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Abstract

In this thesis a model is developed for calculating the loads on the wetclutches in a
powershift transmission. This thesis was done at Volvo CE in Eskilstuna and is focused
on their 4-speed countershaft transmissions. The goal of the project is to be able to
calculate the loads automatically during the transmission tests and thus acquire increased
knowledge about what occurs during operation.

The model was developed by first generating a number of concepts and then evalu-
ating them to decide which one should be developed further. The chosen concept was
then developed further and implemented into the test equipment as a calculation script.
The chosen loads to model were the energy absorbed in each clutch, the coefficient of
friction (COF) and the slip distance. The COF was later found to give too unreliable
results to be used in any other way than as a benchmark for how well the model was
configured and to see any large changes in COF.

The model was validated by calculating the energy absorbed in a HTE-200 series
transmission and comparing it to a reference calculation model. It was seen that the
results from the new model are very close to the reference result. The energy lost
calculated by the new model will be equal to 94 % of the energy lost calculated by the
reference model, but only when measuring the inertia phase. The energy lost is equal
to 135 % when the torque phase is included. The increasing difference is believed to
be because of an error in the reference model that means it does not cover the torque
phase.



Sammanfattning

I detta examensarbete har en modell utvecklas for att berikna belastningarna pa de
vata kopplingar som finns i en powershift transmission. Arbetet utférdes pa Volvo CE
i Eskilstuna och fokuserar pa deras 4-viixlade “countershaft” transmissioner. Malet med
projektet ar att kunna berdkna belastningarna automatiskt nir riggtesten kors och pa
sa sitt fa okad kunskap om vad som hénder under kérning.

Modellen utvecklades genom att forst generera ett antal koncept och sedan utvérdera
dessa med varandra for att se vilket som skall utvecklas vidare. Det valda konceptet
utvecklades sedan vidare och implementerades i testutrustningen som ett berékningsskript.
De laster som valdes var totala adsorberade energin i varje koppling, friktionskoefficien-
ten och slirlingden. Det upptéicktes senare att friktionskoefficienten inte gav palitliga
resultat och kunde endast anviinda som ett sétt att méta hur bra modellen var konfigur-
erad. Den kan dven ge information om stora férdndringar som sker nér transmissionen
provas.

Modellen validerades genom att rdkna ut den adsorberade energin i en HTