the marionette are
listed in Table 2.
On the forward analysis, by assuming wire angles and
then specifying positions of J1, J4, J6, J8, J10 and J12, other
joints can easily calculated. Therefore, we don’t need to set
redundant link angle, M , and virtual torque, W . Then ycoordinate of center of gravity of the puppet is minimized
with the gradient method.
On the inverse analysis, the wire directions are
determined through the inverse statics analysis of the puppet
and the desired positions of wire control points, S*i, (i=1,..,6)
are then determined. Because actual positions of the wire
control points are subject to the configuration of the
controller. For example, S1 should be given as

O3

C
S3

S4

J1 J2

0.45 m

J1J11

0.60 m

J1 J3

0.40 m

J3 J4

0.40 m

J 1 J5

0.40 m

J5 J6

0.40 m

J2 J7

0.50 m

J 7 J8

0.50 m

J2 J9

0.50 m

J9J10

0.50 m

J11J12

0.20 m

CS1

0.05 m

CS2
CS5

0.80 m
0.85m

CS3
CS6

0.80 m
0.05m

CS4
w1

0.85m
1.00 m

w2

1.50 m

w3

1.50 m

w4

1.75 m

w5

1.75 m

w6

0.70 m

m1

0.60 kg

m2

0.40 kg

m3

0.40 kg

m4

0.40 kg

m5

0.40 kg

m6

0.50 kg

m7

0.50 kg

m8

0.50 kg

m9

0.50 kg

m10

0.20 kg

extends and hangs the both legs. At the final configuration,
the puppet gets the left down and raises the right leg. During
this motion translational displacement in x- and y-direction is
given.
In order to obtain possible solutions, several
configurations including the initial and final configurations
were calculated with the forward analysis and then the
desired configurations between them were calculated with the
linear interpolation. Therefore, the position and posture of the
controller for the interpolated configurations of the puppet
was calculated with the proposed inverse analysis.
B. Spatial Marionette
Figure 10 shows a spatial marionette. The puppet is
composed of 13 links chain in which links are connected with
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S1

J
J6 12 J4
S3
J1
J2
J10

J8

Figure 9. One example of motion planning of a planar human type marionette

) ( xC , yC , yC , O1 , O2 )
1

1

1

p1 ¦ Si*  Si  p2 ¦ W 2j ,
2

i

Figure 10. A spatial human type marionette

7 revolute joints, 3 spherical joints and 2 universal joints, and
is driven by 6 wires as shown in Fig.10. A controller is
composed of 3 links and then by giving a position of point C1,
and link angles , O1 and O2, the configuration of puppet should
be controlled. Therefore by setting xC1, yC1, zC1, Ȝ1 and Ȝ2 as
design variables, the following penalty function will be
minimized.

(9)

j

where W j denotes the virtual torques assumed at revolute joint
J4, J7 and J9 and at the axes connecting pairs of two spherical
joints, S2J16, J2J8 and J1J5. p1 and p2 denote weights.
However it is very difficult to obtain optimum design
variables which makes the penalty function in Eq.(9) zero.
Therefore the desired configuration of puppet should be
modified as follows. Let set modifying angles,\j(j=1,…,19),
as shown in Fig.11. Then the sensitivities, w) w\ j , of the
penalty function of Eq.(9) can be obtained .
Then the modifying angle which takes the maximum
sensitivity in each part, namely the left arm, the right arm, the
left arm and the right arm, the head and the waist is selected.
Then adding the selected modifying angles into design
variables in Eq.(9), the optimum design variables which make
the penalty function zero can be calculated with the gradient
method.
Figure 12 shows one example of inverse analysis of a
spatial human type marionette which specifications are listed
in Table 3. At initial configuration, the puppet was hung while
its both arms and legs were hung down. At final configuration,
the puppet raised its left arm and left leg while keeping its
right arm and right leg down. Then several configurations
between the initial and final configurations were calculated
with linear interpolation. Figure 12(a) shows the results of
inverse analysis and (b) shows wire direction obtained with
the inverse statics analysis. By comparing Figs.(a) and (b), it
is confirmed that the optimum controller inputs for the spatial

581

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

Figure 11. Arrangement of modifying angles
Table 3. Parameters of a spatial human type marionette

J1J2

0.090 m

J16J17

0.080 m

J11J12

0.100 m

J3J4

0.080 m

J16J18

0.030 m

J18J9

0.060 m

J7J8

0.020 m

J4J5

0.020 m

J2J6

0.080 m

J10J11
J13J14

0.100 m
0.100 m

J9J10
J1J3

0.050 m
0.080 m

J9J13
J6J7

0.050 m
0.080 m

J10J13

0.090 m

J14J15

0.100 m

S1S2

0.050 m

C1S2

0.200 m

C1C2

0.120 m

C2C5

0.100 m

C2C6

0.100 m

C2C3

0.020 m

C3S3

0.050 m

C3S4

0.050 m

w1

0.340 m

w2

0.250 m

w3
w6

0.580 m
0.660 m

w4

0.580 m
m1- m13

w5

0.660 m
0.10 kg

human type marionette can be correctly obtained with the
proposed method.
Figure 12. One example of inverse analysis
of a spatial human type marionette

IV. EXPERIMENTS
A. Planar Marionette
In order to validate the proposed kinetostatics analysis, a
prototype of planar human type marionette shown in Fig.8
was built and was experimentally examined. The prototype
was reduced to three tenth compared with the model listed in
Table 2. All links were made of acrylic resin with 3mm in
thickness and were manufactured with a laser cutting
machine. Round shafts with fixing bolts at both ends are used
as revolute pairs to connect links. Cotton strings with 0.5mm
in diameter are used as wires. Control bars are jointed with a
round shaft. A protractor is mounted at the shaft to measure
input angles of control bars.
According to the motion show in Fig.9, six
configurations are examined. The input angles for control
bars, which are calculated with the proposed inverse analysis
are listed in Table 4.

Table 4. Controller angles for experiments for planar marionette

Configuration

O1[deg]

O2[deg]

O3[deg]

(a)

0.0

45.0

-45.0

(b)

0.4

24.7

-48.6

(c)

1.2

14.7

-52.7

(d)

2.2

5.2

-54.1

(e)

3.9

-4.3

-54.6

(f)

5.1

-15.0

-54.9

Figure 13 shows photographs of the prototype with the
configurations (a)-(f) listed in Table 4. As seen in the figure,
the prototype takes the specified configurations from a
standing up pose to starting running pose with 5.3 degree of
maximum error of joint angles. It is thus confirmed that the
proposed analysis is correct and effective.
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(dd)

(e)
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Figuure 14. A prototyppe of spatial
human typpe marionette

Fiigure 13. Photoggraphs of experimeents for planar marionette

((a)

B
B. Spatial Marrionette
Experimentts for a proototype of sppatial humann type
m
marionette shoown in Fig.144 were also caarried out. Alll links
w
were made of acrylic resin with 3mm in thickness andd were
m
manufactured with
w a laser cuutting machinee. Round shaft
fts with
fi
fixing bolts at both ends aree used as revollute pairs to cconnect
liinks. Cotton sttrings with 0.55mm in diameeter are used ass wires.
Figure 15 shows photoggraph of two configurationns and
thhose calculateed with the inverse analyysis. The meeasured
cconfiguration aalmost agreed with the calcuulated one. It is thus
cconfirmed that the proposed analysis is efffective and useeful.

(b)

Figure 155. Photographs of experiments forr spatial marionettte

V
V. CONCLUSIO
ONS
Aiming too establish tthe general method to ccontrol
uunderactuated wire-driven link mechaanisms, kinetoostaics
wire-driven link chains are proposedd and
aanalyses of w
fformulated. Thhe obtained ressults are summ
marized as folllows:
(1)The configuuration of linnk chain hungg with severall wires
ccan be calcullated with the optimizatioon to minimizze the
vvertical positioon of center off gravity of thee chain.
(2)The configuuration of conttroller can be calculated witth wire
ddirections baseed on the invverse statics analysis
a
with virtual
toorques and tthe optimizatiion of the m
modifying anggles of
sseveral links too obtain possibble configuratiion.
(3)Motion plaanning of planar and sppatial humann type
m
marionettes can be achievved with thee proposed iinverse
kkinetostatics annalysis.
(44)The proposeed method waas experimentaally validated with a
pprototype of thhe human typee marionette ccomposed of liinks of
aacrylic bars annd cotton stringgs.
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Abstract—This paper present the test element group (TEG) of
current output-type artificial neural networks (ANN) integrated
circuit (IC) bare chip which can actuate the artificial muscle
wire of the micro electro mechanical systems (MEMS)
microrobot. Programmed control by a digital systems based on
microcontroller has been the dominant system among the
microrobot control. However, the motions of the microrobot are
limited by memory capacity. We are studying about ANN for
the purpose of advance robot control. Proposal TEG of ANNIC
bare chip consists of cell body models and current output
circuits. The cell body model has the same basic features of
biological neurons and enables the generation of continuous
oscillatory waveform. Therefore, cell body model can output the
driving waveform of artificial muscle wire such as electrical
activity of living organisms. As a result, we will show that our
constructed TEG of current output-type ANNIC bare chip can
actuate the artificial muscle wire which is the actuator of the
MEMS microrobot.

I. INTRODUCTION
Many studies have intensively been done on microrobots
for many applications such as medical field, precise
manipulations, and so on [1]-[5]. However, further
miniaturizations and higher functionalization on the micro
robot system are required to play an important role in these
fields. Although the miniaturization of the robot has
conventionally been progressed by mechanical machining and
assembling, some difficulty has appeared in order to achieve
further miniaturizations on the frame parts. Instead of the
conventional mechanical machining, micro electro mechanical
systems (MEMS) technology based on the integrated circuit
(IC) production lines has been studied for making the simple
components of the micro robot[6]-[8].

Programmed control by a digital systems based on
microcontroller has been the dominant system among the
robot control. On the other hand, insects realize the
autonomous operation using excellent structure and active
neural networks control by compact advanced systems.
Therefore, some advanced studies of ANN have been paid
attention for applying to the robot control.
Previously, we constructed the 4.0, 2.7, 2.5 mm, width,
length, and height in size MEMS microrobot [9], [10]. We
reported about locomotion control using QFP 80 packaged
ANNIC which was externally connected [11]. In addition, we
mount the ANNIC bare chip with peripheral circuit on the
MEMS microrobot [12]. However, the size of the ANNIC
bare chip with peripheral circuit was 7.5 and 9.5 mm width
and length in size. Therefore, the electrical component was 2
times bigger than the robot system. The reason of the size of
the electrical component was because of ANNIC bare chip
was voltage output-type. We had to add the buffer using
operational amplifier for impedance matting and transistors
for current amplification.
In the present paper, firstly, we will show our MEMS
micro robot system. Secondly, we will discuss about our ANN,
and finally, we will show the measurement results of TEG of
current output-type ANNIC bare chip.
II. MEMS MICROROBOT
We constructed the miniaturized robot by MEMS
technology. In this chapter, the basic components of the
fabricated MEMS microrobot were shown. The number of the
legs of the microrobot was six. The structure and the step
pattern of the robot was emulated those of an ant. The
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Figure 2. Picture of the rotary type actuator.
Figure 1. Developed figure of the MEMS micro robot.

microrobot consisted of frame parts, rotary type actuators and
link mechanisms.
A. Basic Components
Figure 1 shows the developed figure of the MEMS
microrobot. The micro fabrication of the silicon wafer was
done by the MEMS technology. The shapes were machined by
photolithography based inductively coupled plasma (ICP) dry
etching [13].The frame components, the rotary type actuators
and the link mechanism were made from silicon wafer. We
used the 100 Pm, 200 Pm, 385 Pm and 500 Pm thickness
silicon wafers depends on each mechanical part. The frame
parts consisted of a top frame, a rear frame, a front frame and
a center frame. The rotary type actuators consisted of a rotor,
GND wire, shaft and 4 pieces of helical artificial muscle wires
which was the shape memory alloy [14]. The link mechanisms
consisted of a link bars, shafts and legs. The front leg and the
rear leg were connected to the middle leg by link bars,
respectively. The middle leg is connected to the rotor by the
shaft. Therefore, the link mechanism transmits the rotational
movement of rotary type actuator to legs. On the contrary, the
other two legs are connected by the link bar that generates 90
degree phase shift. Also, backward step was obtained by the
counter rotation of the actuator. For more details of the
MEMS microrobot, please see references [9]-[12].
B. Rotary Type Actuater Using Artificial Muscle Wire
The design size of the rotary type actuator was 4.0 mm, 2.7
mm, 2.5 mm, width, length, height, respectively. The rotary
type actuator generated the locomotion of the robot by
supplying the electrical current to the helical artificial muscle
wires. The wire shrank at high temperature and extended at
low temperature. In this study, the wire was heated by
electrical current flowing, and cooled by stopping the flowing.
The rotational movement of the each actuator was obtained by
changing the flowing sequence.

BioMetal® Helix BMX50 to the artificial muscle wire
(Available online at: http://www.toki.co.jp). The basic
characteristics of the artificial muscle wire were as follows.
The standard coil diameter of the artificial muscle wire was
0.2 mm where wire diameter was 0.05 mm. The practical
maximum force produced 3 to 5 gf where kinetic displacement
was 50 %. The standard drive current was 50 to 100 mA
where standard electric resistance was 3600 ohm/m.
III. ARTIFICIAL NEURAL NETWORK
It is well known that locomotion rhythms of living
organisms are generated by central pattern generator (CPG).
Previously, we proposed the CPG model using pulse-type
hardware neuron model [14]. CPG model was board level
circuit using surface-mounted components. The board level
circuit was 10 cm square size. Therefore, it was impossible to
integrate on the MEMS microrobot system. We simplified the
CPG model and adapt to the analog CMOS IC process [11]. In
addition, we mount the ANNIC bare chip with peripheral
circuit on the MEMS microrobot [12]. However, the size of
the ANNIC bare chip with peripheral circuit was 7.5 and 9.5
mm width and length in size. Therefore, the electrical system
was 2 times bigger than the mechanical system (Fig. 3). The
reason of the size of the electrical component was because of
ANNIC bare chip was voltage output-type. We had to add the
buffer using operational amplifier for impedance matting and
transistors for current amplification. Proposing ANNIC bare
chip is current output-type for the purpose of further
miniaturizations.

Figure 2 shows the picture of the rotary type actuator. The
one side of the artificial muscle wires connected to the copper
wires and the other side connected to the rotor by using solder
paste. The GND wire was connected to the rotor directly. The
frame components and the rotary type actuators were
connected by the artificial muscle wire. We used the
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Figure 4. Circuit diagram of cell body model.

A. Cell body Model
Cell body model has the same basic features of biological
neurons such as threshold, refractory period and enables the
generation of continuous oscillatory waveform.
Figure 4 shows the circuit diagram of the cell body model.
The cell body model consists of a voltage control type
negative resistance circuit and an equivalent inductance circuit,
membrane capacitor CM and leak resistor. The circuit
parameters of the cell body model were as follows: CG=150
pF, CM=15 pF, MC1, MC2: W/L=10 (L=5 Pm, W=50 Pm), MC3:
W/L=0.3 (L=60 Pm, W=17 Pm), MC4: W/L=0.8 (L=10 Pm,
W=8 Pm). The voltage source VA=3.3 V. The cell body model
is an oscillator which outputs the output voltage VCout
(oscillatory waveform).

Figure 6. Layout pattern of current output-type ANNIC bare chip.

B. Current Output Circuit
Figure 5 shows the circuit diagram of the current output
circuit. The current output circuit outputs the output current
iout according to the oscillatory waveform vCout. The circuit
parameters of the current output circuit were as follows: M1:
W/L=40 (L=1.5 Pm, W=60 Pm), M2: W/L=1 (L=10 Pm,
W=10 Pm), MOn: W/L=66.7 (L=1.5 Pm, W=100 Pm). In this
study we set as N=20 (1nN).
C. Bare Chip
Figure 6 shows the layout pattern of current output-type
ANNIC bare chip. The current output-type ANNIC bare chip
is 2.54 and 2.54 mm width and length in size. ANNIC bare
chip is design as a TEG. Therefore, bare chip consists of
different types of 6 cell body models and 4 current output
circuits.

Figure 7. Output characteristic of the cell body model.

D. Measurements of the Bare Chip
Figure 7 shows the output characteristic of the cell body
model. The abscissa is VA and the ordinates are amplitude of
vCout and output frequency of vCout. The line with filled circle
indicates amplitude of vCout. The line with open circle indicates
output frequency of vCout. This figure shows that our cell body
model can vary the amplitude and output frequency of vCout.
Figure 8 shows the example of output waveform of the
current output-type ANNIC bare chip. This figure shows that
our current output-type ANNIC bare chip can actuate the
artificial muscle wire of the MEMS microrobot system.
IV. CONCLUSION
In this paper, firstly, we showed our MEMS micro robot
system. Secondly, we discussed about our ANN, and finally,
we showed the measurement results of TEG of current outputtype ANNIC bare chip. As a result, our constructed current
output-type ANNIC bare chip could actuate the artificial
muscle wire of the MEMS microrobot system.

Figure 5. Circuit diagram of the current output circuit.
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Now, we are constructing the current output-type ANNIC
bare chip which can control the locomotion of the MEMS
microrobot.
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Abstract—This paper presents the mathematical model for a
Vertical Takeoff and Landing (VTOL) type Unmanned Aerial
Vehicle (UAV) known as Quadrotor. The nonlinear dynamic
model of the Quadrotor is formulated using Newton-Euler
method. This is followed by the development of two control
approaches to control the altitude, attitude, heading and position
of the Quadrotor in space. The ﬁrst approach is based on
the linear Proportional-Derivative (PD) controller. The second
control approach is based on the nonlinear Sliding Mode Controller (SMC). The parameters of both controllers were tuned
using Genetic Algorithm (GA) technique to improve the system’s
dynamic response. Simulation based experiments were conducted
to evaluate the performance of the developed control techniques
in terms of dynamic performance, stability and the effect of
possible disturbances.
Index Terms: Quadrotor, PID, Nonlinear Control, Sliding
mode.

I. I NTRODUCTION
With the huge advancements in technologies and the ability
to manufacture miniature sensors, actuators and controllers
using Micro-Electo-Mechanical Systems (MEMS) and NanoElecto-Mechanical Systems (NEMS) technologies, many researches are now focusing on developing miniature ﬂying
vehicles for the purpose of research and commercial applications. The advantages of Quadrotors over the other Unmanned
Aerial Vehicles (UAVs) are their Vertical Takeoff and Landing
(VTOL) capabilities which make them an ideal platform for
the use in small spaces. Added to that is their ability to
hover that makes them a good candidate for surveillance
and monitoring tasks. In addition, Quadrotors have a higher
payload over conventional helicopters due to the presence of
four rotors instead of only one and also they have better
maneauverability. Quadrotors are used in many applications
ranging from military to civil and commercial applications,
such as earth science, search and rescue after natural disasters
or shipwrecks and aircraft crashes, wild ﬁre suppression, law
enforcement, border surveillance, agriculture development and
as research testbeds [1, 2, 3, 4]. The Quadrotor is a highly nonlinear, multivariable and underactuated system which makes it
a research challenge to ﬁnd an efﬁcient control technique to
control all of its Degrees of Freedom (DOF).
∗ Corresponding author

A. State of the Art
There are several control techniques that can be used to
control a Quadrotor which can be categorized into four main
categories: linear ﬂight control systems, nonlinear ﬂight control systems, hybrid and learning-based ﬂight control systems
[5]. Bouabdallah et al. [6] proposed the usage of ProportionalIntegral-Derivative (PID) and Linear Quadratic (LQ) control
techniques to be applied on an indoor micro Quadrotor. It
was found out that these two types of controllers performed
comparably and were able to stabilize the Quadrotor’s attitude
around its hover position when it is under the effect of
little disturbances. Li and Li [7] used a classical PID to
control the position and orientation of a Quadrotor, the adopted
approach was able to stabilize the Quadrotor in a low speed
wind environment. Raffo et al. [8] used an H∞ controller to
stabilize the rotational angles together with a Model Predictive
Controller (MPC) to track the desired trajectory. The effect
of wind and model uncertainties was added to the simulated
model and it performed robustly with a zero steady-state
error. In a more recent paper, Bouabdallah and Siegwart [9]
proposed the use of backstepping and sliding-mode nonlinear
control methods to control the Quadrotor which gave better
performance in the presence of disturbances. Waslander et al.
[10] proposed controllers that can stabilize a Quadrotor in an
outdoors environment. They compared the performance of an
integral sliding-mode controller vs. a reinforcement learning
controller. They reached a conclusion that both controllers
were able to stabilize the Quadrotor outdoors with an improved
performance over classical control techniques. Madani and
Benallegue [11] developed a backstepping controller based
on Lyapunov stability theory to track desired values for
the Quadrotor’s position and orientation. They divided the
Quadrotor model into 3 subsystems: underactuated, fullyactuated and propeller subsystems. Their proposed algorithm
was able to stabilize the system under no disturbances. Fang
and Gao [12] proposed merging a backstepping controller
with an adaptive controller to overcome the problems of
model uncertainties and external disturbances. The proposed
adaptive integral backstepping algorithm was able to reduce
the system’s overshoot and response time while eliminating the
steady state error. Kendoul et al. [5, 13] was able to control
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a Quadrotor in several ﬂight tests based on the concept of
feedback linearization. Alexis et al. [14] relied on a MPC
to control the attitude of a Quadrotor in the presence of
atmospheric disturbances. The proposed algorithm behaved
well in performing rough maneuvers in a wind induced
environment as was able to track the desired attitude. In
contrary to the mentioned control techniques, learning based
ﬂight control systems do not need a precise and accurate
dynamic model of the system to be controlled. On the other
hand, several trials are carried out and ﬂight data are used
to “train” the system. There are many types of learningbased ﬂight control systems, the most widely used are: neural
networks, fuzzy logic and human-based learning. Efe [15] used
a Neural Network to simplify the design of a PID controller
and decrease the computational time and complexity. In recent
literature, it was found out that using only one type of ﬂight
control algorithms was not sufﬁcient to guarantee a good
performance, specially when the Quadrotor is not ﬂying near
its nominal condition. Thus, researchers are now focusing
on using more than one type of ﬂight control algorithms;
Azzam and Wang [1] used a Proportional-Derivative (PD)
controller for altitude and yaw rotation and a PID controller
integrated with a backstepping controller for the pitch and roll
control. An optimization algorithm was used instead of the
pole placement technique to overcome the difﬁculty of pole
placement in a nonlinear time variant system. The system was
divided into rotational and translation subsystems where the
translation subsystem stabilizes the Quadrotor position in ﬂight
and generates the needed roll and pitch angles to be fed to the
rotational subsystem. Nagaty et al. [16] proposed the usage
of a nested loop control algorithm; the outer loop consists of
a PID controller responsible for the generation of the desired
attitude angles that would achieve the desired position. These
attitude angles are then fed to the inner loop. The inner loop
stabilization controller relies on the backstepping algorithm to
track the desired altitude, attitude and heading.
B. Objectives
In this paper, a nested structure PD controller is formulated
to control the altitude, attitude, heading and position of a
Quadrotor in space. Inner controllers will generate the required
control inputs that will stabilize the altitude of the Quadrotor
together with it attitude and heading to a deﬁned trajectory. An
outer controller will generate the desired values of the Quadrotor’s attitude angles to command the Quadrotor to follow a
desired position in space. The inner PD controller will then
be replaced with a Sliding Mode Controller (SMC) keeping
the outer PD controller that generates the desired attitude. The
system will be simulated using MATLAB/Simulink and the
performance of the PD controller will then be compared to
that of the SMC in terms of dynamic performance, stability
and the effect of possible disturbances.
C. Paper Structure
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The proposed PD and SMCs are presented in section III.
Section IV shows the simulation results of the proposed
controllers and ﬁnally section V presents the conclusion of
this paper together with the recommended future work.
II. Q UADROTOR M ODEL
A. Quadrotor Structure
A Quadrotor consists of four rotors, each ﬁtted in one
end of a cross-like structure as shown in Fig. 1. Each rotor
consists of a propeller ﬁtted to a separately powered DC motor.
Rotors 1 and 3 rotate in the same direction while rotors 2
and 4 rotate in an opposite direction leading to balancing
the total system torque and cancelling the gyroscopic and
aerodynamics torques in stationary ﬂights [6, 17]. To generate
vertical upwards or downwards motion, the speed of the
four rotors is increased or decreased with the same rate. To
produce roll rotation coupled with motion along the Y-axis,
the second and fourth rotors speeds are changed while for
the pitch rotation coupled with motion along the X-axis, it
is the ﬁrst and third rotors speeds that need to be changed.
To produce yaw rotation, there has to be a difference in the
opposite torque produced by each propeller pair. For instance,
for a positive yaw rotation, the speed of the two clockwise
turning rotors need to be increased while the speed of the two
counterclockwise turning rotors need to be decreased [6, 18].
B. Kinematics Model
In order to deﬁne the Quadrotor’s motion, two coordinate
frames are deﬁned; the Earth inertial frame which is ﬁxed at
ground level with N, E and D axes pointing North, East and
Downwards and the body frame at the center of the Quadrotor
body with X, Y and Z axes pointing in the direction of rotors
1, 2 and to the ground respectively as shown in Fig. 1. The
Quadrotor is a 6 DOF object; (x, y, z, φ, θ and ψ) are used
to express its position and orientation in space. The distance
between the Earth frame and the body frame describes the
absolute position of the center of mass of the Quadrotor r =
[x y z]T , usually z is referred to as the altitude. The orientation
of the Quadrotor is described using roll, pitch and yaw angles
(φ, θ and ψ) representing rotations about the body frame’s X,
Y and Z-axes respectively as shown in Fig. 1. Roll and pitch
angles refer to the attitude of the Quadrotor and the yaw angle
refer to its heading. Assuming the order of rotation to be roll
(φ), pitch (θ) then yaw (ψ), the rotation matrix R represents
the rotation of the body frame to the inertial frame which in
turn describes the orientation of the Quadrotor.
R = R(ψ)R(θ)R(φ)
⎡
cψcθ
cψsφsθ
= ⎣cθsψ cθcψ + sφsψsθ
−sθ
cθsφ

⎤
sφsψ + cφcψsθ
cφsψsθ − cψsθ ⎦
cφcθ

(1)

Where c and s denote cos and sin respectively. To relate the
Euler rates η̇ = [φ̇ θ̇ ψ̇]T and angular body rates ω = [p q r]T ,
a transformation is needed as follows [19];

This paper is structured as follows: section II explains the
Quadrotor’s structure and its kinematics and dynamics models.
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Fig. 1. Quadrotor Conﬁguration

where

⎡
1
0
R̂ = ⎣0 cos φ
0 − sin φ

⎤
− sin θ
sin φ cos θ ⎦
cos φ cos θ

Fig. 2. Forces and Moments acting on Quadrotor

(3)

Around the hover position, small angle assumption is made
where cos φ ≡ cos θ ≡ 1 and sin φ ≡ sin θ ≡ 0. Thus R̂ can
be simpliﬁed to the identity matrix I [16].

For the moments acting on the Quadrotor MB , each rotor
i generates an aerodynamic moment Mi and an aerodynamic
force Fi
Mi = KM Ω2i
Fi =

C. Dynamics Model
The motion of the Quadrotor can be divided into two
subsystems; a rotational subsystem (attitude and heading)
and a translational subsystem (altitude and x and y motion).
Although the Quadrotor is a 6 DOF underactuated system,
the derived rotational subsystem is fully actuated, while the
translational subsystem is underactuated [16].
1) Rotational Subsystem: The rotational equations of motion are derived in the body frame (to have the inertia matrix
invariant with time) using the Newton-Euler method [16]
J ω̇ + ω × Jω + ω × [0 0 Jr Ωr ]T = MB

(4)

where J is the Quadrotor’s diagonal inertia matrix, ω is the
angular body rates, Jr is the rotors’ inertia, Ωr is the rotors’
relative speed Ωr = −Ω1 +Ω2 −Ω3 +Ω4 and MB represent the
moments acting on the Quadrotor in the body frame. The ﬁrst
two terms of the previous equation J ω̇ and ω × Jω represent
the rate of change of angular momentum in the body frame.
The third term ω×[0 0 Jr Ωr ]T represents gyroscopic moments
due to rotors’ inertia Jr . The inertia matrix for the Quadrotor
is a diagonal matrix, the off-diagonal elements, which are
the product of inertia, are zero due to the symmetry of the
Quadrotor.
⎡
⎤
0
Ixx 0
J = ⎣ 0 Iyy 0 ⎦
(5)
0
0 Izz
where Ixx , Iyy and Izz are the area moments of inertia about
the body frame’s X, Y and Z axes respectively.

Kf Ω2i

(6)
(7)

where KM and Kf are the aerodynamic moment and force
constants respectively which can be determined experimentally
for each propeller. Ωi is the angular velocity of rotor i. Fig. 2
shows that each rotor causes an upwards thrust force Fi and
generates a moment Mi with direction opposite to that of the
direction of its rotation. F2 multiplied by the moment arm l
generates a negative moment about the body frame’s X-axis,
while in the same manner, F4 generates a positive moment.
Thus the total moment about the body frame’s X-axis can be
expressed as,
Mx = −F2 l + F4 l
= lKf (−Ω22 + Ω24 )

(8)

The thrust of rotor 1 generates a positive moment about the
body frame’s Y-axis, while the thrust of rotor 3 generates a
negative moment. The total moment can be expressed as,
M y = F 1 l − F3 l
= lKf (Ω21 − Ω23 )

(9)

The moments about the body frame’s Z-axis are only due to
the rotors’ generated moments and can be expressed as,
M z = M1 − M 2 + M 3 − M 4
= Km (Ω21 − Ω22 + Ω23 − Ω24 ))

(10)

Combining equations (8), (9) and (10) in vector form, it can
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be shown that the total moments acting on the Quadrotor are,
⎤
⎡
lKf (−Ω22 + Ω24 )
⎦
lKf (Ω21 − Ω22 )
MB = ⎣
(11)
2
2
2
2
Km (Ω1 − Ω2 + Ω3 − Ω4 )
2) Translational Subsystem: The translation equation of
motion for the Quadrotor is based on Newton’s second law
is derived in the body frame,

T
(12)
mr̈ = 0 0 mg + RFB
where r = [x y z]T is the Quadrotor’s distance from the
inertial frame, m is the Quadrotor’s mass, g is the gravitational
acceleration and FB is the nongravitational forces. The only
nongravitational force acting on the Quadrotor when it is in a
horizontal orientation (zero roll and pitch) is the thrust Fi of
its propellers derived in Equation (7).

T
(13)
FB = 0 0 −Kf (Ω21 + Ω22 + Ω23 + Ω24 )
FB is multiplied by the rotation matrix R to transform the
thrust forces of the rotors from the body frame to the inertial
frame, so that the equation can be applied in any orientation
of the Quadrotor. From the previous equations (4) and (12),
the complete 6 DOF model of the Quadrotor can be given by,
⎧
φ̈ = b1 U2 − a2 θ̇Ωr + a1 θ̇ψ̇
⎪
⎪
⎪
⎪
⎪
⎪
θ̈ = b2 U3 + a4 φ̇Ωr + a3 φ̇ψ̇
⎪
⎪
⎪
⎪
⎪
ψ̈ = b3 U4 + a5 φ̇θ̇
⎪
⎪
⎨
−U1
(14)
(sin φ sin ψ + cos φ cos ψ sin θ)
ẍ =
⎪
m
⎪
⎪
⎪
−U1
⎪
⎪
⎪
ÿ =
(cos φ sin ψ sin θ − cos ψ sin φ)
⎪
⎪
m
⎪
⎪
⎪
⎪
⎩ z̈ = g − U1 (cos φ cos θ)
m
where
Iyy − Izz
a1 =
Ixx
Jr
l
a2 =
b1 =
Ixx
Ixx
Izz − Ixx
l
a3 =
b2 =
Iyy
Iyy
Jr
l
a4 =
b3 =
Iyy
Izz
Ixx − Iyy
a5 =
Izz
U1 , U2 , U3 and U4 are the system’s control inputs and they
are deﬁned as follows,
⎧
U1 = Kf (Ω21 + Ω22 + Ω23 + Ω24 )
⎪
⎪
⎪
⎨ U = K (−Ω2 + Ω2 )
2
f
2
4
(15)
2
2
⎪
=
K
(Ω
−
Ω
)
U
3
f
⎪
1
3
⎪
⎩
U4 = KM (Ω21 − Ω22 + Ω23 − Ω24 )
U1 is the resulting upwards force of the four rotors which is
responsible for the altitude of the Quadrotor and its rate of
change (z, ż). U2 is the difference of thrust between rotors

Fig. 3. Closed Loop Control System of a Quadrotor

2 and 4 and responsible for the roll rotation and its rate of
change (φ, φ̇). U3 represents the difference of thrust between
rotors 1 and 3 thus generating the pitch rotation and its rate of
change (θ, θ̇). Finally U4 is the difference of torque between
the two clockwise turning rotors and the two counterclockwise
turning rotors generating the yaw rotation and ultimately its
rate of change (ψ, ψ̇) [18]. With this choice of the control
inputs, it is clear that the rotational subsystem is fully-actuated
while the translational subsystem is underactuated.
III. C ONTROL
The model of the Quadrotor derived in Equations (14)
implies a nested structure controller, where the outer controller
will control the position of the Quadrotor in space by generating the required attitude that in turn will be fed to the inner
controller to that will directly control the attitude by generating
the required control inputs to be fed to the Quadrotor dynamics
as shown in Fig. 3.
A. PD Controller
A PD controller was used to track user deﬁned trajectories
for the altitude, attitude and heading of the Quadrotor. The
PD controllers generated the control inputs U1 through U4 as
shown in the block diagram in Fig. 3,
⎧
U1 = kp (z − zd ) + kd (ż − żd )
⎪
⎪
⎪
⎪
⎨ U2 = kp (φd − φ) + kd (φ̇d − φ̇)
(16)
⎪
U3 = kp (θd − θ) + kd (θ̇d − θ̇)
⎪
⎪
⎪
⎩
U4 = kp (ψd − ψ) + kd (ψ̇d − ψ̇)
where zd , φd , θd and ψd are the desired altitude, roll, pitch
and heading respectively and żd , φ̇d , θ̇d and ψ̇d are their
desired rate of change. kp and kd are the proportional and
derivative gains of the PD controller. After calculating the
control inputs U1 through U4 , the rotor speeds Ω1 through
Ω4 can be calculated from the inverse of Equation (15). To
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add the position controller, the desired accelerations ẍd , ÿd
can be calculated from
"
ẍd = kp (xd − x) + kd (ẋd − ẋ)
(17)
ÿd = kp (yd − y) + kd (ẏd − ẏ)
where xd and yd are the desired x and y position and ẋd and
ẏd are their desired rate of change. The next step is ﬁnding a
relationship between the desired accelerations and the control
inputs. By examining ẍ and ÿ in Equation (14) and using the
assumption that the Quadrotor is operating near hover, thus
(sin φd ≡ φd , sin θd ≡ θd and cos φd ≡ cos θd ≡ 1) we reach
"
ẍ = (−U1 /m)(φd sin ψ + θd cos ψ)
(18)
ÿ = (−U1 /m)(θd sin ψ − φd cos ψ)
by inverting the previous equations,
"
φd = (m/U1 )(−ẍd sin ψ + ÿd cos ψ)
θd = (m/U1 )(−ẍd cos ψ − ÿd sinψ)

(19)

which will be fed to the position controller thus creating the
nested controller shown in Fig. 3. Note that, based on control
theory, in order for the position controller to work, the inner
loop should be at least 10 times faster than the outer control
loop. Since the PD controller is a linear controller used for
the nonlinear Quadrotor system, it has to operate at the linear
region which is hover in this case. Thus, the generated control
inputs U1 through U4 should be in fact “delta” control inputs
throttled to keep the Quadrotor around the hover position. This
way, the Quadrotor system is indirectly linearized for the PD
controller to be able to stabilize it.
B. Sliding Mode Controller
A SMC is developed to control the attitude of the Quadrotor
by ﬁrst deﬁning the error to be,
e = z − zd

(20)

and deﬁning the sliding surface as,
s = ce + ė

(21)

where c is a positive constant. For the derivative of the surface,
the exponential reaching law format is assumed as follows
[20],
ṡ = −k1 sgn(s) − k2 s
/

where
sgn(s) =

(22)

−1 if s < 0;
1
if s > 0.

and k1 and k2 are design constants that have to be chosen
to satisfy the condition sṡ < 0. Equating the reaching law in
Equation (22) to the derivative of the surface, the control input
U1 can be calculated to be,
m
[k1 sgn(s) + k2 s + c(ż − żd ) + g − z̈d ]
U1 =
cos φ cos θ
(23)
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Following the same steps for the attitude and heading of the
Quadrotor, the control inputs U2 , U3 and U4 are calculated to
be,
1
[k1 sgn(s) + k2 s + c(φ̇d − φ̇) + φ̈d + a2 θ̇Ωr − a1 θ̇ψ̇]
b1
1
U3 = [k1 sgn(s) + k2 s + c(θ̇d − θ̇) + θ̈d − a4 φ̇Ωr − a3 φ̇ψ̇]
b2
1
U4 = [k1 sgn(s) + k2 s + c(ψ̇d − ψ̇) + ψ̈d − a5 φ̇θ̇]
(24)
b3
U2 =

IV. S IMULATION R ESULTS
To verify the mathematical model, an open loop simulation
was carried out using MATLAB/Simulink. The Quadrotor’s
parameters were taken from Bouabdallah’s PhD thesis which
is based on the [OS4] hardware [21]. Varying the angular
velocity of the 4 rotors, produced the respective roll, pitch or
yaw motion. These tests helped verify the correctness of our
derived mathematical model and the integrity of the open loop
simulation. The open loop simulation was then expanded to
include the altitude, attitude, heading and position controllers
as shown in Fig. 3.
A. Parameters Tuning using GA
For the proceeding control algorithms, tuning the controller
constants (gains and different parameters) was done using
Genetic Algorithm (GA). The objective function of the GA
was set to be the settling time of the response of the system.
The GA is an iterative optimization algorithm works in the
following way; ﬁrst it generates a random “population” consisting of many individuals, which in our case will be a vector
of values for the controller gains. The ﬁtness of the individuals
of the population is evaluated using an objective function,
which is the settling time of the response of the system with
these values set as the control gains. Another population is
then generated from the current one using genetic operations
like evolution, mutation and crossover and their ﬁtness is also
evaluated. The “elite” of the two populations are then selected
to form a third population. The term “elite” indicates those
individuals having the best ﬁtness or the least value of the
objective function (settling time in our case). The algorithm
keeps on iterating until it reaches a population where all (or
most of) its individuals are elite individuals and returns the
individual (the value for the control gains) that has the least
ﬁtness (produces the least settling time for the system). In this
work, we have not gone through the process of implementing
a GA from scratch as this is out of our scope. Instead, the
optimization toolbox in MATLAB was used and it includes a
built-in command for GA optimization.
B. PD Controller
Table I shows the PD gains acquired from the GA with the
settling time of the system as the objective function. It also
shows the response of the system under the shown desired
values of altitude, attitude and heading. The response graphs
for the altitude, attitude and heading are shown in Fig. 7. The
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(b) Attitude Response

(c) Heading Response

Fig. 4. PD Controller Simulation Results

TABLE I
PD C ONTROLLER R ESULTS
Desired
Value

kp

kd

Settling
Time

Overshoot
1.4 %

Altitude (z)

2m

5.2

1.3

1.3 sec

Attitude (φ and θ)

5◦

4.5

0.5

0.3 sec

2%

Heading (ψ)

5◦

3.9

0.7

0.42 sec

1.9%

Fig. 6. Quadrotor Trajectory Response “PD”
TABLE II
SMC R ESULTS

Fig. 5. Position Response

reason altitude response in Fig. 11(a) is in the negative Zaxis, is that the Z-axis points downwards in the previously
assigned axes of the Quadrotor. For the attitude controller, the
performance of the roll exactly matched that of the pitch due
to the symmetry of the Quadrotor. Adding the derived position
PD controller to the simulation and optimizing its gains using
GA led to optimal gains of kp = 7.5 and kd = 4.2 yielding
a settling time of 1.4 sec and an overshoot of 1.9% as shown
in Fig. 5. As with the roll and pitch, the performance of the
y position controller matched that of the x position due to
the symmetry of the Quadrotor. Commanding the Quadrotor
to ﬂy in a certain trajectory yielded the response graph shown
in Fig. 6.
C. Sliding Mode Controller
As with the PD controller, GA was used to ﬁnd the gains
for the SMC that achieve the least possible settling time. The
results of the SMC with the gains acquired from the GA are
shown in Table II. The response graphs for the altitude, attitude

Desired
Value

c

k1

k2

Settling
Time

Overshoot

Altitude (z)

2m

6.98

2.66

6.64

0.57 sec

2%

Attitude (φ and θ)

5◦

4.68

1.99

1.80

0.8 sec

1.9%

Heading (ψ)

5◦

5.24

1.72

4.33

0.74 sec

1.7%

and heading are shown in Fig. 7.
Adding the previously implemented PD position controller
to the system with optimized gains of kp = 0.727, kd = 1.34
for x response and gains of c = 3.15, k1 = 1.04 and k2 =
0.768 for the pitch’s SMC led to a settling time of 3.11 sec
and an overshoot of 2% as shown in Fig. 8. Testing the SMC
with a vigorous desired roll angle of 80◦ led to the system
stabilizing with a settling time of 1.4 sec and an overshoot
of 0% and almost no chattering as shown in Fig. 9. Also,
when the Quadrotor was given a desired altitude and position
trajectory, a steady state error was noticed in the position, an
integral term was added to the previously derived position PD
controller to become a PID controller and the SMC was able
to force the Quadrotor to that trajectory as shown in Fig. 10.
1) Chattering Reduction: As clear from the response
graphs, the SMC causes a chattering effect which is visible in
the attitude response more than the rest. This high frequency
chattering effect may cause damage to the actuators if the

594

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

(a) Altitude Response
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(b) Attitude Response

(c) Heading Response

Fig. 7. SMC Controller Simulation Results Minimizing the Settling Time

function for the GA, a good measure to use is the value of
the derivative of the sliding surface, the least this value is,
the least the chattering effect. Using the value of chat shown
in Equation (25) as the objective function of the GA led to
reducing the chattering effect as shown in Fig. 11 but as a
counter effect, it led to an increase in the settling time of the
system.
chat =

max ṡ

Ts →Tend

(25)

Another approach was suggested; since the reason behind
chattering is the discontinuity of the control law due to the
presence of sgn function which is a discontinuous function.
Replacing sgn with the saturation function sat will change the
control law to be a continuous one instead of discontinuous.
The sat function is deﬁned as,
/
s
if |s| ≤ 1;
sat(s) =
sgn(s) if |s| > 1.

Fig. 8. Position Response

Thus, to implement this modiﬁcation on the SMCs for our
system, the sgn(s) terms should be replaced by sat(s/ ) in the
developed control laws. Where is a constant that determines
the slope of the line between 1 and -1, this region is called the
boundary region or boundary layer. Higher values means a
thicker boundary layer and thus an increase in the error.
Using the obtained control parameters in Table II with the
modiﬁed control laws, chattering was eliminated as shown
in Figure 12, the response graphs for altitude, attitude and
heading respectively. Another desirable effect was reducing
the system’s overshoot.

Fig. 9. Vigorous Roll Angle Response

D. Disturbance Rejection

Fig. 10. Quadrotor Trajectory Response “SMC”

controller was implemented on a real physical system. To
reduce the chattering effect, a numerical representation of
chattering is needed so that it can be used as an objective

White Gaussian noise was added to the model to give the
effect of disturbances which might come in the form of a
windy environment, the controllers were then commanded to
maintain the altitude of the Quadrotor to 2 m. Using the
previously optimized controllers gains for the PD and the SMC
resulted in the response shown in Fig. 13 for the PD controller
and Fig. 14 for the SMC.
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(a) Altitude Response

(b) Attitude Response
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(c) Heading Response

Fig. 11. SMC Controller Simulation Results Minimizing the Chattering

(a) Altitude Response

(b) Attitude Response

(c) Heading Response

Fig. 12. Modiﬁed SMC Controller Simulation Response

Fig. 13. Altitude Response with Noise “PD”

Fig. 14. Altitude Response with Noise “SMC”

V. C ONCLUSION
In this paper, a detailed mathematical model of a Quadrotor
using Newton Euler formalism has been developed. In addi-

tion, using this model, two controllers were synthesised; a linear PD controller and a nonlinear SMC to control the altitude,
attitude, heading and position of the Quadrotor. A simulation
model was then implemented on MATLAB/Simulink to test
the proposed controllers. The optimal control gains of both
types of controllers were tuned using GA to achieve the least
settling time for the response of the system. The simulation
results showed that both types of controllers were able to
stabilize the system in tracking a certain trajectory. The
performance of the PD and the SMCs was comparable in
stabilizing the attitude and heading near hover but the SMC
proved more efﬁcient in controlling the altitude as it reduced
the settling time by almost 60%. On the other hand, the SMC
was able to operate the Quadrotor away from its linear region
at an attitude (roll and pitch) angle of 80 degrees while the
PD controller couldn’t stabilize it due to its linear nature.
For the case of disturbance rejection, the SMC performed
better than the PD controller, this is due to the fact that the
SMC comes from a family of robust controllers. Future work
includes, applying the developed controllers on a real system
to test their performance under different operating conditions.
Moreover, in our work it was assumed that all the model
parameters are known accurately without any uncertainties,
which is not the case in reality, thus, developing adaptive
control algorithms to count for the system uncertainties would
enhance the performance of the Quadrotor when operating in
a real environment. In in addition to that, it is a good idea
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to develop and test other nonlinear control algorithms such
as Backstepping and compare their performance to SMC and
PD.
[15]
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Abstract— An important step in the design of a mechatronic
system is the synthesis of an architecture that optimizes an
objective function and satisfies constraints, originating from
user requirements, design rules and physical laws. Such an
architecture fixes the topology, consisting of the number and
type of components and their connections, as well as their key
properties. This architectural design problem becomes very
complex if (i) the design space of possible architectures is large
due to a high number of components and/or high number of
ways to combine these components and (ii) lots of constraints
have to be satisfied, which makes it hard to distinguish feasible
from infeasible architectures.
An example is the architectural design of an automatic gearbox,
where the lightest architecture of shafts, clutches and gears is
searched. This article describes a computer supported synthesis
approach for these automatic gearboxes. First, a formal
declarative model of the design space exploration problem is
created using SysML and OCL. The creation of this model
accelerates the process of finding a clear and concise
formulation of constraints and objectives. Based on this formal
model, a constraint programming algorithm is developed which
generates all possible gearbox topologies, satisfying the
topological constraints. This algorithm generates dozens of
gearbox topologies per second. In order to find the topology with
the lowest achievable weight in this group, a procedure is
created to calculate the optimal properties (locations and
dimensions) of all components in a given topology. By the
reformulation of several constraints into a convex form and an
intelligent variable selection, a significant reduction in the
computational complexity of this optimization problem is
obtained. Because of the large number of possible topologies, it
is impossible to perform this property optimization for all of
them. To this end, clustering techniques were implemented to
limit the number of topologies for which the property
optimization is performed.
The developed procedure has been successfully applied to derive
the optimal architecture for automatic gearbox design problems
with up to six transmission ratios.

I.

INTRODUCTION
It is generally accepted that a large fraction of the cost of
designing a new mechatronic system originates from design
decisions made in the earliest stages of the design [1]. One
important stage is the embodiment or architectural design
stage [2, 3, 4], in which the architecture of the new system is
chosen. This architecture fixes the topology, consisting of the
number and type of components and their connections, as well
as some key properties (size, material…) of the different
components. The key properties are only those properties that
affect the optimality of a topology. All other properties are
fixed in the later design stages.
For some design problems, typically with a limited number
of possible components combinations, the selection of the
optimal architecture can be trivial. In other cases, however,
many components can be combined in numerous ways and
lots of constraints have to be taken into account. An example
of the latter is the architectural design of an automatic
gearbox, where the gearbox with minimal weight is sought
that (i) realizes a given set of discrete transmission ratios, (ii)
is able to handle a given torque at the ingoing shaft; and (iii)
fits within a given bounding box. Because of the large number
of complex constraints, along with the potentially very large
design space, finding the optimum in an automated way could
help a designer to come up with innovative architectures, or
confirm the current designs. This process is often referred to
as Design Space Exploration (DSE). In the field of vehicle
gearbox design, a manual, experience-led approach is
generally used to generate gearbox architectures. This kind of
approach suffers from design fixation [5]: in case of new user
requirements always gearboxes are designed with similar
topologies present in existing gearboxes.
At topology level, a gearbox is described as the connection
of a number of shafts, clutches and gears. Figure 1 shows a
schematic representation of one of the hundreds of possible
gearbox topologies that realizes four discrete transmission
ratios.
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Figure 1. Schematic representation of gearbox topology, consisting of
shafts, gears and clutches and realizing 4 transmission ratios, indicated
by arrows

Some of the design constraints or objectives are purely
determined by the system’s topology. An example of such a
constraint is the number of transmission ratios that has to be
realized, which is only determined by the connections between
the different components. Other constraints or objectives
however can only be checked by assigning properties to the
different components. An example of such a constraint is that
all components have to fit within the bounding box. In order to
evaluate the latter type of constraints or objectives, all
components are approximated as a cylinder with the
dimensions (length & diameter) and the location (x, y & z
coordinates) of its centre as key properties. These properties
are sufficient for evaluating the design objective, i.e. the total
weight, and the different constraints at property level, such as
the bounding box or the torque limit per component. Other
component properties, such as the number of teeth per gear, do
not affect the optimality, i.e. the minimal achievable weight,
of a gearbox topology and are thus not considered as key
properties.
Design space exploration has already successfully been
used within many subdomains of mechatronic design.
Examples are software deployment on a distributed set of
ECUs [6], software product line configuration [7], electrical
circuit design [8] and mechanical system design [9-15]. Most
research in the area of DSE for mechanical systems deals with
either the property optimization [9] or topological
optimization [7,10] only. This paper presents an approach to
solve the problem of complete architectural optimization for a
mechatronic system. Papers focusing on solving these kinds of
problems are often based on graph grammars, and use a
simultaneous optimization of both the topology and the
component properties [6,8,11-13]. The use of graph grammars
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is however limited to mechanical systems consisting of only
two types of mechanical components, e.g. a gear reducer
consisting of just shafts and gears. To solve the gearbox
design problem, which contains three component types (gears,
shafts and clutches), an approach is presented in this paper that
decouples the problem into a topological level and a property
level. A similar split up has been chosen by others [14-16].
However, the solvers they use at topology level progressively
make small variations to a given topology in order to create a
new topology. These kinds of solvers are not suited in case of
complex constraints as it becomes very difficult in this case to
define topology variations that maintain the feasibility of the
created topology variant. Our approach solves this issue by a
combination of (i) constraint programming to generate all
topologies satisfying the complex constraints, (ii) clustering
techniques to intelligently search through these topologies and
(iii) a gradient-based optimization to evaluate the topologies
by optimizing the key properties of all the components. The
presented use case focuses on the synthesis of the mechanical
components in an automatic gearbox because of the high
complexity of the mechanical design constraints. The
hydraulic and electrical components in a gearbox are not taken
into consideration in this use case.
This paper describes how an algorithm for the optimization
of gearbox architectures was created and is organized as
follows. Section 2 describes the formal model of the gearbox
design space exploration problem. Sections 3 to 6 describe the
solution strategy. Section 7 shows the results achieved and the
last section presents some conclusions and directions for
future research.
II. DESIGN SPACE MODEL
In order to deal with the complexity of a mechatronic
design problem, a formal model of the design space
exploration problem is created in SysML [17] and OCL [18].
This model intuitively and graphically describes the different
components and their possible connections, and uses an
object-oriented formulation of the constraints and objectives.
Creating this model accelerates the process of finding a clear
and concise formulation of constraints and objectives and
helps in choosing an appropriate solution algorithm.
Firstly, the design space model describes the possible
components in the system, their properties and the possible
connections between components. These are the variables of
the DSE problem. Secondly the objective function, in the case

Figure 2. Diagram of the design space model, without any constraints.
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of the automatic gearbox minimal weight, is added to the
model. Figure 2 shows a block diagram with the variables and
objective function. This diagram shows which component
types make up a gearbox (indicated with the arrows ending in
i) and shows which of these component types can be
connected (indicated by the solid lines).
The constraints are also incorporated into the model. These
can originate from
x
x
x

user requirements: for example a gearbox has to fit in
a given bounding box,
design rules: for example each gear can only be
connected to one shaft, or
physical laws: for example no interference may
occur, meaning that two or more components cannot
occupy the same space

The complexity of the constraints can vary significantly.
Simple constraints, for example restrictions on the number of
connections per component, can be directly modeled in
SysML. Complex constraints, affecting the complete system,
are modeled in OCL. Some constraints even require the
definition of additional concepts. For example, the most
complex constraint in the gearbox architecture case is the
prevention of mechanical loops.
A mechanical loop arises when two shafts are connected
by two different series of gear pairs such that the gearbox
blocks. A possible way to check this constraint would be to (i)
count the number of possible routes between every pair of
shafts using only gear connections and (ii) constrain this
number to be one or less. This would require counting the
routes between n∙(n-1) shaft pairs, with n the number of shafts,
resulting in an overly complex constraint. To accelerate the
process of finding a good formulation of this constraint, a
simple gearbox editor, derived from the SysML model, was
created. This editor allows validating constraint formulations
on manually created gearbox instances. Figure 3 shows a
gearbox instance, with two mechanical loops, created this
way.
Based on these manually created gearbox instances, it is
clear that mechanical loops are only found within groups of
shafts connected by gear pairs, further referred to as geared
sets. Preventing a loop in such a geared set can be achieved by

Figure 3. Gearbox instance, created in the gearbox editor, containing
shafts (S), gears (G) and clutches (C), with two mechanical loops and his
geared sets indicated

simply constraining the number of gear pairs in the geared set
to be exactly one less than the number of shafts in the geared
set. Figure 4 shows a diagram of the final formulation of the
mechanical loop prevention constraint. The geared set concept
is added to the diagram, and the constraint is formulated as an
OCL constraint on the number of shafts and gears associated
with this geared set.
III.

SOLUTION STRATEGY

To find the gearbox architecture with the lowest weight the
optimization problem described in the SysML model needs to
be solved. This section describes the developed solution
strategy.
A first challenge is to generate the different topologies
fulfilling the topological constraints. The approaches
described in [14-16] use small incremental variations to search
through the topological design space. However, because of the
complexity of the constraints, this approach is infeasible for
solving this problem. To deal with this, constraint
programming is used to generate all topologies.
A second challenge is to find the optimal properties of a
given topology. To this end, a property optimization algorithm
is used. This algorithm searches the values for the dimensions
and location of each of the components minimizing the weight
while fulfilling a number of constraints using a gradient-based
solver tailored for this problem.
Because of the high number of topologies and the nonnegligible computational time of the property optimization, it
is impossible to search the optimal properties for all
topologies. So a third challenge is to limit the number of

Figure 4. Diagram showing the formulation of the mechanical loop prevention constraint.
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Figure 6. Variables per cylinder approximated

executed for every geared set combination generated in the
first phase, populates the different geared sets with shafts and
gear pair combinations, such that among others the
mechanical loop constraint is fulfilled. By splitting the
topology generation problem into two smaller and less
complex problems, the total computational time can be greatly
reduced. The process is shown in figure 5.

Figure 5. Two phase topology generation

property optimizations needed to find the optimal architecture.
To this end, a clustering-based procedure is added to
intelligently select the topologies to evaluate.
The described approach for mechatronic design
automation was created based on a use case on purely
mechanical design. This case was chosen because of the
complexity of the constraints present, since the approach has
the largest added value here. However, the use case can be
expanded with the hydraulic components, e.g. hydraulic
valves and circuits feeding the clutches, and the electrical
components, e.g. the control of these valves. These
components would result in additional constraints and
objective function terms. To take these into account, they
would have to be added to both the design space model and
the solution strategy.
The first paragraph of this section describes the topology
generation in more detail. The second paragraph describes the
property optimization, the third details the topology selection
procedure and the final paragraph summarizes the complete
approach.
A. Topology generation
In order to find the optimal gearbox architecture, all
possible topologies are generated, taking into account the
topological constraints. These topologies are generated using
constraint programming [19].
The idea behind constraint programming (CP) is that the
programmer only has to define the variables and describe the
constraints which have to be satisfied The underlying solver
then generates all the solutions. The different CP solvers, for
example Gecode [20] or JaCoP [21], are designed to solve the
constraint satisfaction problem with a minimum of constraint
checks, making them very suited for problems with complex
constraints.

The two constraint programs are implemented in Gecode.
The first phase is capable of generating about 1500 geared set
combinations per second. The second phase can generate up to
400 topologies per second for a given geared set combination.
However, because of the overhead in calling the second
constraint program thousands of times, once per solution of
the first CP, the complete algorithm only generates up to 20
topologies per second. However, this is still a significant
improvement compared to the initial single phase constraint
program which, because of the complexity of the problem,
only generated a single topology per second on average.
B. Property optimization
To find the optimal gearbox architecture, an algorithm is
needed to check the feasibility and optimality of the topologies
generated by the constraint program. This requires
determining the minimal achievable weight by optimizing the
dimensions and location of all components in that topology
taking into account the bounding box, torques and
interference. If no solution is found, a weight of f is returned.
Since all components are approximated by parallel
cylinders, there are 5 variables for each component, namely
their x, y and z coordinates and their length and radius, as
shown in figure 6. In order to reduce the computational
complexity, the total number of variables was reduced as
much as possible by eliminating linear equality constraints.
For example, when shafts are connected by clutches, they
have equal x and y coordinates, while the z coordinate of the
second shaft follows from the shaft and clutch lengths, so for a
series of connected shafts and clutches only a single x, y and z
coordinate is used. In addition, the location of the ingoing and
outgoing shaft was fixed.
The optimization problem has to take constraints on the
properties into account. For some of these, a convex
formulation was possible. E.g. “all components must fit inside
a given bounding box” resulted in (1).

When creating the formal design space model, the concept
of geared sets, groups of shafts connected by gears, was
defined. This concept is now used to split the constraint
program into two phases. In the first phase all combinations of
geared sets are generated and it is fixed how these sets are
connected through clutches, such that the required number of
transmission ratios is satisfied. The second phase, which is
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The constraints enforcing the components’ torque limits, the
transmission ratios and the fact that paired gears must touch,
on the other hand, are non-convex.
The hardest constraints to enforce in the property
optimization problem are the so-called interference
constraints, specifying that “no two components can take up
the same point in space”. Stated otherwise, the distance
between all components must be positive. A continuous
formulation of this constraint was obtained from Lagrange
duality applied to the distance determination problem [22] was
used. After further simplifications, (2), an equivalent
formulation of the interference constraints, is obtained.
Figure 8.

(2)


This reformulation introduces two additional variables, O and
D, per combination of two components.
Adding these interference constraints between all possible
combinations of two components was found to compromise
the solvability of the optimization problem dramatically. To
speed up the algorithm and to prevent the solver from getting
stuck at infeasible solutions or inadequate local optima, a
sequential optimization procedure is adopted. In the first step
all interference constraints are omitted. Using the first step’s
solution as starting point, a second optimization problem is
solved where interference is circumvented by enforcing
sufficient radial distance between shafts. In the last
optimization problem, interference constraints (2) are added,
but the z-order of the components is fixed from the second
step’s solution. This allows reducing the number of
component pairs for which interference constraints must be
enforced.
The three-step optimization procedure is implemented in
Python. The optimization problems are modelled with Casadi
[23] and solved with ipopt [24]. Extensive numerical
experiments revealed that the procedure finds an adequate
optimum for the property optimization problem within a few
seconds (5 seconds on average for 4 transmission ratios and 10
seconds for 6 transmission ratios).
C. Topology selection
A property optimization has to be performed for every
topology generated by the constraint program in order to find

Results of the property optimization for three example
topologies

the optimal gearbox architecture. However, the number of
topologies that satisfy the topological constraints strongly
increases with the required number of transmission ratios,
resulting in more than 100.000 feasible topologies for just 6
ratios. Optimizing the properties for all of them would take
weeks on a standard pc, which is unacceptably long. In order
to reduce the computational time of the complete algorithm, a
selection procedure is developed. This procedure limits the
number of topologies for which a property optimization has to
be performed before the optimum is found. The different steps
are clarified, using the gearbox design problem with 4
transmission ratios as an example.
In a first step, a random sample of 10.000 topologies is
chosen from the complete set of 284.996 topologies generated
by the constraint program. For each topology in this set, a
number of features is evaluated, which are expected to have a
correlation with the minimal achievable weight of the
topology. Ten features were taken into consideration, such as
the number of shafts, the number of geared sets and the
maximum number of shafts per geared set. Figure 7 shows 3
example topologies, with these feature values, from the set of
10.000 samples.
In a second step, a property optimization is performed for
each of the sampled topologies, returning its minimal
achievable weight. If no solution is found by the property
optimization, the returned weight is f. Figure 8 shows the
results of the property optimization for the three example
topologies with one topology, which could not be fitted in the
bounding box, having a weight of f.
Table 1 summarizes the results of the first two steps are,
for the number of shafts feature. The third step consists of
finding relations between the different features, evaluated in
the first step, and the minimal weights, evaluated in the second
step. These relations are used to add constraints to the
topologies. Equation (3) shows an example of a constraint
derived from Table (1).
ͺ ൏ ݊ ݏݐ݂݄ܽݏ݂ݎܾ݁݉ݑ൏ ͳͳ

Figure 7.

Three example topologies, with some of their feature values

(3)

After performing this procedure, the properties of the
topologies are only optimized if they satisfy the new
constraints. Using this procedure, the number of property
optimizations can be reduced by up to 75%, depending on
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Figure 9. Visualisation of the gearbox topology and architecture found by the optmization algorithm

how strict the resulting constraints are made. The
implemented topology selection showed that the number of
shafts and the maximum number of shafts per geared set were
the most important features to distinguish good topologies.
D. Summary
The resulting procedure to find the optimal gearbox
architecture comprises of the following steps:
1.
2.
3.

4.
5.

IV.

Generate all topologies realizing the required number
of transmission ratios and satisfying the topological
constraints.
Choose a random sample set from the complete set of
topologies and evaluate the features of each chosen
sample.
Perform a property optimization for each of the
sample topologies, collect the resulting weights and
fill in a table such as table 1 for each feature being
taken into consideration.
Determine suitable constraints on the value of the
different features.
Perform an exhaustive search over all remaining
topologies. Skip all topologies with unacceptable
feature values. Perform a property optimization for all
topologies with acceptable feature values.
RESULTS

To test the effectiveness of the developed algorithm, a
problem with 6 transmission ratios and a realistic value for the
torque and bounding box was solved. The resulting algorithm
was run on a dell latitude e6420 laptop with a 2.6 GHz dual
core and 3 GB RAM.

search process in a couple of days and returned the solution
shown in figure 9.
V.

This work described how an algorithm for the optimization
of gearbox architectures was created. Because of the
complexity of the constraints, a formal design space model is
used to describe the problem. This model helps in determining
a good constraint formulation and in choosing a suitable
solution strategy. This algorithm consists of three levels. At
the top level, all topologies are generated using a two-phase
constraint program. At the bottom level a gradient-based
optimization selects the properties minimizing the gearbox
weight for each topology. A selection procedure reduces the
number of property optimizations needed to find the optimal
architecture.
The presented use case was purely mechanical, however,
the presented approach can be applied to any mechatronic
design that consists of a limited set of component types that
have to be combined such that they achieve a number of user
requirements in an optimal way.
VI.

Percentage of topologies
with this feature value [%]
Percentage of feasible
topologies with this
feature value [%]
Average weight of the
feasible topologies [kg]

7

8

9

10

11

1.8

12.4

24.2

32.7

29.0

10.7

44.3

36.6

7.6

0

117

116

106

107

∞

FURTHER WORK

This paper focuses on minimizing the weight of an
automatic gearbox. Further research focuses on two
extensions.
1.

The constraint program generated 285.000 topologies in
8.5 hours. The topology selection procedure used a 10%
sample to determine the optimal feature values and further
optimized the 10% of the topologies fulfilling the resulting
constraints on those features. The algorithm completed the
Number of shafts

CONCLUSIONS

2.

TABLE I.

EXAMPLE TABLE FOR THE NUMBER OF SHAFTS. THIS
TABLE SUMMARIZES THE RESULTS OF THE FIRST TWO STEPS IN THE
TOPOLOGY SELECTION PROCEDURE
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Using the total cost of ownership of the gearbox as
objective function. This cost consists of both
installation cost as well as fuel consumption of the
vehicle using the gearbox. The installation cost is an
analytical function of the key properties of the
components. The fuel consumption on the other hand
has to be calculated using a dynamic simulation of the
vehicle containing this driveline. The optimization
algorithm thus has to call an external simulation tool,
which makes it a challenge to limit the computational
time for the gearbox optimization. Another challenge
is the automatic generation of a dedicated controller
for any gearbox architecture and accumulator
dimensions.
Hybridization of the driveline by adding energy
storage in the form of a hydraulic accumulator. This
will add an additional outgoing shaft of the gearbox to
the pump/hydromotor, greatly increasing the number
of possible topologies. The properties of the
accumulator will be added to the property
optimization, and to optimize all these properties the
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total cost of ownership has to be minimized, requiring
again a dynamic simulation of the vehicle containing
the hybrid driveline. The model of the driveline will
have to be expanded with the pump/hydromotor and
the accumulator and the controller will have to be
expanded to control the energy flows to and from the
accumulator.
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Abstract— Mechatronic systems design is a challenge. In order
to best use the synergetic effects of such systems, they need to be
designed in an integrated manner. Therefore, holistic
mechatronic systems design requires considering both multiple
domains and multiple optimization targets concurrently.
Previous research by the authors presents a novel approach to
mechatronic systems design by enabling swift optimization and
subsequent evaluation of mechatronic design concepts. The
optimization method builds upon algebraic models relating
component performance to e.g. size and weight, and linear
transfer function models which are used to capture dynamic
properties. The swiftness of the method comes from the fact that
the holistic optimization is performed without simulation. This
paper extends the design methodology by integrating polynomial
control design into the holistic optimization procedure as a
front-loaded activity, as to reduce time and cost consuming
design iterations in later design phases. In order to consider
constraints regarding a quick optimization and evaluation, the
control design is carried out in the frequency domain. The
control performance, i.e. how well a particular mechatronic
concept handles the exogenous signals (command, disturbance,
noise) is considered as specification rather than optimization
criterion. The novelty is found in the application of a polynomial
control approach in context of holistic design optimization and
evaluation.

I.

INTRODUCTION

Mechatronic systems are found in numerous applications.
These may range from nanoscale systems (such as
piezoelectric nanopositioning motors for medical systems)
over microscale systems (such as micro-mirror devices, e.g.
found in automotive head light systems) to macroscale
systems (such as steer-by-wire applications in road vehicles).
In general, a mechatronic system has potential to outperform a
non-mechatronically realized product in terms of precision,
accuracy, safety, and efficiency, among other properties.
However, a mechatronic system, just as any other product,
should always be designed with its target market in mind and
needs not only fulfill requirements on functionality and overall
production costs. To succeed in today’s market, aspects like

environmental impact, operation cost (e.g. energy efficiency),
and product development time need to be taken into account
as well.
Due the complexity of mechatronics, system design is
difficult. This is already revealed by one of the various
attempts to define mechatronics, such as for example a
“synergistic combination of precision mechanical engineering,
electronic control and systems thinking in the design of
products and manufacturing processes” [1]. A proper
mechatronic system design therefore needs to integrate the
design of mechanical parts, embedded control as well as
information processing [1].
The literature review of Torry-Smith et al. [2] describes
current challenges in mechatronic design. A major challenge
of mechatronic design lies in the difficulty of assessing the
consequences of choosing between two design alternatives. It
is further pointed out that deriving a broadly accepted design
methodology is considered very important yet just as difficult.
The work of this paper contributes towards solving these
challenges by extending an existing mechatronic design
methodology [3], [4]. The core of this methodology is to
facilitate optimization and subsequent evaluation of any
mechatronic system concept in a rather swift way. This is
done by modeling the mechatronic system at a reasonably
coarse level of detail. There are two different types of models
at the foundation of the methodology:
x

Algebraic models relate component performance
(e.g. load capacity) to properties such as size and
weight,

x

Linear transfer function models are used to capture
dynamic properties.

The method itself is fast since the underlying holistic
optimization is conducted without using simulation. In doing
so, the evaluation of a concept can be achieved at low
computational costs. Consequentially, it results in a tradeoff
between validity (accuracy) and evaluation time of the system
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model. During embodiment design the former is crucial, for
concept evaluation the latter characteristic is preferred. This is
partly due to the fact that during the concept phase of a
product, the design team is in favor of discussing several
different concept realizations, and should hence be supported
in evaluating these concepts. A series of interviews with
industrial mechatronic designers [3] revealed that simulations
or similar computational tasks for evaluating a concept should
not take too much time off from the design team. In particular,
the figure of five minutes is mentioned, which, in an ideal
case, should not be exceeded since the engineer might lose
focus of the task at hand.
In order to reduce, possibly even avoid, the time- and costconsuming design iterations which are present in a traditional
product development process, strong emphasis has to be put
on an elaborated concept design and its subsequent evaluation.
To be successful in doing so, earlier research by the authors
[4] suggested front-loading certain design activities into early
design phases. Figure 1 highlights the early development
phases as the area of focus of the presented design
methodology. Also, utilizing computer-support for the
evaluation is strongly encouraged. As a consequence, the
probability of large changes in late design phases is expected
to reduce. Due to the strong mutual influence of control and
structural design [5], one of these front-loaded activities to
consider in the early stages of a product development is
control design [4].
This paper extends the existing framework’s polynomial
pole placement approach with external disturbance handling.
Earlier, basic command following has been implemented and
demonstrated by applying the methodology to a simple design
case [6]. The paper further shows that control design
considering measurement noise can be treated in a way
analogue to the disturbance handling. In order to fulfill the
above introduced constraints on swift concept optimization
and evaluation, the control design is carried out analytically in
the frequency domain instead of running time-consuming
simulation. Moreover, to speed up the calculation only the
most dominant frequencies are considered. These frequencies
originate from a Fourier analysis carried out for both
command and disturbance signals. These signals are defined
based on functional requirements on the system and estimated
external disturbances. As a consequence, the design is only
evaluated for a limited but significant set of frequencies given
the transfer function models of structure and control.
The paper is structured as follows: Section II introduces
related work, spanning general design methodologies and
control related research. Section III covers the author’s own
research together with preceding work from the same research
group, which forms the basis of the work presented in this
paper. The design methodology and the supporting software
tool are briefly introduced. This is followed by explanations

Figure 1. The area of focus of the presented design methodology. The
expected reduction of design iterations is depicted.
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on how the existing methodology is extended to now being
able to take also disturbance rejection into account (section
IV). In order to demonstrate the methodology’s capabilities, a
design case is presented along with a discussion on its results
(section V). At last, section VI concludes the paper including
an outlook on future work.
II.

RELATED RESEARCH

A. Methodologies for mechatronic systems design
The guideline VDI 2206 [7] applies the V-model as a basis
for mechatronic design processes. The guideline notes that
modularizing product functions and properly defining the
interfaces connecting these product modules is essential for
exploiting the full potential of mechatronic systems. In
general, the overall system design is regarded crucial –
therefore, the guideline favors a top-down design approach
starting at system level over the more classic bottom-up
approach which seeks to first design the individual modules
or components and assemble the overall system thereafter.
The V-model follows both these approaches in that during
system integration the actual system properties are to be
validated and verified against the desired properties, at each
level of granularity (e.g. system level, sub-system level,
component level).
De Silva & Behbahani [8] present a design paradigm for
mechatronic systems based on the “mechatronic design
quotient” (MDQ). This not only allows the design to be
hierarchically separated into a topological and a parametric
design but it also structures that hierarchy into multiple layers.
This facilitates complex design optimization through a set of
optimizations at different design levels. According to de Silva
& Behbahani a layered optimization may not give a global
optimum, but it is sufficiently adequate for conceptual design.
On the one hand, the design paradigm is powerful in that it not
only optimizes topology but also component parameters. On
the other hand, solving the nested optimization problem
requires a substantial computational effort which goes against
the idea of swift concept evaluation.
Li et al. [5] derive a framework for concurrent mechatronic
design, which is referred to as “Design for Control” (DFC).
This design methodology is based on the idea that the
mechanical structure of a mechatronic system should be
designed in such a way that it facilitates its control design. Li
et al. conclude that the optimal way of doing so is to
concurrently design structure and control. However, they only
apply a time-consuming iterative design procedure to derive a
system which is optimized for dynamic performance.
Moulianitis et al. [9] suggest a design methodology which
targets the conceptual phase of mechatronic systems. It
models the concept evaluation process and evaluates a concept
using a score based on three index elements concerning
intelligence, flexibility and complexity of different design
concepts. Intelligence regards a system’s control functions
such as programmability and self-diagnosis; flexibility
describes how easily a system can be changed to fit altered
requirements (e.g. adaptivity); complexity is the result of
increased intelligence and flexibility and can be measured by
e.g. the quantity of sub-systems and components, the feedback
loops from later to earlier stages, and the intensity of
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regulatory involvement, among others. However, as pointed
out in [9], Moulianitis et al. do not consider possible
interactions between these criteria.
B. Dynamics and control
Coelingh et al. [10] present a method for the assessment of
the dynamic performance of mechatronic systems. The
approach is particularly feasible for early design stages where
only little information about the plant is known. The method
reduces the given design problem to a standardized fourthorder plant, which can be of different types reflecting different
concepts. Coelingh et al. perform a dimensionless control
design to match it to a set of standard solutions. The approach
is well-suited for early design where the assessment of feasible
goals and required design efforts is most important. However,
the presented approach does merely focus on control design
and neglects the interactions with mechanical design which
are significant for a holistic system approach.
Langer and Landau [11] apply pole placement for the
design of a flexible 360° arm where also the sensitivity
function is to be shaped respecting certain bounds. This
allows an even more robust design. The combined problem is
solved using convex optimization criteria. However, as is
pointed out in [11], the process needs to be solved iteratively –
which is not feasible for any quick evaluation of early design
concepts.
The problem of rejecting disturbance by means of a
polynomial pole placement controller is well discussed by
Kučera in [12]. The article presents and proves in a compact
manner a design procedure for polynomial disturbance
rejection where the controller is of lower order than the
respective plant model. This is an alternative presentation to
the description of Åström & Wittenmark [13], which is the
approach applied in the presented design methodology.
III.

PREVIOUS WORK

The idea of the underlying design methodology presented
in this paper, is described by Roos in his PhD thesis and the
work leading towards it, e.g. [14], [15]. Roos describes a
methodology which designs an optimal mechatronic servo
system concept, where optimality regards various possible
objectives such as system volume, weight or energy
efficiency. Roos makes use of simplified linear models which
can be easily scaled. Based on real components certain model
properties are determined which are independent of the
component’s size. As a result, arbitrary components can be
generated which have reasonable physical properties. The
methodology, however, is limited to a fixed component setup
of motor driver, DC-motor, and planetary gear. Furthermore,
dynamic analysis and optimization is only achieved through
computationally expensive time-stepped simulation.
The work of Roos was first extended by Malmquist et al.
[3], where a new software tool-framework was presented.
Among minor improvements on the model side, the software
tool now allowed arbitrary concept configurations to be
evaluated and optimized. This forms the basis for more
advanced system setups and extension towards cost-efficient
optimization of systems while taking also the dynamic
behavior into account.
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Frede et al. [4] present a conceptual approach on how to
also include dynamic behavior into a holistic system design
approach. Instead of only looking at decisive properties such
as the peak or RMS value of the load torque, now the whole
frequency range of the load is considered. As opposed to other
research on integrated structure and control, Frede et al. treat
the controller as specification to be fulfilled rather than as an
optimization objective. The conceptual approach as presented
in [4] is implemented in Malmquist et al. [6], where some
further control aspects are considered and a holistic design
approach is discussed.
IV.

DESIGN METHODOLOGY

A. Current methodology
As mentioned above, the methodology seeks to quickly
evaluate and optimize mechatronic product concepts. In order
to keep the computational effort limited, various
simplifications are made, in particular by using only linear
component models and by avoiding computationally
expensive time-stepped simulations.
The methodology does not generate concept solutions, but
rather optimizes given concept ideas. As a first step, the
concept to be analyzed needs to be modeled. A model of the
concept is composed by picking individual components from a
library, interconnect them to reflect the concept, and configure
the internal model parameters. Any of the model parameters
can be used as optimization variables or used with given
values. The component models within the methodology
consist of two sub-models: (1) one for describing the
relationship between properties such as size and load transfer
(static models), and (2) another one for describing the
dynamic behavior (dynamic models), which are then also used
for control design.
The concept is optimized for a given load profile, which
usually describes a motion path of an inertial load. In order to
reduce the computational time, especially for evaluating
dynamic behavior, this load profile is not analyzed in time
domain but rather in frequency domain. This is achieved via a
Fast-Fourier-Transform (FFT) which calculates the frequency
spectrum of the load for a certain number of harmonics which
are considered most dominant. The FFT-calculation takes
place during pre-processing, so that its result can be reused in
every optimization step without additional computational cost.
The dynamics of the system are evaluated by selecting a
controller structure, determining the closed loop system
transfer functions, and then using the information from the
Fourier approximation to determine the output of the transfer
function without simulation. Using different transfer function
allows evaluating different dynamic characteristics, e.g.
control error and disturbance rejection. The response of the
linear system to the approximated load profile is constructed
by superimposing the responses of the individual sinusoidal
inputs for every harmonic. It is shown that the differences
between a dominant-harmonics approximated load profile and
the original signal are negligible for a sufficiently high number
of dominant frequencies considered. Earlier research [6] found
20 - 30 harmonics to be sufficient for a typical mechatronic
load case.
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The very optimization is conducted using a non-gradient
based solver; in practice a genetic optimization algorithm is
implemented. The tool software is capable of handling both
single-objective and multi-objective optimization with
constraints regarding both static and dynamic properties, such
as maximum allowed integrated square error in controlled
output. The optimization objectives can range from
minimizing system size (i.e. volume), inertia, or for instance
energy consumption and solely depends on whether an
according model function is available or not.
B. Extension of the methodology
For an optimal mechatronic system design, the
corresponding design methodologies (section II.A) inevitably
require to integrate control design as a concurrent design
activity. Achieving this in a computationally efficient manner,
however, is not a trivial task. Furthermore, the controller
which is to be derived is not only required to be stable but also
to satisfy additional control performance specifications such as
command following, disturbance rejection, and robustness. To
fulfill these constraints the control design becomes more
complex and computationally expensive. On the other hand, in
order to still be able to fulfill a swift overall concept
optimization, certain trade-offs have to be done; in particular
this regards computational duration vs. optimization accuracy.
The design methodology developed earlier [3] allows
optimizing and evaluating mechatronic design concepts with
reasonable computational effort. In particular it covers the
optimization of structural parameters and was later extended
by including a basic polynomial controller [6] into the system
optimization. This paper extends the previous research in that
it extends the capability of the control subsystem such that
rejection of external disturbances is also included in the
optimization.
The decision to favor a polynomial approach over a statebased approach when implementing a pole placement
controller is based on the fact that engineers in industry often
find polynomial and frequency domains methods easier in use
[16]. Further, Henrion et al. [17] show that a simple frequency
scaling can significantly improve numerical conditioning of a
polynomial controller, rendering a common bias towards using
a state space approach unjustified.
The procedure of designing the polynomial poleplacement controller is in a simple form adapted from Åström
& Wittenmark [13] and is presented in the following. Given a
linear plant with a strictly proper transfer function ܤሺݏሻȀܣሺݏሻ
with input ݑሺݐሻ and outputݔሺݐሻ, i.e.
ܤሺݏሻ ݔሺݐሻ
ൌ
ܣሺݏሻ ݑሺݐሻ

ܴሺݏሻݑሺݐሻ ൌ ܶሺݏሻݑ ሺݐሻ െ ܵሺݏሻݕሺݐሻ,

(3)

whereܴሺݏሻ, ܵሺݏሻ, and ܶሺݏሻ are polynomials in the
indeterminate ݏǤ For improving readability, the Laplacian  ݏas
the polynomials’ indeterminate is omitted in the following.
Solving the system given by eq. (1) - (3) for the system output
ݕሺݐሻ as a function of the two system inputs ݑ ሺݐሻ and ݁ሺݐሻ
yields
ܴܣ
ܶܤ
(4)
ݑ ሺݐሻ 
݁ሺݐሻǤ
 ܴܣ ܵܤ
 ܴܣ ܵܤ
Here, the closed-loop system’s characteristic polynomial ܣ
is given as
ݕሺݐሻ ൌ 

 ܴܣ  ܵܤൌ ܣ

(5)

The problem to solve for pole placement can also be
treated as finding the polynomials R and S which satisfy the so
called Diophantine equation, eq. (5), for the polynomials A, B,
and ܣ . Furthermore, for determining the T-polynomial,
Åström & Wittenmark suggest designing T in such a way that
command signals would not imply observer errors, thus T has
to cancel the observer polynomialܣ , i.e.
ܶ ൌ ݐ ܣ ǡ

(6)

where ܣ is the observer polynomial. This originates from
factorizing ܣ into
ܣ ൌ  ܣ ܣ

(7)

with ܣ as the controller polynomial which can be set equal to
the denominator polynomial ܣ of the desired command
response behavior ܤ Τܣ .
Analyzing the Diophantine equation, eq. (5), it becomes
apparent that there may exist multiple, possibly infinitely
many, solutions for R and S. Therefore, certain constraints are
introduced, such as a causality condition to ensure that the
controller is proper such that it does not rely on future values
at any given time. This leads to a degree condition of
ሺሼ ܵǡ  ܶሽሻ   ܴ.

(8)

It is natural to design the controller to have the lowest
order possible. It can be shown (based on the requirement of
causality for both plant and controller) that a minimum degree
solution is then found for
 ܴ ൌ  ܵ ൌ  ܶ ൌ ߙ

(9)

ߙ ൌ  ܣ ൌ   ܣ െ ͳ ൌ   ܣെ ͳ ൌ ݊ െ ͳǡ

(10)

where n is given as the degree of the plant denominator
polynomial A.

(1)

and a disturbance ݁ሺݐሻ superimposing the plant’s output to, i.e.
ݕሺݐሻ ൌ ݔሺݐሻ  ݁ሺݐሻ,
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(2)

a controller is to be designed to fulfill conditions such as the
error between the output signal ݕሺݐሻ and the reference signal
ݑ ሺݐሻ being minimum. A general controller with a two degree
of freedom structure (cf. Figure 2) and controller output u can
then be described by
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݁
ݑ

ܶ
ܴ

ݑ

ܤ
ܣ

ݔ

ݕ

ܵ
ܴ
Figure 2. The two degree of freedom controller used in the polynomial poleplacement approach.
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If the response to disturbances is to be improved, it is
natural to cancel the disturbance’s effect in the output ݕሺݐሻ by
means of the controller. As can be seen from eq. (4) this is
easiest achieved by canceling the poles of the output
disturbance ݁ሺݐሻ through the R-polynomial. Hence, the
disturbance adds a constraint to R so that the R-polynomial is
factored to both satisfy the general pole placement
requirement and to reject the disturbance in effect. In
particular, a factor ܴௗ is introduced as
ܴ ൌ ܴௗ ܴത

(11)

to cancel the poles of the output disturbance. Disturbances at
the plant input can be rejected in the same way and for
handling measurement noise the S-polynomial is factored to
cancel the noise poles accordingly. Note that the Diophantine
expression, eq. (5), changes accordingly and as a consequence
needs to be solved for ܴത and ܵҧ instead. Based on the
factorization of R and S a degree condition for the closed loop
characteristic polynomial ܣ can be derived as
ሺܣ ሻ ൌ ʹ ሺܣሻ  ሺܣ ሻ  ሺܴௗ ሻ  ሺܵௗ ሻ െ ͳǤ (12)

Currently, the definition of the observer polynomial as
well as the desired closed loop plant behavior is left to the
experienced engineer to be defined. The framework tool is
planned to be extended to make use of automatic loop shaping
to achieve optimal performance under consideration of the
provided design constraints.
Analogue to the load profile a present input and/or output
disturbance signal is approximated by i harmonics via an FFT.
As a result, ܴௗ is expressed as


ܴௗ ൌ ෑ ሺ ݏଶ  ߱ଶ ሻ

(13)

ଵ

but it is important to note that the numerical conditioning of
the polynomial pole placement approach worsens for higher
order polynomials.
V.

DESIGN CASE

A. Problem definition
The potential of the extended design methodology is
underpinned by means of a design case in which a
mechatronic nutrunner (as shown exemplarily in Figure 3) is
dimensioned. In particular, the power tool is optimized for
volume and weight, while taking into account requirements
such as tool form factor. Furthermore, the design needs to also
fulfill requirements on the tightening torque available at the
output shaft.
Tightening nuts is a nonlinear process which is divided
into a rundown phase, a tightening phase, and a shut off phase.
During rundown only the friction in the thread needs to be
overcome, which is rather small. Once the head of the bolt is
aligned with the bearing surface (also referred to as “snug”),
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the torque to be overcome grows linearly with the nut rotation
angle since the nut’s elongation follows Hooke’s law. The bolt
however must not be tightened beyond its material’s yield
point, in which case it would plastically deform.
During operation, the nutrunner tends to rotate around the
nut axis, i.e. this rotation has to be counteracted by the
operator in order to tighten a bolt. Regarding workplace
design, it is important to have the tool operator feel a minimal
impact from the tool. This is particularly significant as the nut
run-down time is unknown and thus the torque build up after
snugging acts as a surprising event, which the operator needs
to counteract by tensioning his/her muscles accordingly. In
order to minimize this discomfort for the tool operator, the
tightening process is divided into phases of different tool
torque and velocity so that the rate of change of the applied
torque is not too high.
B. Modeling
As is stated earlier (c.f. section IV: Design Methodology),
the design methodology aims to optimize and evaluate
mechatronic system concepts in the early design phases at a
reasonable cost effort, i.e. time required for optimization and
evaluation. In order to achieve this efficiently, the modeling
focuses on core aspects and only captures the crucial
characteristics of both static properties and dynamic behavior.
Static properties make use of fixed (i.e static) parameter
values (e.g. maximum value, effective value) to dimension a
component; thus solely describing non-dynamic aspects of a
component. A component’s dynamic behavior is modeled
using classic equations of motion where the equations are kept
linear for reasons of lowering computational evaluation cost.
The models were developed in earlier work (e.g. [14], [3]),
and are in the following summarized for the sake of
readability.
The nutrunner is modeled as a chain of DC-Motor –
planetary gear – shaft which are subject to a certain load
torque and an external disturbance. The respective models are
given in the following.
1) DC-Motor
The motor model is based on the work of Roos et al. [15],
who developed a motor model which scales the motor size
while still keeping certain physical properties constant (i.e.
some parameter ratios and relationships with a given motor
used as base motor). The motor in a servo system is
dimensioned according to its nominal torque capacity so that
the motor does not overheat in continuous operation mode. As
a consequence, the motors rated torque ܶ෨ needs to be at least
as large as the expected RMS torque ܶோெௌ :
ܶ෨  ܶோெௌ

(14)

Applying the respective analytic expressions for both ܶ෨ and
ܶோெௌ , as derived in [15], leads to:
ଶ
ͳ ఛ
ܥ ݈ ݎଶǤହ  ඨ න ቀ൫ܥ ݈ ݎସ  ܬ ൯߮ሷ   ܶǡ௨௧ ቁ ݀( ݐ15)
߬ 

Figure 3. A transducerized electrical nutrunner which is to be optimized.
Photo: Atlas Copco.

where ܥ is a constant for a specific motor type and certain
cooling condition, ݈ is the rotor length, ݎ is the radius of the
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stator, ߬ is the load profile cycle time, ܥ is a constant for a
specific machine type, ܬ is the rotor inertia, ߮ሷ  is the angular
acceleration of the output shaft, and ܶǡ௨௧ is the output
torque. Solving eq. (15) for the minimal motor length ݈
allows to derive the dimensions of the motor which optimally
suits the given load case.

య

ݎ௦ ൌ  ඨ

ߨݎ௦ସ

ʹ
ܧ
ܩൌ

ʹሺͳ  ߥሻ

(16)

where ݇௧ is the motor torque constant and i is the electric
current.
2) Planetary gear model
Besides the DC-motor model, Roos in [14] also presents a
model for the design of planetary gears. In contrast to the
motor model, the gear design is not based on the RMS-torque
but rather on the permissible peak torque it is required to
transfer. The volume ܸ of a planetary gear is approximated by
ܸ ൌ ߨݎଶ ܾ

݇௦ ൌ

ܶǡ௨௧ ሺ݊ െ ͳሻଶ
ଶ
ሺ݊ െ ʹሻߪுǡ௫

where ߪுǡ௫ is the maximum allowed flank pressure,
derived for the gear materials in contact. The constant ܥ
specifies the ratio of outer gear radius to gear pitch radius, n
is the total gear ratio, and ܶǡ௨௧ is the peak torque the gear is
subject to.
The dynamic model of the planetary gear only considers
inertia ܬ , gear ratio n, and efficiency ߟ as dominant
properties so that the model is expressed as:
൫ܶǡ െ ܬ ߮ሷ ǡ ൯ߟ݊ ൌ ܶǡ௨௧

(19)

߮ǡ  ൌ ݊߮ǡ௨௧

(20)

where ܶǡ and ܶǡ௨௧ are the torques on input side and output
side, respectively; similarly ߮ǡ and ߮ǡ௨௧ are the angular
positions on the respective side.
3) Transmission shaft model
The bevel gear shaft is approximated as a simple
transmission shaft. A more detailed model would therefore
also consider dimensioning the bevel gear according to the
torque transmitted. The desired bevel gear ratio is one, and the
dimensions of the shaft and bevel gear are not considered as
limiting design factors. The shaft model for static
dimensioning is derived from classic solid mechanics and its
properties are described as

(22)
(23)
(24)

The dynamics of the transmission shaft are modeled as a
lumped spring-damper-mass model, resulting in

(17)

(18)

ܬܩ௦

݈௦

(21)

where rs is the shaft radius, ܶ௦ǡ௨௧ is the peak of the
transferred torque, ߬௦ǡ௫ is the maximum permissible shear
stress, G is the shear modulus, E is Young’s modulus, ߥ is
Poisson’s ratio, Js is the inertia of the shaft, ks its stiffness,
and ls its length.

where ݎ is the outer gearing radius, and ܾ is the overall
width of that gearing. To properly dimension the gear, Roos
applied the design guidelines for spur gears [18], [19] which
require the following constraint to be fulfilled for every teeth
surface in contact:
ଶ
ݎଶ ܾ ൌ Ͷ ή ͳͲଵ ܥ

ʹܶ௦ǡ௨௧

߬௦ǡ௫ ߨ

ܬ௦ ൌ

The model applicable for analyzing system dynamics is
the well-known second-order model:
݇௧ ݅ ൌ ܶǡ௨௧  ܬ ߮ሷ 
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ͳ
߮ ܬሷ
ൌ  ܶ௦ǡ െ ݇௦ ൫߮௦ǡ െ ߮௦ǡ௨௧ ൯
ʹ ௦ ௦ǡ
െ ݀௦ ൫߮ሶ ௦ǡ െ ߮ሶ ௦ǡ௨௧ ൯

(25)

ͳ
 ܬ௦ ߮ሷ ௦ǡ௨௧ ൌ ݇௦ ൫߮௦ǡ െ ߮௦ǡ௨௧ ൯
ʹ
 ݀௦ ൫߮ሶ ௦ǡ െ ߮ሶ ௦ǡ௨௧ ൯ െ ܶ௦ǡ௨௧

(26)

where ܶ௦ǡ and ܶ௦ǡ௨௧ are the torques on input side and output
side, respectively; similarly ߮ǡ and ߮ǡ௨௧ are the angular
positions on the respective side. So far, in the current model,
only an approximated constant damping ds is used.
4) Load profile
As briefly explained in section V.A, the nut tightening
process is divided into phases of different torque and velocity
to reduce discomfort of the tool operator. Mapping this
nonlinear load case into the current design methodology poses
a challenge. As explained earlier, to decrease computational
effort of the optimization and analysis, the developed design
methodology applies linear models. As a consequence only
one part of the overall nutrunner control strategy is
considered. Namely the linear torque-angle-relation between
snugging and material yield point is used as basis for properly
dimensioning the underlying mechatronic servo system. That
is, the torque used in the design case realistically resembles a
common tightening torque distribution while the nut speed and
angle differ in that they always linearly relate to that
tightening torque via a modeled bolt-joint stiffness ݇ே௨௧ . In
particular the equations for the dynamic model are
ܬ ߮ሷ ǡ ൌ ܶǡ െ ݇ே௨௧ ߮ǡ

(27)

߮ǡ ൌ ߮ǡ௨௧ 

(28)

where ܶǡ is the load torque on input side, ߮ǡ and ߮ǡ௨௧ are
the angular positions of the load profile on the input and
output side, respectively.
This procedure allows applying the nonlinear load case to
the design framework and its analysis-and-optimization tool
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while still keeping the properties which are most significant
for dimensioning the mechatronic nutrunner system.
5) Disturbance model
As mentioned, the operator counteracts the nutrunner
rotation around the longitudinal nut axis. Usually, the operator
is modeled as a spring-damper-mass model which opposes the
nutrunner spin during the screw tightening process. Since the
operator flexibility acts like a mis-measurement from the
sensor it is considered as output disturbance. For the sake of
the argument, a simplified disturbance model is applied in the
design case where its effect is to be analyzed. In particular,
during screw tightening, the nut angle is superimposed with an
external sinusoidal disturbance which is to reflect the motion
of the operator’s arm. The modeled disturbance e has a
frequency f = 3 Hz and an amplitude g = 0.1 rad, with g being
derived considering a maximum operator arm motion of
30 mm at a lever length of 300 mm (distance nut – tool
gripping point). This results in a disturbance model of
݁ ൌ ͲǤͳሺʹߨ݂ݐሻ.

(29)

C. Results
The nutrunner concept is first optimized only considering
static properties, i.e. any dynamics are neglected. This serves
as case for comparison to the system optimized with the
controller included. The optimization target is to minimize the
overall system volume. In the case of the nutrunner, there are
specifications on the tool diameter which serve as design
constraint. In particular, the tool operator must be able to
properly grip and hold the nutrunner in order to operate it
suitably. Therefore, the outer dimension of the nutrunner must
not exceed 25 mm in radius.
The derivation of the load profile’s velocity and torque is
described in section V.B.4). The approximated load based on
the twenty most dominant frequencies is given in Figure 5.
The system is optimized for minimum volume with four
variables to be optimized, i.e. the radius and length of the
motor, as well as gear radius and total gear ratio. A draft view
of the resulting optimal concept as visualized by the tool is
depicted in Figure 6. Table I lists both the values found in the
optimization and values extracted from a commercially
available nutrunner designed for the same peak torque of
50 Nm. Note that gear length is not an optimization variable
but is rather determined considering the transferred torque and
the actual gear radius according to the design guidelines. The

Figure 6. The resulting system for an optimization only considering static
properties.

total gear length is thus similar to the industrial product.
The optimization of the nutrunner under consideration of
the system dynamics and a controller to be synthesized is
more complex. The command transfer function is of fourth
order, and the resulting system is rather stiff, which makes
polynomial control somewhat difficult due to numerical
problems. The dynamic system is optimized with both the
integrated square error (ISE) between reference and output
signal as well as a maximum allowed sensitivity value as
additional design constraints. Further, a dimensioning factor is
introduced which allows to over- and under-dimension the
static system by 5% to also fulfill the requirements on the
dynamic performance.
The effect of the implemented disturbance rejection within
the pole placement controller is demonstrated in Figure 4
(rejected disturbance) and Figure 7 (non-rejected disturbance).
Here, the nutrunner is optimally dimensioned for total system
volume, while respecting the mentioned system constrains
(maximum radius, maximum ISE, maximum sensitivity).
Table II compares the optimal systems with and without
disturbance rejection. Note that the radius constraint was lifted
to some extent as the latter system could not find a solution
without violating it. Not only does the non-rejecting system
result in a larger overall system, but also the dynamic
performance is not comparable to the disturbance-rejecting
system with the ISE being larger and the controller output
being out of phase due to the non-rejected disturbance overlay.
TABLE I.

COMPARISION OF OPTIMIZED SYSTEM WITH COMMERCIAL
NUTRUNNER

motor
radius [mm]

motor
length [mm]

gear
radius [mm]

gear
ratio

optimized

22.5

104.7

21.5

31.34

commercial

19.5

105.5

16.5

55.00

System

Figure 4. Dynamic performance of the optimal nutrunner concept with
rejected sinusoidal disturbance.

Figure 5. The load profile used to dimensioning the electric nutrunner.
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TABLE II.

EFFECT OF DISTURBANCE REJECTION ON SYSTEM SIZE.

Eds. Leo J De Vin and Jorge Solis

motor
radius
[mm]

motor
length
[mm]

gear
radius
[mm]

gear
ratio

volume
[cm3]

ISE
[rad/s]

rejected

22.4

101.3

20.6

31.33

504.6

0.2159

In summary, a holistic design methodology for
mechatronic system concepts is presented. This paper extends
the methodology with an integrated polynomial pole
placement controller design which is capable of rejecting
external disturbances.

non-rejected

20.0

119.5

28.4

39.46

534.4

0.2478
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Abstract— Mechatronic product development involves engineers
from different disciplines and from various workgroups, who
concurrently work on diverse aspects or sub-systems of that
product. They use several models which require input and
generate output information. Some of these outputs are inputs
for other models, in particular also for other workgroups, or are
essential inputs for decision making. For large mechatronic
systems these different models, decision making steps and the inand output data establish a complex interdependency network.
Quite often this network is not explicitly known, which leads to
inefficient and error prone design processes. In fact, no
established methods and tools exist, to investigate and describe
existing model networks.
In this paper the problem of investigating existing model-, dataand decision-making-networks, their representation and
visualization are addressed. The proposed representation of the
network is called “Model Dependency Map” (MDM). It helps to
increase the mutual understanding of discipline-specific
engineering processes and their underlying interdependent
models. Also a short introduction to the information-acquisition
process is given, followed by a method how information can be
effectively visualised using various granularities of the MDM. A
small set of specified symbols is used to describe all the
accumulated information and knowledge to build up the MDM.
Basically, there are two essential types of symbols: nodes and
edges. Each node represents a model, which contains a
multiplicity of different parameters, but also information about
the model’s purpose, involved stakeholders, used tools,
knowledge and additional information. The dependencies
between the models are represented by a set of defined edges,
which, for instance, describe how information (e.g. work-results)
is transferred between different models.
Furthermore, the Model Dependency Map can be used as a
platform for describing and defining different views for specific
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analyses, like a tool view, a parameter view, or a reduced view to
support the development of system-models. These multiple views
support engineers in extracting the required information from
the MDM to achieve a better understanding of the considered
mechatronic system.

I.

INTRODUCTION AND MOTIVATION

Mechatronic products are improved by the synergetic
integration of concepts from multiple disciplines. Of course,
an overall optimum solution is targeted. Therefore engineering
teams from all relevant disciplines (e.g. mechanics, electronics
and information technologies) need a common understanding
of each other’s design methods, models, tools, specific
parameters and many more. In the daily routine of engineers,
lots of information (e.g. documents, calculations, models, …)
has to be exchanged between different persons. Lacking
discipline-specific knowledge may lead to misinterpretation of
information and lead to faulty products. A modern
mechatronic development process also utilizes models of all
disciplines as an information medium. With the help of
models, engineers are able to evaluate quickly the system
performance and analyze the design parameter’s role. These
changes can be initiated by a mechanical engineer when
redesigning a specific system component. Especially in the
conceptual phase it is essential that the functional
interrelationships
of
discipline-specific
subsystems
(represented by proper models) are clearly assembled and well
described. This is not an easy task, because each discipline
established its own (modeling) methods, computer tools,
workflows and even a specific engineering language. In order
to realize an optimal mechatronic product, an integrated
mechatronic product development process is necessary, which
implies an entire overview of the considered system and an
insight to the systems’ general interrelationships. But also well
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defined model-interfaces and parameters for better integrated
models and tools lead to improved mechatronic engineering
processes.
These demands ask for a common description language,
which makes well-established engineering processes more
accessible, visible and understandable for all involved
engineers. In this paper the authors present a conceptual
representation called Model Dependency Map (MDM). It
acts as a common base for multidisciplinary communication
and collaboration and increases the mutual understanding of
discipline-specific design processes with their underlying
methods, models, tools, decisions and workflows. The MDM
was developed in the course of a multi-firm-project of the
Austrian Center of Competence in Mechatronics called
“SyMMDe – System Models for Mechatronic Design” [1]. In
this project several methods and tools for enhanced system
views through system modeling are targeted to master the
increasing complexity of mechatronic products and design
processes. To this end the MDM was evolved on the basis of
several industrial examples like a toggle-lever mechanism of
an injection moulding machine, a parcel conveyor system, a
continuous casting plant, a rolling line, a steelmaking process
and a backgauge system of a press brake.
At first, a methodology for the analysis of the modeling
and simulation situation was developed, including a guideline
and a catalogue of specific questions. This methodology is not
discussed in this paper, because it would be too extensive, but
it is an important part for the information acquisition process
and subsequently for the MDM.
The paper is organized as follows:
In section II a short overview to related work regarding
description languages is given. Section III and IV present the
MDM and its exemplary application to a power driven
mechanism. Also possible analyses of the model network
through specific views extracted from the MDM are shown.
Conclusions and an outlook to future work are given in section
V.
II.

describes parameters; the Model-object describes an object in
a computational workflow, which provides a set of output data
after performing calculations and operations upon specific
input data objects; the Sub-process-object stores a collection
of models in order to perform a specific simulation. Each
defined object is described in an individual XML container
(class) and its attributes. This mentioned approach enables to
share simulation object models described by an XML-driven
description and to couple simulations of different granularity.
In [3] methods of engineering process (EP) analysis are
used to evaluate benefits of mechatronic engineering. For this
purpose a procedure model, which describes an EP, is derived.
It is modeled by a sequence of engineering activities with the
required input and output information, tools to be used and
respective responsibility roles. To enable a clear modeling of
the procedure model, different perspectives with special
requirements for correct and effective execution of an EP are
proposed. The perspectives are grouped to Engineering
Activity Chain, Human Resources, Tool Chain, Information
Exchange and their combination for representing a consistent
procedure model.
Qamar A. and Paredis C. [4] present an approach for
modeling dependencies between product-properties using a
dependency network. They investigate the nature of
dependencies and make a fundamental distinction between
synthesis properties (SP) and analysis properties (AP). In the
authors’ understanding a dependency indicates that a value of
a property depends mathematically on other values of
properties. Synthesis properties are used to define system
alternatives – multiple SP’s can represent a specification of a
system. Analysis properties represent a prediction of a specific
system-property. For instance a geometry is described using
SP’s and a calculation of the mass (which is a specific analysis
property) can be performed. So the calculation stands for an
analysis dependency (AD) of the SP’s. Contrary to an AD a
synthesis dependency (SD) is used to represent the choice
made by a designer. The authors also present five levels of
details concerning dependency-modeling.
III.

RELATED WORK

Gondhalekar et. al. [2] propose a neutral representation of
design computational workflows, which allows an exchange
and sharing between different project partners and across
design stages. To achieve this, a de-coupling between
workflow configuration and workflow execution is proposed.
Also an object model is defined, to describe different
simulation objects, their scope and hierarchy in the simulation
process. In the mentioned work, a small set of object models is
defined, in order to enable a neutral description of
computational workflows. For instance the Data-object
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MODEL DEPENDENCY MAP

A. A short introduction
As stated in section I, a situation analysis was applied to
several company-partners. This methodology was supported
by a guideline and a catalogue of specific questions, in order
to gather all relevant information about the investigated
engineering process. Groups of questions target selective
information about special topics. The authors define four main
topics as shown in Fig. 1: (1) Development Process; (2)
Models; (3) Communication; (4) Organization.
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management is surveyed, especially multidisciplinary data
management.
The fourth topic deals with the company’s organization
and its influences on engineering processes. Information has
to be gathered about the corporate structure, the stakeholders,
the decision-makers, the coordination of multidisciplinary
design teams, change management, product management and
more.
This situation analysis provides a large amount of
information which deals as basis for the construction of the
MDM.

Figure 1: Questions of specific topics regarding engineering processes

According to the first topic, information is required about
development processes (e.g. design methodologies, process
models, …), project management (e.g. time flow, scrum or
stage gate processes, …) and also about the investigated
system or product (e.g. the system architecture, system
components, technical specifications, requirements and more).
The second topic focuses on models and their
(multidisciplinary) interactions, parameters and also on tools.
In this approach models are the key elements due to their
ability to describe a system behaviour and to evaluate its
performance. Furthermore, models are used by engineers to
describe and to develop a system or a product. The following
information has to be gained: the purpose and the function
(behaviour) of a model, the structure and limitations, the IN
and OUT parameters, parameter-properties (e.g. ranges, units
and data type, …), requirements, test cases, used tools and
their functionalities, model/tool interfaces and many more.
Due to the design team’s different and discipline-specific
engineering methods, several types of models are used in an
engineering process. On the one side a model can be a simple
sketch of a geometry on a piece of paper or a detailed 3DCAD model. On the other side, it also can be a text document
(e.g. a technical requirements specification, …), expert
knowledge and all kinds of mathematical representations like
formulas, algebraic equations, differential equations, or curves
like bode plots. In addition to the above discussed information,
also knowledge about the (software) tools, which are used by
engineers during the development process (e.g. CAD, CAE,
MKS, FEM, …), has to be gathered - including information
about model data management.
The third topic addresses the communication between
models (e.g. data exchange, model interfaces, tool
interfaces, …) in and between engineering processes (e.g.
communication between stakeholders, workflows, manual
manipulations, missing interfaces, … ). Additionally data

B. Demands on the Model Dependency Map as a conceptual
representation
In order to describe a mechatronic engineering process and
its underlying model network, some requirements for the
visualization are defined. The MDM should be able to
describe various types of information. Basically, two types of
symbols are used to present the gathered information (see
chapter C). Graphs theory is employed to represent the models
and their relationships by a set of nodes and edges. The nodes
should include information about the model’s stakeholder like
the owner, who created or is responsible for the model, or the
user, who is only using the model. Also the purposes of a
model, all kinds of parameters, used tools and functionalities,
but also additional information are described within the model
node. Information about the workflow, development
processes, the transfer of parameters or work results describe
different relationships between models. They are visualised by
a set of edges of different types.
In order to fulfil these demands, several existing softwaretools for brainstorming, mind-mapping, general-purpose
diagramming, graph drawing, business-process modeling and
system-modeling were tested and evaluated. During the
author’s ongoing research a tool is used to process the gained
information and to build up MDMs. This tool offers high
flexibility of diagramming and the ability to save the gathered
information in a XML-based GraphML file format for graphs.
C. Defined symbols for system-modeling
To be able to transform the acquired information from an
engineering process into a MDM, a small set of symbols was
defined as a carrier of this information. The first type of
symbols represents nodes as shown in Fig. 2. The symbol for a
model or a task can handle all the information discussed
before (e.g. information about stakeholder, purpose of the
model or the task, IN and OUT parameters, limitations, used
tools and additional space for comments). In order to increase
the perceivability of the MDM, it is possible to combine
several models to groups. These groups can be either a whole
department to describe the models within a corporate
structure, or a specific discipline. For instance, groups for the
mechanical, electrical and the software design team can be
defined and, furthermore, multidisciplinary interdependencies
can be modeled. Beside the model-node, there are symbols for
special work results of a model, which are essential for
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stakeholders, departments or disciplines, in order to create a
coarse structure of the model map.

Figure 2. Node symbols used to build up a Model Dependency Map

following models and should therefore be explicitly
highlighted in the MDM, for instance as a final result. In order
to visualise the mostly frequent occurring data storages a
database symbol is used. The workflow within an engineering
process can be described by gate, decision and consultation
symbols.
The second type of symbols are edges, which are shown in
Fig. 3. The first edge, beginning from the top, describes how
specific information (e.g. a parameter or a document) is
transferred between two models. The second edge indicates a
problematic transmission of information. This type of edge
can be used to model missing or improvable information
exchanges. The next edge describes iterative information
exchanges between two models. A bidirectional edge indicates
an iteration of a specific information between nodes. The bold
edge is used to string together several nodes to a path or a
workflow, in order to describe a design sequence.

The next task is to filter the gained information and to
extract specific parameters and documents, which can be
assigned to the regarding models. If a specific parameter is
used by multiple models, a dependency can be stored directly
in the model-node by a string sequence “-->” or “<--“, as
shown in Fig. 4. As an example: Model A has an IN –
parameter x1 [type] of a special type. This parameter x1 can
be found in a file storage called Database and is transmitted to
Model A. Obviously, Model A generates a file called
document 2 [type] due its purpose and is transferred to Model
B. This declares a dependency. The edge between Model A
and Model B shows how information (e.g. document 2) is
transmitted, in this case via email. Other types of transmission
could be via phone, personally, through a special software or a
file. Model B creates a new parameter x2 [type] and stores it
in the Database. Besides the IN and OUT parameters, also the
stakeholders, who created or are responsible for a model, but
also stakeholders, who are only users of a model, need to be
identified. The section PURPOSE describes the purpose of the
model or the task. LIMITATIONS can be seen as properties,
which are not considered within the model. The section TOOL
can be used for the description of which tools are used
concerning the model. The COMMENT-field is used for any
additional information like model knowledge.
In a next step, final work results of models can be
highlighted and an underlying path (bold edge shown in Fig.
3), which describes a model-sequence and the workflow of the
engineering process, can be defined. For this purpose also
gates and decisions can be used.

D. A methodology for creating a Model Dependency Map
The main purpose of a MDM is the description and
visualization of multidisciplinary model-, data- and decisionnetworks of an engineering process. In a first step, all models

Figure 3. Edge symbols for the Model Dependency Map

and tasks have to be identified and arranged to groups of
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With this approach, a MDM can be built up step by step.
Starting for instance within one department or discipline and
its models and tasks, additional departments can be added and
an interdependent network can be defined and set up.
E. Different types of Model Dependency Maps and feasible
extracted system-views
As mentioned in the introduction, this methodology of
creating a MDM was developed and applied to various
examples. The different nature of these applications resulted
into two different types of MDMs.
The first type of a MDM was derived by the characteristics
of underlying engineering processes of a continuous casting
plant, a rolling line or a parcel conveyor system. These
application examples stem from plant engineering businesses.
The related MDMs show a very coarse structure of the
involved engineering processes and parameters. A single
model-node can be used to represent a whole engineering
department of a common business unit. This first (top) level of
the MDM can give information about the organization’s
departmental structure, the workflow interdependencies and
the given main-parameters. At this top level a parameter of a
model can stand for a needed document (e.g. a specification,
an engineering drawing or a coarse technological calculation)
or a work-task.
This first type MDM can also include a second lower level
MDM which focuses, e.g. on one individual department. Thus,
it is possible to study an interdependency-network between
various models (representing work-tasks like calculations,
engineering tasks, …), stakeholders, workflows, parameters,
data-management and decisions. At this second level, the
information about parameters is more detailed. If a model
describes a specific engineering task, like the design of a drive
train of a rolling mill, parameters could specify what type of
drives should be used to power a specific load. Additional
parameters are the information about the place where the drive
is located, the specification of the power supply and the
controller network, just to name a few. Some parameters are
delivered from other departments - others are specified within
the department and are essential for a limited group of
stakeholders only. The second level focuses on describing the
interdependency-network
of
parameters
(documents,
specifications, work-results, …), workflows, stakeholders,
data-management and interfaces (dependencies) to other
departments.
The second type of a MDM was derived by the
characteristics of underlying engineering processes of a
toggle-lever mechanism and a backgauge system of a press
brake. These application examples can be assigned to the
machine building industry. Due to the smaller complexity
(regarding the amount of subsystems) of the considered
application examples, a third level of the MDM (in addition to
above discussed first and second level) can be considered. At
this level, models can be used to describe engineering tasks
and the underlying engineering models (like models of
kinematics, dynamics, control-structures, 3D geometrical
models, FEM models, …).
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In addition to the three proposed levels of a MDM, more
detailed levels can be considered, but are not further discussed
in this paper. Once the MDM was built up, specific views can
be extracted. These views (as shown in Fig. 5) describe a
special class of conditioned information. For instance, a toolview highlights all tools used in the considered engineering
process and enables an analysis of tool-interfaces and dataexchange problems. Other examples of views could be an
organization-view which focuses on stakeholders, or a modelor parameter-view, which extracts engineering-models and
their parameter-dependencies. The MDM with its extracted
views enhances the engineers understanding of a mechatronic
system, its multidisciplinary engineering processes and its
underlying methods, models, tools, decisions and workflows.

Figure 5. Feasible views extracted of the MDM

IV.

EXAMPLE OF A MODEL DEPENDENCY MAP

A. Design of a power driven mechanism
In Fig. 6 an example of a MDM is shown. It represents a
development process of an electrical power driven
mechanism, particularly addressing the question which
mechanism is superior. This example should show how
information of an engineering process can be modeled with
the proposed MDM.
The creation of the MDM was started with a coarse
structure of the involved departments. At the beginning of the
engineering process, two stakeholders (in this example the
CTO and the CEO) set up a development order and pass a gate
to grant a development release. In this example the bold edges
are used to show a simplistic workflow of the engineering
process.
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Figure 6. Example of a Model Dependency Map
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The first department is called „Productmanagement“. It is
modeled as a group, containing two models and a work-result.
The blue shaded model represents a stakeholder called
„Productmanager (PM)“, who is responsible to analyze market
and customer needs and to gather information about
competitors, to specify the requirements of a new product.
These main properties are written down in the „technical
specification“ (only some are shown in this example) which is
an essential document for all following engineering tasks. This
document is visualized by the symbol for a work-result. It is
stored in a database system „SAP“ and tagged by the OUT
parameter pointing with „-->“ to „SAP“ within the
Productmanger (PM) model. Using several database-symbols
with different specific destinations, a coarse overview about
the data-management of an underlying engineering process
can be adressed.
The next task in the workflow is a jour fixe modeled with a
consultation node. In this map, this node does not give any
information about the subject of the jour fixe; for instance, it
could be a meeting between selected stakeholders. The next
department is called „Advanced Development (AD)“. Its
purpose is to generate new ideas or develop and evaluate new
concepts and technologies. The first engineering task
„Collection of Concepts“ (and its USER Mrs. Maier) deals
with the development of various concepts of mechanisms and
preparation of the results for the Head of Department (AD).
Together with the CTO a decision for a concept is made. This
engineering task generates two work results: (i) the „concept
of specified kinematics [pdf]“ which is transferred via email to
the USER of the following engineering task „Preliminary
Design and Calculations“; (ii) the „3D drafts of concept [pdf]“
is transferred via email to the USER of the task „3D
Modeling“. The next engineering task „Preliminary Design
and Calculations“ picks up the concept and first calculations
and establishes a „static model“ which estimates different
forces, speeds, accelerations, masses, … of the chosen
mechanism (this information is deposited in the COMMENT
field). At this stage the “Project Manager” gets the
information of the current state of the development and
decides with the “Head of Department (AD)” about giving the
approval for the start of the product development.
The following engineering task is the “Kinematic and
Dynamic Design” of the mechanism. It describes the
mechanism’s behaviour and the load cases for the following
drive train design. Starting with the release for the
development and the static model delivered by the “Advance
Development (AD)” department, the kinematics and dynamics
are modeled. To this end, information (e.g., the geometry of
the mechanism, masses and momentums of inertia) of the
current design of the “3D Modeling” task has to be exchanged
and uploaded to the kinematic and dynamic models. This is
done by a regular consultation task “consultation kinematics &
3D modeling”. Here, a special edge is used to describe a
possible iteration loop between these two engineering tasks. If
during 3D modeling a multi-body simulation is executed and
results in a collision of the mechanism, a change, for instance
of the geometry, has to be performed by the user of “3D
Modeling”. This new set of parameters is communicated via
telephone, so that the kinematic and dynamic model can be
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updated, in order to evaluate the new system-behaviour and
resulting load cases for the subsequent drive train design task.
Also the dimensioning task of machine elements and
several strength calculations performed by the user of
“Mechanical Engineering” has a dependency to “3D
Modeling”. So, for instance, a strength calculation procedure
can start iterating to achieve a safe design. In this case a small
adaption in the geometry of the mechanism has to be
performed. This modification also leads to an updated
kinematic and dynamic model, to ensure loadcases
consistency.
The next shown engineering tasks are grouped in the
“Automation and Electrical Department (AED)”. The first
activity “Drive Train Design” begins with the release initiated
by the Head of Department (AED). Its purpose is to choose a
suitable drive, which is able to power the mechanism and to
meet the given requirements and to design the required power
electronics. To fulfill this task, the dynamic model [matlab],
the load cases [list,xls] and different datasheets from a
manufacturer database are needed. A special tool (e.g.
SERVOsoft) is used to design and specify the whole drive
train. This engineering task generates the specifications [pdf]
of the drive and the electronics, a wiring-diagram and the
SERVOsoft-model which are stored in the SAP-database
system. In this example an iteration loop between the drive
specification [pdf] and the task “3D Modeling” is modeled.
This dependency requires a change of the drive type. That
change refer to the geometry (3D model) of the drive, which
necessitate a redesign of the mechanism. As shown in other
engineering tasks, the “Project Manager” has always an
overview of the current state of the development. The next
task is the design of the control structure [matlab], the
generated machine code [txt] and the control parameters
[list,xls]. These work results are stored in SAP and are
essential for following engineering tasks within the “Software
Department (SD)” or the “Production (Pr)” department. These
two departments were not modeled in detail for the sake of
simplicity of the shown MDM.
The last engineering task presented in the MDM is called
“Prototype Commissioning and Testing” and its purpose is to
start up the physical prototype with the software delivered
from the “Software Department (SD)”, the customized
machine code [txt], control parameters [list,xls] and a set of
desired tests to perform as specified by the Project Manager.
At the end of the discussed workflow, the tested prototype and
a test report appear as final results.
Summing up, the MDM presented in this paper gives an
overview about an organization’s structure (clustered in
departments), its interdependency network between
engineering tasks, used tools and parameters (documents, lists,
models,…), involved stakeholders, their decisions, the
underlying workflow and information about datamanagement. As discussed in chapter III/section E, this MDM
is located at the second level. The presented MDM counts 88
nodes and 103 edges. The MDMs created in “SyMMDe” for
the industrial examples have more than three times of nodes
and edges at a compareable level of granularity.
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V.

CONCLUSIONS AND FUTURE WORK

Engineers can use a MDM to get insight to engineering
processes and the interdependency of used models. Also
special views can be extracted from the MDM; for instance, a
reduced view, which describes a sequential workflow of
engineering tasks, or a view, which describes possible causes
of iteration loops. The experience gathered so far shows, that
the MDM is also a source of inspiration and for the initiation
and support of interdisciplinary communication between
stakeholders of several design teams. Using the MDM,
engineers can locate problem areas like iteration loops,
missing or error prone interfaces between models, problems in
data management or workflow and decision processes. It also
allows to trace crucial design parameters and, therefore, to
estimate impacts due to changes in a parameter or in the
current design. Also existing interfaces between stakeholders
can be investigated and systematically improved or
standardized to avoid information loss, unnecessary iterations
or communication flaws. The MDM can be used as a tool to
detect loops between engineering tasks in order to develop
optimized processes. Another strenght of the MDM is the
ability to show dependencies between several departments, for
instance the influence of a specific parameter (generated in the
first department) on the following engineering tasks
(performed by a second department).
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parameters and models of the MDM should be used for a
specific system-view.
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Abstract—Complex mechatronic systems design is a hard task
especially if performed by several different designers geographically distributes and using different modeling tools. Therefore,
the design tasks should be divided into partitions easier to
manage to reduce this complexity. However, the optimization of
the overall design requires incorporating the relevant partitions
in order to ﬁnd the optimum mechatronic design. Efﬁcient
strategies of partitioning and coordination should be speciﬁed
at the conceptual level to have a successful optimization process.
In this paper we present an agent-based approach to deﬁne
the design partitions. We use SysML language to describe the
agents and we show how to associate optimization attributes to
partitions before developing analysis models. The approach is
applied to the case of preliminary design of an electric vehicle
to illustrate how the use of SysML language with the multiagent approach helps designers in dividing efﬁciently the complex
design of mechatronic systems.

I. I NTRODUCTION
Mechatronic design is a complex engineering activity
that requires collaborative problem solving. Challenges
associated to collaborative design of multidisciplinary teams
require dividing the work into smaller design problems
easier to manage. However, appropriate mechatronic system
decomposition and efﬁcient coordination have to be developed
to achieve successful mechatronic design optimization.
In this paper we present an agent-based approach for
partitioning a mechatronic system design for the purpose of
its optimization. Systems modeling language - SysML1 has
been used to specify this approach at the conceptual design
level. Design requirements, constraints, objectives and design
variables are allocated to agents according to some attributes
related to the degree of coupling between variables, the
number of analysis models to be used and the computation
time. The presented approach has been applied to the case
of an electric vehicle design optimization to illustrate its
efﬁciency in dividing the complex design of mechatronic
systems.
This paper is organized as follows: in the second section
we present the related works addressing the optimization of
∗ Corresponding author: moncef.hammadi@supmeca.fr
1 http://www.sysml.org/

of Mechatronic Design and Production
Johannes Kepler Universität
Altenberger Straße 69, 4040 Linz, Austria

complex and mechatronic systems. In section three, we present
our approach for partitioning complex design of mechatronic
systems. In section four, we consider the case of a preliminary
design of an electric vehicle to illustrate our approach. The
results of the application are presented and discussed in section
ﬁve. We ﬁnish the paper with a conclusion.
II. R ELATED WORKS
Complex mechatronic systems should be decomposed
into hierarchical structure of mechatronic modules. The
hierarchical structuring allows designers to recognize and
describe internal interactions and also the integration of
all mechatronic coupling levels [1]. The optimization
of mechatronic systems requires performance evaluation
taking into account the coupling effect between the
subsystems composing the overall mechatronic system.
Several approaches have been proposed in previous works to
address this topic. For instance, in [2] a multi-criteria indicator
for the performance evaluation of mechatronic systems in
the preliminary design level is proposed. However, the
multidisciplinary design optimization (MDO) seems to be the
most promising solution for the optimization of mechatronic
systems, because it allows designers to incorporate all
relevant disciplines simultaneously. MDO has been used in
a number of ﬁelds, including naval architecture, automobile
design, electronics, computers, etc. For aerospace structural
optimization, [3] addressed a survey on multidisciplinary
aerospace design optimization. In power electronics, [4]
presented an application of MDO techniques for the layout
optimization of power modules.
MDO allows designers to ﬁnd the optimum of the
collaborative design which is better compared to the design
found by optimizing each discipline sequentially, since it can
exploit the interactions between the disciplines. However,
including all disciplines simultaneously increases signiﬁcantly
the complexity of the problem and computation time. To
reduce computation time, surrogate modeling techniques can
help designers in elaborating cheaper analysis models. Several
previous works combine MDO approaches with surrogate
modeling techniques to optimize complex systems. For
instance [5] and [6] applied surrogate modeling techniques
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for the optimization of road electric vehicles in the preliminary
design phase.
The optimization of mechatronic systems with a detailed
level of design requires several engineering teams with
different modeling and simulation tools. Therefore, dividing
the design into smaller design tasks easier to manage
is mandatory. However, dividing the design should be
planned in conceptual level to deﬁne the optimal partitions
and coordination between them to lead to a successful
optimization workﬂow that reduces the complexity and
computation time.
One idea for optimal partitioning of mechatronic design
is to use agent approach. Agent paradigm can be seen
as an emergent development of a combination of trends
including artiﬁcial intelligence, object-oriented programming
and concurrent object-based systems [7]. Multi-agent
systems have been applied in many industrial domains
such as: software developing, intelligent manufacturing and
intelligent transportation systems [8]. Several past studies
were interested in multi-agent technologies to address the
problems of distributed analysis and collaborative design.
Hao et al. [9] developed a framework for engineering design
and optimization based on agents. Distributed decisionmaking is among the main services of the developed
application. In [10], La Rocca and Tooren proposed a new
knowledge-based application for aircraft multidisciplinary
design and optimization. The authors in [10] argued that
the use of knowledge-based approach offers more ﬂexibility
and automation, which provides solutions to the urgent
problems hampering the exploitation of MDO approach
in large distributed design frameworks. Ren et al. [11]
elaborated a comparison study between MDO and multi-agent
technology for construction design optimization. Authors in
[11] concluded that agent-based systems could be adopted
into the collaboration process of MDO to make the process
more efﬁcient.
In the next section we present our agent-based approach for
the partitioning of mechatronic design optimization problems.
SysML language will be used to describe this approach.
III. P RESENTATION OF THE AGENT- BASED APPROACH
For the optimization of a mechatronic system, the design
is divided into several partitions according to some attributes.
For each partition we allocate an agent called design agent,
which objective is to make a local optimization relative
to a speciﬁc partition. To ﬁnd the overall optimal design
of the mechatronic system, we consider a second type of
agents called the organizational agent. The objective of the
organizational agent is to ﬁnd the optimal way to partition the
overall optimization problem and how to coordinate between
the design agents during the optimization process.
Figure 1 shows a generic SysML metamodel of both types of
agents.
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SysML is particularly effective in specifying requirements,
structure, behavior and constraints on system properties to
support engineering analysis of mechatronic systems. Here
we use SysML to include optimization speciﬁcations in the
upstream of the mechatronic design process with other design
speciﬁcations before tackling the detailed development of
analysis models. In the SysML metamodel showed in ﬁgure
1, an agent is associated to an engineering team that could be
made of system engineers and experts in different engineering
domains. An agent is also associated to a development
environment made of modeling tools, simulation tools and
optimization tools. The agent is therefore composed of three
types of models: analysis model, knowledge model and
coordination model.
The analysis model is used to evaluate the design allocated to
one partition. It can be any model such analytical model, CAD
model, ﬁnite element analysis, etc. The knowledge model is
made of rule-based models and agent context information.
Rule-based models concern some modeling and checking
rules required for the deﬁnition and the veriﬁcation of the
analysis model. Design rules help designers for example in
deﬁning the mathematical models to be used. Checking rules
are required to check the consistency of the analysis model.
The agent context is made of the information relative to the
design requirements, optimization constraints and objectives.
The coordination model contains information for cooperation
and communication between agents such as coupling
variables, shared design variables, etc.
To specify the organizational agent tasks, we consider
a problem of a mechatronic design optimization deﬁned
with a set of n objective functions F , m constrains C, p
design variables X and q analysis models A, respectively
noted as: F = {f1 , f2 , ..., fn }; C = {c1 , c2 , .., cm };
X = {x1 , x2 , ..., xp } and A = {a1 , a2 , .., aq }. The objective
of the organizational agent is to ﬁnd the optimal partitions
combining subsets of objectives, constraints, design variables
and analysis models. Analysis models can be deﬁned
depending on the structure of the subsystems and components
deﬁning the mechatronic system. It also depends on the
degree of coupling between the design variables related to
the different subsystems. It can be deduced that there is an
interdependency between the choice of the analysis models
and the design variables required for the optimization process.
However, this dependency is also related to the development
platforms and the engineering teams concerned with the
analysis models.
Objective functions, constraints and design variables can
be associated to analysis models according to some criteria
related to the overall computation time, the computation time
of every analysis model and the coupling degree between
analysis models. The coupling degree can be measured as
the amount of information to be exchanged between analysis
models.
Every design agent is therefore representing a design partition
and it is deﬁned with the association of an analysis model
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Fig. 1. SysML metamodel of a generic Agent for mechatronic design optimization

with a subset of objective functions, a subset of design
constrains and a subset of design variables but also with an
optimizer.
To illustrate the coordination process, we consider a case
of a mechatronic design optimization with three design agents
A1 , A2 and A3 as represented in ﬁgure 2, where every design
agent is responsible for solving a sub-problem.

A1
y21

y13
y31 y12
y23

A3

A2

that this process begins with A1 , then A2 and terminates
with A3 . In the ﬁrst step, the organizational agent deﬁnes the
initial values of y13 and y12 for A1 to perform the ﬁrst local
optimization and generate y31 and y21 . Then A2 uses y21 and
an initial value of y23 for its local optimization to generate
y12 and y32 . Then, A3 uses y31 and y32 to generate y13 and
y23 .
In the next iteration, every design agent uses the previously
generated values for the new local optimizations. For
mono-objective problems, the organizational agent calculates
the difference between yij and yji ( yij − yji 2 ) at every
iteration and the optimization process stops when the error
is less than a predeﬁned minimum error. For multi-objective
partitions, the Pareto-front is narrowed by determining the
intersection of fronts between the previous iteration and the
next one until convergence. For both cases of mono-objective
or multi-objective partitions, if no solution is found the stop
criteria could be a number of iterations not to be exceeded.

y32

In the next section, we will illustrate the presented approach
with an example of an electric vehicle optimization.

Fig. 2. Example of three partitions

These three agents are related with linking variables
yij ; i, j ∈ {1, 2, 3}, which represent the values sent by Aj to
Ai . yij can be a vector of design variables in the case of a
one-objective function associated to Aj . In the case Aj has
more that one objective function, yij represents an interval of
values (Pareto-fronts). The organizational agent, which is not
represented in the ﬁgure 2, deﬁnes the order in which every
design agent performs its local optimization. We suppose

IV. A PPLICATION TO THE CASE OF A PRELIMINARY
DESIGN OF AN ELECTRIC VEHICLE

In the case of a preliminary design of an electric vehicle,
we will consider a design team working on a design plateform
made of a Modelica-based software to deﬁne the analysis
models and a MDO-based tool such as ModelcenterT M 2 for
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Fig. 3. SysML metamodel of the EV structure

the optimization.
In the conceptual level, we will use SysML language to specify
the design agents. Figure 3 shows a simple Internal Block
Diagram (IBD) that deﬁnes the metamodel structure of the
analysis models to be used.
This metamodel is developed in the conceptual level of the
mechatronic design process to be used as a support for deﬁning
the computing models of optimization, using more appropriate
simulation tools such as Matlab/Simulink or Modelica-based
tools.
The structure of the electric vehicle is therefore made of several blocks representing subsystems and components: an input
block deﬁning the velocity demand; a power management
system to calculate the required electric power; an electric
machine to provide rotational mechanical power; a transmission system to adapt and convert the rotational mechanical
power to a translational mechanical power; a body of the
vehicle that represents the chassis and the mass of the vehicle
to be translated; and an environment block to deﬁne the
interaction between the vehicle with its environment, which
applies resistive forces on the vehicle.
To simplify the design problem, we will limit the design
requirements to the following:
•
•
•
•
•

R1 : Power consumption Pw shall be reduced to the
minimum.
R2 : Size of transmission components shall be reduced.
R3 : Vehicle velocity on a 0% grade road after 10 seconds
of start-up (V10@0% ) shall be equal to 100 ± 2 km/h.
R4 : Maximum vehicle velocity on a 0% grade road
(Vmax@0% ) shall be equal to 130 ± 2 km/h.
R5 : Vehicle velocity in a road with a grade equal to 30%
after 10 seconds of start-up (V10@30% ) shall be equal to
15 ± 2 km/h.

For the optimization problem, we will consider two objective
functions f1 and f2 related respectively to the design
requirements R1 and R2 . The ﬁrst objective function f1
aims at minimizing the electric power in order to choose
the optimal electric motor and battery. The second objective
function aims at minimizing the mechanical torque Tq used

on the transmission line to reduce the volume of the gearbox.
We will also consider three design constraints c1 , c2 and c3
related respectively to requirements R3 , R4 and R5 . For the
design variables, we will limit this study to the gear ratio Rg
and the electromotive force Km of the electric motor.
The organizational agent task is to deﬁne the optimal number
of design agents required for the optimization and the optimal
distribution of objectives, constraints and design variables
between agents. To illustrate this, parametric diagrams of
SysML can be used to specify the objective functions,
constraints and to trace them with design requirements.
Several combinations can therefore be studied, few of them
however are feasible. Figure 4 shows the parametric diagram
made with three partitions.
Each partition is tracing a design requirement and represents a
design agent. In this case we allocate the same two objective
functions f1 and f2 to each partition. Each constraint of the
three design constraints c1 , c2 and c3 is also assigned to each
partition. Design variables gear ratio Rg and electromotive
force Km are shared by the three partitions. Objective variable
corresponding to the electric power Pw and mechanical torque
Tq are also shared variables. However the degree of coupling
between vehicle velocities V10@0% and Vmax@0% is loose
and they are not coupled with V10@30% . So that these three
variables can be associated to three analysis models to reduce
the complexity of the problem. Nevertheless, V10@0% and
Vmax@0% can be determined by the same analysis model,
since they will be calculated for the same road grade but
at two different instants on the axis of time. The variable
V10@30% cannot be determined by the same analysis model
as V10@0% , because with the same analysis model we cannot
calculate at the same instant (10 seconds) the velocity V10
for two grade roads (0% and 30%). Therefore the solution is
to consider two analysis models, that may be run in parallel
either on the same computer or on two different computers,
which reduces computation time.
In our case the two ﬁrst partitions relative to constraints
c1 and c2 can be merged in one partition and the same
analysis model can be assigned to this partition. Therefore

625

Proceedings of the 14th Mechatronics Forum International Conferece, Mechatronics 2014

Eds. Leo J De Vin and Jorge Solis

Fig. 4. Partitioning metamodel

the optimization process of the design will be performed by
two design agents sharing design variables Rg and Km and
also sharing objective functions f1 and f2 but with constrains
c1 and c2 allocated to the ﬁrst design agent, and constraint c3
is allocated to the second design agent.

Based on this model, two analysis models can be deﬁned. For
the ﬁrst we change the NEDC input by a constant input that
should be greater than 132 km/h to cover both constraints c1
and c2 , for a road grade equal to 0%. The second analysis
model is also with a constant input, but greater than 17 km/h,
but for a road grade equal to 30%.

The next step is to develop the analysis models to be used
in the optimization process based on the SysML metamodel of
the electric vehicle structure and the partitioning metamodel.
The ﬁgure 5 presents the Modelica model that has been used
for this purpose. The mathematical formulation of this model
was detailed by the authors in [12].
The Modelica model of the electric vehicle is composed
of an input that can be a variable velocity such as the
New European Driving Cycle (NEDC) or a simple constant
velocity. The power management system is modeled with two
PID controllers and a voltage sensor to calculate the required
electric power. The model of the electric machine is a simple
model of a DC machine. The transmission system is made
of a one-ratio gearbox and a wheel. The vehicle body is
modeled with a simple translating mass. The resistive forces
model is connected to the mass component.

The last step of the speciﬁcation process is to deﬁne an
optimizer for every design agent . For this, we will allocate
the same algorithm of optimization Non-dominated Sorting
Genetic Algorithm II (NSGA II) with ModelCenter software
to each agent. NSGA II is a multi-objective optimization
technique that uses a non-dominated sorting genetic algorithm.
A design is said to be dominated if there is another design that
is superior to the design in all objectives. NSGA II is a fast
sorting algorithm to compute Pareto set [13].
V. R ESULTS AND DISCUSSION
After the complete speciﬁcation of the two design agents, a
bi-level optimization was performed using the organizational
agent optimizer (coordination level) and the two design agent
optimizers (partition level). This optimization was based on
the electric vehicle parameters and variables indicated in table
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Fig. 5. Analysis model of the electric vehicle (Modelica)

I.
TABLE I
E LECTRIC VEHICLE PARAMETERS
Description
Vehicle mass
Air density
Vehicle frontal area
Rolling coefﬁcient
Aerodynamic drag coefﬁcient
Grade angle
Gravitational acceleration constant
Wheel radius
Internal resistance of the motor
Internal inductance of the motor
Moment of inertia of the motor
Gearbox ratio
Back-electromotive-force

value
1540
1.2
1.8
0.013
0.2
0
9.81
0.28
0.2
0.06
0.1
1 ≤ Rg ≤ 15
0.2 ≤ Km ≤ 4

unit
kg
kg.m3
m2
rad
m.s−2
m
H
Kg.m2
–
N.m.A−1

The organizational agent coordinates the results of optimization found by the two design agents by reducing the interval
of the optimal solution at each coordination level iteration
until convergence. The example of Pareto fronts for (Pw,Tq)
presented in ﬁgure 6 shows that the maximum electric power
required for acceleration test is varying between 187 and 191
kW, the maximum torque required for the same test is between
197 and 204 N.m.
This Pareto front corresponds to optimal values of Rg ∈
[8.75, 9.2] and Km ∈ [0.38, 0.415]. The ﬁgure 7 shows the
variation of V10@0% for the optimal solutions.
The designer could chose one optimal conﬁguration in
the Pareto-front. For example, results of simulation for the
optimal conﬁguration corresponding to (Km = 0.41N.m/A
and Rg = 8.85) are presented in ﬁgure 8.
Results show that the three constraints c1 , c2 and c3 are well
satisﬁed (V10@0% = 101.4km/h, Vmax@0% = 128.3km/h
and V10@30% = 15km/h).

Fig. 6. Pareto front (Pw,Tq)

V10@0%[km/h]

M
r
S
fr
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a
g
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Rg
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Fig. 7. Response surface of V10@0% for the optimal values of Rg and Km
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for complex design problems including a big number of
objective functions, constraints and design variables is among
our forthcoming works.
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Abstract— For mechatronic design, physical integration of
components is both: a challenge for compactness, and also a
critical element since it can cause harmful multi-physical
couplings. So a SysML profile is proposed to take into account
geometrical specifications since the emergence of physical
architectures of mechatronic system design. This additional
information allows to calculate geometrical metrics on different
possible architectures or to specify geometrical constraints for
relative positioning of components.

B. SysML Language
In this paper, we consider SysML (Systems Modeling
Language) [4] as the language for the system’s modeling in the
pre-design phase.

I.

SysML was developed to support specifications, analysis,
design, verification and validation of complex system design,
with diagrams, whatever the field is, from the definition of
requirements to components architecture. Thus it provides the
same set of parameters for all technical teams working in the
design [5]. But SysML is method agnostic and it provides so a
very general boxology with “low” semantics [6], that facilitates
the integration between design processes of different
disciplines.

INTRODUCTION

A. Physical Integration in Mechatronic Design
The design of mechatronic systems is particularly complex
due to their high functional integration, multi-domain and
multiphysical features and other resulting couplings [1].
Indeed, mechatronics is an approach that integrates usually
mechanics, electronics, automation and computer sciences. The
complexity of these systems results from the increasing
number of components to be integrated in a compact volume,
which interacts in different physical, creating multiphysical
couplings [2].

While this language is more and more a leading topic for
System Engineering (SE) in any domain [7], there is not yet
implementation of geometrical consideration at the early stages
of design. However for mechatronic systems, the constraints
emerging from components positioning are primordial [8][9] to
take into account compactness [10][11] and multiphysical
couplings [12][13].

In this article, we focus on the physical integration. This
integration can sometimes cause problems when multi-physical
couplings can damage surrounding components, but it can also
lead to additional functions to raise the overall system
performance. For example, a rolling bearing generates a
useless magnetic field. However, if a sensor is integrated in
this bearing [3], this magnetic field enables the sensor
protection from external magnetic disturbances. This
instrumented bearing has so an additional function due to the
physical integration of the sensor (Fig. 1Figure 1. ).

What is finally at stake is to allow system architects to
formalize geometrical requirements before preliminary design
starts, in order to give to all technical multidisciplinary teams a
unique view of these specifications, as inputs of their domainspecific studies, and so to facilitate design trade-offs notably
for final architecture choice.
Currently, logical or physical architectures in SysML [14]
formalize the system decomposition into technological
components, usually represented by a block definition diagram
(bdd), or they detail control and physical flows between these
components depicted in an internal block diagram (ibd) [6].
Introducing geometrical positioning in a model centric
SysML approach, long before the usual detailed design with
CAD tools, allows:
•

Figure 1. Illustration of physical integration on a mechatronic system :
Instrumented Ball Bearing (SKF™)
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taking geometrical specifications right from the system
architect level, and so to reduce time spent on design
by limiting iterations number,
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component [8]. In the case of Measures of Effectiveness
(MOE) some geometrical relationships may be useful to do
some preliminary behavioral simulations of each physical
architecture in order to evaluate their performance relating to
the considered MOE [15].

•

providing graphical means with understandable
geometrical information sharing between several
different discipline teams,
• ensuring
a
seamless
and
inexpensive
traceability/consistency between the first (geometrical
requirements) and final stages (3D detailed design) of
design.
SysML provides many diagrams to choose depending on
the use or view modeled. According to MBSE, and related
methodologies [6][7], after having defined different physical
architectures that allocate physical components to logical
elements previously identified, designer needs criteria and
metrics to evaluate and compare these architectures. So, to
evaluate physical integration of different architecture,
geometrical data have to be added in order to build and use
corresponding geometrical metrics.

So the idea is to investigate physical interactions related to
geometry, as soon as possible in the design life cycle (notably
during pre-design phase). Indeed even the simplest assessment
of any physical behavior needs to know orientation and
distance between components.
In [16], we had already proposed a change of paradigm.
Common paradigm is geometry in physics where geometric
parameters are secondary but we think that paradigm physics
in geometry will be efficient. To improve easily a model with a
lot of multiphysical couplings, modeling has to be in 3D.
Indeed, tools generally propose a 2D object modelling with 3D
geometrical parameters hidden in components. The real
geometry appears only during simulation. 2D icon
representation of the Modelica objects with positions and
dimensions has no geometrical meaning and geometrical data
is not coupled to these 2D icons as illustrated in Fig. 3.

C. Geometrical Paradigm
Previous considerations show how important is it to
consider as soon as possible component geometry and
positioning to design complex and mechatronic systems.
In the case of geometrical metrics, in relation with
mechatronic physical integration and compactness concept, it
would be interesting to have access to data volumes, distances,
and surfaces of the components.



?

These geometrical data can be multiple and various
depending on the modeling view addressed. SysML proposes
indeed to model various roles of components and this is
particularly interesting to specify geometrical constraints, like
kinematic joints. The “composition link” in SysML may
integrate the multiplicity of parts when their role is identic, that
is a posteriori true for geometrical roles. So when the role of
parts is different, we need to split geometric roles to manage
this kind of geometrical information. For example a table is
composed by four table leg, whose position impacts stability of
the table (Fig. 2). So three of them have to generate an
isostatic planar joint specification and the fourth needs a
hyperstatic role to be adjusted.

With 3D paradigm we handle the geometrical objects with
their owning behaviour. Dimensions of 3D objects are related
to their size (specified or real). The position corresponds to a
physical 3D position. We created a TTRS [18] library to
manage geometrical constraints and contacts by the 3D
modeler [17] to develop this declarative approach.
So for the preliminary design phase (0D simulation), where
first summary geometrical information is required: shape,
dimension, etc., the consideration of this information in the
requirements will help to implement structural constraints to
well prepositioning spatially components before physical
simulations (see section II.C).

1

1

1

1

3 planar joint

«block»
Top

?

Figure 3. 3D alternative simulation of the 2D iconic 4 bars model [17]

bdd [Package] Table
«block»
Table
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1

II.

hyperstatic

«block»
Leg

OUR PROPOSAL: A SYSML GEOMETRICAL PROFILE

A. Objective
We propose to take into account physical interactions
related to geometry, as soon as possible in the design life cycle.
SysML geometrical Profile added value consists in:

Figure 2. Composition of a table illustrating roles of components linked to
geometrical specifications

•

Indeed to identify a valid architecture requires so taking
into account the geometry and the relative positioning of each
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providing a mean to System Architect to specify
geometrical requirements to enrich physical
architectures;
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physical integration and the corresponding geometrical
constraints.

taking into account geometrical constraints
(component positioning), to facilitate the work of
preliminary design teams, by prepositioning relatively
the components, before to evaluate their corresponding
physical interactions;
providing geometrical metrics to assess physical
integration (compactness, available volume, physical
interaction distances…), specially important for
mechatronic system.

This profile defines stereotyped blocks for each simplified
geometry: sphere, cylinder, hollow cylinder, rectangular
parallelepiped,
hollow
parallelepiped,
undefined
parallelepiped, cone, prismatic, hollow prismatic, torus ... We
propose also an associated Geometrical Model Library (Fig. 4),
in order to facilitate the capitalization of components with
geometrical information. Typically, a company could enrich
some existing known component blocks with predefined
geometrical information, and re-use them as their own
“component library” in all their modeling, adding the
geometrical dimension to their standard specifications…

Today, very few research studies have focused on the
integration and the importance of geometrical specifications in
the "System" model. In [19], Baysal et al. propose a method to
model the geometry and positioning for tolerance analysis on
UML, but the positioning is not relative and doesn’t integrate
directly the constraints. It’s really difficult for designer to
calculate general positioning for each part. In [20], Graignic et
al. propose a method to take into consideration interfaces
between components on Logical Modeling of CATIA V6, but
geometrical aspects are not explicit. However, once the
physical components have been selected, often from the shelf,
it is easy to imagine that a System Architect, from his/her
industrial expertise or because certain geometric configurations
are imposed, would specify geometrical requirements via
simplified geometric properties or entities. Examples are a
maximum bounding box volume (especially if compactness is
desired), or simple constraints as relative positioning between
two components (in contact, in, on, distance ...).
Currently, industry needs to bridge the gap between the
“System” team and their models, and technical multidisciplinary teams and their preliminary simulation models.
Thus by enriching the "systems view" by models with
geometrical data and constraints enables engineering teams not
only to share such data among multidisciplinary services (this
is today rarely the case), but gives them also the means to
quickly validate if such architecture with spatial geometric
constraints, can meet the performance requirements and
physical behavior (thermal, EMC, vibration) expected.

Figure 4. Simplified Geometric Volume Blocks Library

It includes for each geometry, elements specific to this
geometry: known or desired maximum dimensions, position (a
point, which is typically geometrical barycenter), orientation if
any (one or two vectors) (Fig. 5).
«block»
«Geometry»
Sphere
constraints
SurfaceS : Surface Calculation
VolumeS : Volume Calculation
values
Radius_Sp : m = 1
Volume : m^3
Surface : m^2

Finally, to tackle physical integration issue of mechatronics
systems some geometrical metrics are needed to assess the
different physical candidate architecture relating to their
compactness, remaining available volume, physical interaction
distances…

«block»
«Geometry»
Cylinder
constraints
SurfaceC : Surface Calculation
VolumeC : Volume Calculation
values
Radius_C : m = 0,15
Length : m = 0,15
Volume : m^3 = 0,01
Surface : m^2 = 0,28

«block»
«Geometry»
Rectangular Parallelepiped
constraints
SurfaceP : Surface Calculation
VolumeP : Volume Calculation
values
Length : m = 0,27
Wide : m = 0,18
Height : m = 0,07
Volume : m^3 = 0,003
Surface : m^2 = 0,16

Figure 5. Specific Geometrical Parameters Regarding to a Given Geometric
Volume

B. Geometrical SysML Profile
Thus, we focus our work on a SysML profile for the
geometry.

And for any component defined by a block in the physical
architecture, it is very easy to apply the stereotype "geometry"
and assign it to the corresponding simplified geometry (Fig. 6
& Fig. 7).

A profile is a set of additions, such as stereotypes,
constraints and diagrams extensions, which are used to tailor
the SysML language for a particular application or domain. So,
SysML can be considered to be a profile of UML, tailoring it
for the systems engineering domain [21]. A profile is applied
to the user model. This profile was defined here using Artisan
Studio (Atego). This profile supports the modeling of
mechatronic systems, because of the high significance of
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modeling to the finite volume, for exemple a Finite cylinder
will have a MGRE formed with a point for position an vector
for orientation.

Figure 6. Geometric Block Creation
Figure 8. TTRS Model Elements [18]

Then TTRS constraints (Fig. 9) can be applied between
geometric elements, depending on their class, to position them
relatively.

Figure 7. Application of a Specific Geometry Stereotype on a Physical
Component (Block)

C. Implementation of Geometrical Constraints (TTRS)
In future work, this geometric profile will be used to
integrate the modeling of the Topologically and
Technologically Related Surfaces (TTRS) on SysML, and so to
promote the transfer of geometrical data specifications
modeling in SysML physical architectures into a multiphysical simulation language, like Modelica. TTRS theory is
introduced here as a unified framework for geometric objects
representation and geometric constraints solving for
components relative positioning [22]. According to TTRS,
three-dimensional surfaces or features are classified according
to their respective degree of invariance under the action of
rigid motions. Basically, seven main features equivalent to
kinematic lower pairs are identified (Fig. 8): planar feature,
cylindrical feature, revolution feature, spherical feature,
prismatic feature, helical feature and complex feature. Each
main feature is then described by a unique Minimum
Geometric Reference Element (MGRE) that allows positioning
in Euclidean space without using a lot of ressources. An
MGRE is set as a combination of elementary geometrical
objects: point, line and plane. TTRS Theory has been adopted
by international standards [23][24] and successfully
implemented in the CATIA V5 CAD system. To obtain the
relative position of the technological surfaces, it becomes
possible to extract one or several vectors to represent the
relative positions of two surfaces, parts or components.
Moreover, during the early stages of the design of a product,
there often exists a simple geometrical representation of the
product such as a skeleton from which positioning vector
parameters should be extracted. To prepare the future work,
that will integrate TTRS on SysML, we adapted the MRGE

Figure 9. 13 TTRS Constraints [18]

This modeling was already implemented on Modelica [17]
(Fig. 10), where the icons became parallelepipeds or cylinders
bounding boxes. Connections had not only a topological
meaning but also a geometrical direction, or even a physical
one when required (for instance for EMC or thermal
problems). This framework was already dynamic before the
global simulation of physics.

Figure 10. 3D Modelica framework where 2D and 3D zones are equivalent to
model (double arrow) [16]

The future works will consist in implementing this
approach in SysML language, so that geometrical volumes will
be dissociated in TTRS (Fig. 8), and geometrical constraints
(Fig. 9) will be implemented with SysML constraints on a
parametric Diagram (see future works of R. Barbedienne (Fig.
11)).
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Figure 13. Geometrical Illustration for “Accessibility” Metric.

A third example concerns the assembly optimization: the
assembly metric used to analyze architectures to find the one
with the smallest bounding box possible (Fig. 14).
Figure 11. Illustration of TTRS approach implemented for finite volume

D. Geometrical Metrics for Physical Integration
During pre-design stage, designers must make the best
choices to meet customer requirements and also technical
requirements. Metrics are a way to help the designer to make
these choices, and to ensure an objective traceability. In fact,
they can help to evaluate different candidate architectures
generated during the pre-design phase. Our research focus
concerns so metrics for assessing the integration in the design
of mechatronic systems [25]. This article deals specifically
with the physical integration and, therefore, will rather address
geometrical metrics for integration.

Figure 14. Illustration of use of metric to evaluate assembly optimization

These different geometrical metrics will be detailed in a
future paper.
Finally, simplified modeling of geometry, implemented in
SysML with this profile will allow the designer to build these
different metrics and so to be able to calculate them to facilitate
his choice between several candidate architectures, in
accordance with a physical integration objective.

For this, we have developed several metrics that allow at
the top-level consideration to evaluate the compactness of a
system.

III.

ILLUSTRATION AND DISCUSSION

A. Illustrative Example
To illustrate the approach, we choose the scenario of an
electric power train, composed of the main following
components:

For example, one of these metrics allows to compare the
available space within the system or within a hollow
component, in order to evaluate their residual capacity to
incorporate other components in the component assembly (Fig.
12).

•

A motor : modeled by a cylinder

•

An inverter for power electronics : modeled by
rectangular parallelepiped
TM4 ™ inverter

TM4 ™ electric motor

Figure 12. Compactness Assessment (avalaible volume Metric)

Another metric of "accessibility" allows to know if there is
a passage volume to access a component (solid) (e.g. routed
cable) inside of another component (solid) (Fig. 13).

•

A reducer: modeled by a cylinder

•

A control electronics unit: modeled by rectangular
parallelepiped
TM4 ™ Vehicule controller
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On Fig.15, architecture of the electric powertrain is
detailed, with four components represented by four blocks
stereotyped with “Geometry”: each block is associated with a
simplified geometry, its dimensions can be specified in
“values” compartment, in the unit predefined, its position and
orientation are given by their Minimal Relative Geometrical
Element (MGRE) mentioned in “parts” compartment, finally
associated constraints (calculation and metric), which can be
calculated are represented in “constraints” compartment.
Geometrical Metrics associated to the whole system are
declared as a constraint “block” composing the system.

physical integration/compactness, by means of geometrical
metrics. This profile will also help, with our future
developments about relative component positioning, some
technical disciplinary teams to begin their behavior simulation
with some spatially-constrained architectures.
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Abstract— Designing mechatronic systems is challenging due to
the fact that the outcome of the design activities is highly
dependent on successful integration of a multitude of
engineering domains. Based on the needs as experienced by a
world leading manufacturer of ultra-precise manufacturing
equipment for the electronics industry, this paper reflects on the
work typically done in the conceptual design phase, and a couple
of areas are identified as important for doing more research to
support this early phase of design.

I.

INTRODUCTION

Conceptual design, in this article, means applying a
holistic view in the work of providing a conceptual technical
solution to an identified product need. Consequently, in the
case of mechatronic product development, this will involve
several disciplines such as mechanics, software, control and
electronics in the design/development process. Model based
mechatronics is here defined simply as using computer based
modelling, analysis, synthesis and optimization techniques in
the development process, to create a product that will meet the
market requirements. In the concept and preliminary design
phases, if reliable models and tools would exist, a lot could be
gained by a possibility to better and more accurately predict
product properties and behaviour. By providing such a
possibility, the need for expensive design iterations in later
development stages would be reduced. Models, methods and
tools to achieve this should be designed for time and cost
efficiency to facilitate quick synthesis, modelling and analysis
such that several design concepts can be accurately compared
in an objective manner and in a limited time frame.
We will in this paper reflect on the above described earlier
phase of a design/development process, before the detailed
design, and indicate areas where academia can provide

solutions/aid to the industry in the long term perspective. For
the proposed research topics we focus on the parts of the early
development phases that are specifically challenging due to
the mechatronic nature of the considered systems. The
reflections originate from the authors experience, respectively,
in a medium sized company making high performance
systems, and in the academia within the research field of
mechatronics.
The paper is structured in the following way. The
industrial needs in an early product development phase
(conceptual design) are partitioned in to six subtopics under
section 2 below. For some of those subtopics, the mechatronic
nature of the products in focus results in specific challenges
and needs, and for some of those, related and proposed
research are shortly discussed. In section 3, the feasibility
study is shortly described as a final stage before taking the real
decision to start a product development project. The paper
ends with a short discussion and conclusion section.
II.

NEEDS IN THE CONCEPTUAL PHASE OF PRODUCT
DEVELOPMENT – A PRECISION INDUSTRY SCENARIO

A product development scenario in an industrial
perspective starts with some need, for example, from the
market. If the prospect is estimated economically sound and in
line with the strategy of the company a pre-study, here called,
a concept and feasibility study (CNF) is initiated. The purpose
is to investigate the technical prerequisite of developing a
product. The pre-study will gather more information regarding
the needs to get a clearer picture what the product is supposed
to do, how it should function, behave, and to get deeper
understanding of the requirements and the stakeholder views.
Notably, non-technical requirements and aspects are also
analysed in the pre-study such as cost of goods sold,
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manufacturability, serviceability and usability. The concept
and feasibility study will in the end transfer functionality and
other requirements into feasible technical solution(s), which
we here call concept(s). A further activity is to identify,
understand and reduce or remove the technical risks involved.
Normally there are remaining risks that need to be categorized
in levels to make it possible to weigh concepts against each
other. The final study outcome will be at least one feasible
concept in the form of a preliminary design estimated to meet
all or part of the requirements. In addition, the pre-study
provides information of the remaining technical risk levels of
the concept(s) with recommended actions how to reduce their
effects. The choice of proceeding into a product development
phase with detailed design is then made by judging the
readiness level of “productification” by analysing the results
from the CNF. The following sections will elaborate on this
scenario in more detail and indicate some areas where
research on mechatronic design can provide valuable aid in
the long term perspective. The product context of the ideas
discussed in this paper is illustrated in Figure 1.

Eds. Leo J De Vin and Jorge Solis

A. Initiating a pre-study and requirements on the leader
A general company plan of addressing the market needs is
sometimes expressed in the form of a forecast, a product
roadmap, indicating what kind of products to develop and
when these products need to be introduced on the market. The
creation of the product roadmap is driven by the market
department but involves people from other parts in the
company, such as R&D. Sometimes a complementary
forecast, a technology roadmap, is developed by the R&D
department and led by a system chief designer/architect,
describing what kind of technology is needed when, to be able
to realize the product roadmap. These plans aid in estimating
when a pre-study should be initiated. In the manufacturing
industry of high performance tools, with precise motion
controlled functionality, mechatronics play a central role in a
concept and feasibility study.
A mechatronics engineer, equipped with system
engineering skills and experienced in software, mechanics and
electronics, is well suited to lead this type of pre-study acting
as a bridge between the other disciplines. In addition, the work
often demands a quantity of applied research that makes a
PhD graduate with managing skills extra desirable in this role.
Hence, universities will help if they provide the precision
industry sector with Masters and PhDs in mechatronics
equipped with system engineering and managing skills.
B. The team and its basic design tools – communication and
interface modeling needs
The concept and feasibility study normally requires a
limited number of resources, maybe ten persons. The
mechatronic team-competencies needed are related to the task,
and commonly a good team consists of senior engineers
having skills in mechanics (architecture, machine design, and
machine dynamics), electronics (architecture, analogue/digital
electronic
design,
sensors,
actuators,
embedded
programming), systems engineering, and control engineering.
The team is equipped with design/analysis tools for the
respective discipline such as CAD, FEM, Spice, Matlab,
Simulink, Mathematica and SysML. Consequently, there is a
need to have effective interfaces between the team members
transferring correct and consistent information between each
other to synchronize their work towards a common goal: to
realize the functionality, behaviour, efficiency and
performance of the total system. During recent years, tool
interfacing methods and tools such as PHX ModelCentre
(from Phoenix Integration) [1] have been introduced on the
market, and in academic research [2] there is ongoing work
towards connecting tools efficiently in a multidisciplinary
setting.
Clearly, research addressing these interfacing
problems is of interest to the industry, and has a potential to
result in more efficient mechatronic product development.

Figure 1. Example of high performance mechatronics systems: Laser
Pattern Generators for the Semiconductor and Display industry (Courtesy
Micronic-Mydata AB).

C. Formulate the problem and goals – process model needs
Given that an economically and strategically feasible
product prospect exists, the corresponding problem
formulation and pre-study goals are initially proposed by the
system chief designer/architect responsible for the technology
roadmap. Later, when a decision to start has been made and
the mechatronic team has been created, the problem and goal
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definition is updated in co-operation with the mechatronic
development team.

tools to get more precise knowledge of properties and
behaviour.

A simple working process, such as the V-model adapted to
mechatronics development [3], helps guiding the team what
needs to be done. Checklists of product documentation that
need to be produced help making the transition to a detailed
design phase smooth. There are still gaps in terms of
engineering support (methods, models, tools) for mechatronic
system development. A quite comprehensive and critical
review of this problem domain is found in [3] where the main
challenges of mechatronic system design are identified and
discussed.

One of the key industrial challenges of designing
mechatronic products is inevitably that the viewpoints of
many different stakeholders must be handled concurrently and
consistently. These stakeholders represent different “users” of
the product in question. From an engineering point of view,
the stakeholders are also representing different engineering
domains. In dealing with the product and its development the
stakeholders are used to different methods, models and tools
when dealing with, analysing or drawing conclusions
concerning a particular design. An attempt to address these
issues is found in [5] where relations between viewpoints at
the levels of people, models and tools are studied. The authors
argue that efficient mechatronic development requires support
to handle viewpoint relations at the levels of people, models
and tools. The solution attempts they discuss evolve around
three types of support models (quoted below):

D. Gathering information and system design - modelling and
tool needs
A scenario is that the stakeholder views, functionality and
other requirements need more detailed definitions. The team
needs, for example, to address this by interfacing to other
departments, such as market, the chief architect and preferably
a potential customer. Even though the pre-study might
concern a subsystem within the product, it is still important
that the top stakeholder needs, the higher level functionality
and other requirements are known to a certain detail to be able
to brake-down and define the requirements related to the
specific subsystem. A way to structure the information is to
use a SysML-tool and build a hierarchical structure from the
top level system towards the more detailed subsystems, see
fig. 2.
(from System requirements)

x

“Viewpoint contracts are used to define the vocabulary,
assumptions and constraints required for ensuring smooth
communication between stakeholders”.

x

“Dependency models capture relations between
engineering models, such as CAD and Simulink models,
belonging to different viewpoints, and can be used to
investigate how such dependencies relate to predictions
and decisions”.

x

“Tool integration models describe the interrelations
between tools in terms of their services and data, making
it possible to express tool interrelations such as data
exchange, traceability, invocation and notifications”.

Subsystem requirement 2
«deriveReqt»

«deriveReqt»

(from System requirements)

System Requiremnet 1
«trace»

Subsystem requirement 3

(from Stakeholder Needs)
«deriveReqt»
«trace»

«trace»

Customer

(from System requirements)
Subsystem requirement 4

System requirement 2

(from Stakeholder Needs)
«deriveReqt»

«trace»

(from Stakeholders)

Subsystem requirement 5

System requirement 3
«trace»

«trace»
Subsystem requirement 6

System requirement 4

«trace»
Service
«trace»

(from Stakeholders)

(from Stakeholder Needs)

(from Stakeholder Needs)
«deriveReqt»
Subsystem requirement 7

«trace»

«deriveReqt»

Operator
(from Stakeholders)
«trace»

Figure 2. Example of SysML usage: Requirements brake-down into a level
adequate for the start of conceptual creation.

The team must also decide on the brake-down granularity,
i.e., the requirements detailing level where there is enough
information relevant to start the conceptual phase. The
required functionality can in a similar way be derived from
use case scenarios in the same tool. Further on in the
conceptual study one might need to use the more disciplinary

E. Engender Concepts – modelling and tooling needs
Concurrently with the gathering of information, team
brainstorming sessions are done, for example by sketching
ideas on a white board. Senior mechanical engineers are
effective in using the CAD tool to visualize these sketches.
Follow-up sessions recapitulate these CAD-sketches, bringing
up new ideas and complementing with new inputs from the
gatherings of information as discussed in the previous section.
Discussions including supporting sketching on a white board
and in CAD systems are very effective. This concept
sketching needs however more analysis for verification and
some of this may be achieved through previous experience
among team members indicating how viable ideas are, and
what kind of behaviour they may produce. Concept generation
via sketching is natural for mechanical/spatial systems, but
becomes less effective when it comes to multi-domain systems
such as mechatronics, where software, control, actuation and
sensing play major roles in product properties and behaviour.
The industrial needs in this area are two-fold; first, methods
and tools that support manual concept generation and helps
determining if a concept is viable or not, and second, methods
which are actually capable to automatically generate
conceptual solutions based on a functional specification.
Over the last two decades quite a number of research
efforts have been reported on various approaches to more
systematically support engineers in the conceptual design
phase. Most of these efforts are based on categorizing
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components in terms of classes and features as a basis for
building methods and tools by which conceptual designs can
be derived or generated to fulfil certain product requirements.
Early work in this area was pursued by NIST (National
Institute of Science and Technology, US) as exemplified e.g.
by the so called core product model for representing design
information [6]. This product model should be seen as a
structured way of representing product development
information such as geometry, form, function, behaviour and
material of components, and of products built from those
components. The idea behind the core product model for
representing design information was also to provide for future
improved interoperability among software tools [7].
The concept of functional modelling is at the heart of
engineering design and provides an intuitive method for
representing and communicating the overall function of a
product or solution concept. Functional modelling also helps
to guide the design process in terms of understanding the
problem, architecting or generating solution concepts, and in
organization the engineering work. To allow for more
systematic and structured functional modelling, a functional
basis for engineering design is derived and reported in [8].
This work on functional modelling actually integrates
previous functional basis research and the core product model
work by NIST, and as such provides a good starting point for
extended research on model based conceptual design for
mechatronic systems.
More recently also the problem of generating conceptual
solutions through computer based product synthesis has
attracted more interest from researchers. Chakrabarti et al [9]
presents a quite extensive review paper covering the last
decades of research on how function-based, grammar-based,
and analogy-based synthesis can be used in early phases of
engineering design. The focus is on computational design
synthesis. An illustrative example of the potential merits of
computational design synthesis is presented in Helms et al
[10], where a structure model of a hybrid power-train is
automatically synthesised based on a high-level functional
model.
The above referenced research work to support
engendering of conceptual design solutions to a particular
product demand is promising. The focus of the approaches is
on mechanical, electrical and hydraulic components; hence a
good basis also for the engineering of mechatronic products.
There is however a lack of discussion and solutions when it
comes to certain key components of mechatronic systems,
namely sensors, controllers and transfer functions. The
selection and configuration (within a conceptual solution) of
sensor components is strongly linked to the selection of
controller structure and to the achievable product
performance. It has been recently demonstrated that also
control design can be conveniently included in early
conceptual design, and notably that it also strongly affect the
physical design, e.g. in terms of weight optimization, see
Frede et al [11]. Needless to say, the sensory-control
subsystem of a mechatronic product determines to a large
extent also the performance and qualities of that product,
hence it should be carefully included in the conceptual design
phase.
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We therefor propose focused research efforts to extend the
current research on computational design synthesis to include
also the closed loop characteristic of mechatronic systems.
F. Evaluate concepts – modelling and tooling needs
Adjacent to the activities of finding and shaping
conceptual solutions and as soon as the basic working
principle is known for a concept, there is an opportunity to get
an early evaluation of different concepts and compare them.
A way to do this is by using decision tree analysis. To
complete the decision tree the main working principles of the
derived concepts need to be understood, listed and
decomposed into sub-principles. The working principles of the
concepts are then configured with different physical
components that are feasible to the required principle. For
example, if the main working principle requires a linear
motion it might be performed with direct drive or ball screw
actuation components. This is visualized in a hierarchical
structure – the decision tree – in a spread sheet tool, see fig.2.
Mainprinciple
Pros

Concept1
Cons

Pros

Concept2
Cons

Pros

Linear
Cons

Pros

Rotating
Cons

Directdrive
Pros
Cons

Pros

Ballbearing
Pros
Cons

Pros

Motionprinciple

Actuationprinciple

Bearingprinciple

Pros

Concept3
Cons

Ballscrew
Cons

Pros

Rack
Cons

Bushing
Cons

Pros

Airbearing
Cons

Figure 3. Early concept analysis: Example of experienced based weighing
the advantages and disadvantages of concepts by combining them into
different possible configuration of sub principles.

Later when a reduced number concepts are clearer with
physical parts and structure, the further analysis need to go
below the so far used lowest brake-down level, using error
budgeting [12] or system budgeting [13]. The error budgets
give estimations of the performance and indicate if the
requirements can be met. The error budgets may initially
consist of a collection of simplified mathematical models that
express the sum of “error” contributions for a certain
requirement, e.g. precision in positioning, throughput, cost,
etc. The error budgets make it possible to judge pros and cons
between concepts.
The team then makes an experience-based judgment of
“pros and cons” to get a figure of merits for each
component/principle and tries to combine them into the “best”
component/principle-configuration for each main concept. It is
then possible to make a relative evaluation between concepts,
e.g., by comparing their total sum of figure of merits. There is
however a need for more model based approaches to compare
conceptual solutions. To be effective, such model based
methods should allow for concept optimization before
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selecting a winning concept – otherwise the selection is not
fair.
Given that one or more competing conceptual solutions
have been derived and in principle found feasible, the
selection in between these alternatives is obviously critical for
the final outcome of the product development project. The
literature review of Torry-Smith et al. [4] identifies that a
major difficulty of mechatronic design is to assess the
consequences of choosing between two conceptual design
alternatives. A number of methods to approach this problem
have been investigated in the past, for example quality
function deployment (QFD), design structure matrices (DSM)
or Pugh charts [14], and concept screening [15]. However,
these methods do not rely on physically based and objective
models, but are rather based on imprecisely represented
experience and on subjective information. A conclusion of this
is that despite the existing approaches, mechatronic system
designers do not have effective methods and tools for modelbased assessment such that competing conceptual alternatives
can be compared against each other.
The work by NIST together functional modelling,
(described in the previous section) in combination with data
base efforts for handling design information in a
heterogeneous repository [16] for supporting design reuse,
constitute a framework that could be extended to support
model based concept evaluation. To be efficient and effective,
such an evaluation should make concept optimization possible
before selection of a final concept for further development into
a product – otherwise the selection is not fair. Two obvious
characteristics of the conceptual synthesis phase are that only
limited information (component selections, models,
parameters, material) about the conceptual solutions is known,
and that the time that can be devoted to concept optimization
and evaluation is strictly limited. To further complicate the
situation, and as has been earlier discussed in this paper,
mechatronic products are typically subject to several
conflicting requirements in terms of for example performance,
cost, energy consumption and weight. This requires the
concept optimization methods to handle multi-objective target
functions and the optimisation problem will typically be nonconvex requiring non-gradient based optimization methods.
Applying
physics
based
optimization
requires
mathematical models of the system (solution concept in our
case) that should be optimized. For the optimization to be
performed with limited computational effort, an interesting
approach is to apply scaling laws for component modelling.
One of the earlier attempts to use scaling laws for modelling
and performance prediction is found in Waldron & Hubert
[17] with application to robot mechanisms. A more recent
application of using scaling laws for preliminary design stages
is found in [18] where the underlying motivation is that there
is a lack of models on a relatively low level of detail but with
enough expressiveness to be suitable for preliminary design
analysis. It is undoubtedly important to have representative
models and corresponding analysis methods on this level of
detail since in the conceptual phase only a limited number
design parameter are known, but potentially expensive design
mistakes can be made if sufficient care is not taken.
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As was pointed out in the previous section about
systematic (and potentially computational) concept generation,
there is a lack of solutions when it comes to including certain
key components of mechatronic systems, namely sensors,
controllers and transfer functions into the synthesised concepts
and their evaluation. It was also concluded that being able to
do so is critical for analysing and optimizing a solution
concept. Quite a lot of work has been reported on integrated
structure and control design for mechatronic systems, but this
work is typically focused on control performance only, and is
not particularly suited to early design phases. An exception is
found in [19] and deals with conceptual design of
electromechanical motion systems, where the authors present
an assessment method formulated to support the design of
feasible path generation, control system, electro-mechanical
subsystem and appropriate sensor locations, in an integrated
way. The methodology is claimed to provide fast insight into
the design problem at hand such that reasonable goals and
design efforts can be estimated early on.
The work presented in [20] is based on the work described
in Frede et al [11], and can be said to utilize and complement
the previously discussed work on scaling models [18] and
conceptual design of mechatronic motion systems [19]. In the
work by Malmquist et al [20] it is shown that, with only little
computational effort, mechatronic system concepts can be
optimized for both static properties and dynamic performance,
as a basis for fair concept evaluation. The developed method
is computationally tractable since the applied optimization is
conducted without using simulation, but still holistic enough
to include both the physical system and the sensor-control
subsystem. The results are made possible thanks to the fact
that modelling and optimization are based on algebraic scaling
models relating component performance (e.g. load capacity) to
properties such as size and weight, and algebraic transfer
function models representing component and controller
dynamics.
The research on conceptual product synthesis methods has
predominantly been pursued in the engineering design
research community with a basis mechanical engineering. The
research on mechatronic system design, considering in
particular the closed loop aspects, has on the other hand
mainly been studied in the mechatronics community, which
mainly is populated by researchers being active in a control
engineering context. Based on this we propose intensified
research efforts to integrate models, methods and solutions
from these different domains in order to facilitate better
concept optimisation and evaluation of mechatronic systems.
III.

THE FEASIBILITY PART OF THE CONCEPT AND
FEASIBILITY STUDY

So far, engineering work up the point where a limited
number of candidate concepts are selected has been discussed.
The described process is applied in a company producing high
performance manufacturing machines for the electronics
industry. Some essential characteristics of the produced
machines are expensive equipment, high precision and high
throughput. This means that actually starting a real product
development project, with its substantial investments, must be
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based on very thorough investigations. These investigations
are continued in the feasibility study.
To this point in the pre-study, as discussed, some
preferable concepts have been selected for further examination
regarding the feasibility question. In summary, the team
choice-of-concepts is founded on the sum of knowledge
derived during the preceding synthesis and analysis work; for
example by the aid of system engineering models in SysML
(requirements, behavior, function, etc.), models of concepts in
mechanical CAD, models of error budgets in Excel and
Matlab, evaluation models such as decision tree/Pugh
diagram, etc. in Excel. The following sections briefly
summarize some of the activities involved in the feasibility
part of the pre-study.
A. Preliminary design and simulations
This phase constitutes a “pre detailed design” phase where
the team is trying to equip the concepts with a feasible
mechanical structure and “real” components, such as selected
bearings, actuators, sensors. The aim is to get further
information of manufacturability and cost with the demanded
requirements. The outcome is a mechanical CAD model. The
development of this model is also dependent on analysis of
properties related to solid mechanics, thermal, kinematic, and
dynamic effects, which are all performed in other modelling
tools. In summary, these models and analyses are further
extensions of the previous error budgeting to evaluate
concepts in more detail. As mentioned previously, working in
an environment where the various modelling tools can update
each other with relevant information would probably improve
the feasibility work both in time and quality.
B. Prototyping and Experiments
Even though the engineering work done up to this point is
extensive and to a certain extent model based, there might still
be uncertainties not possible to address without actually doing
experiments. If, for example, a concept requires a part very
difficult to manufacture it might be necessary to make a
prototype and make experiments to verify its functionality,
performance and manufacturability. It is also often helpful to
make 3D printed- or cardboard-models to get an impression of
complexity and size of the concept(s).
C. Risks analysis and Readiness level
The decision making management team is interested in
understanding the risk level involved in starting a product
development project. Therefore, the mechatronic team needs
to provide its judgment regarding the technical readiness of
the selected concept and its component choice(s) and
corresponding risk levels.
IV. DISCUSSION AND CONCLUSION
To do right from start is essential for a product
development project to be successful. The conceptual design
phase is therefore very important and critical. To do right in an
efficient way is in a modern engineering context the same as
managing both synthesis and analysis by means of modelbased methods and tools. This is however extra challenging in
the conceptual phase since the available model and parameter
information is naturally limited. In this paper we have briefly
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described how a concept and feasibility study is performed in
a medium sized company developing high-precision motion
systems for the electronics industry. The paper concludes that
there are certain gaps in the available methods and tools to
fully support engineering work in the conceptual phase. In
particular the process of deriving, optimizing and evaluating
competing conceptual solutions is highlighted. Promising
research initiatives in these areas are briefly reviewed and
topics for future research efforts are proposed.
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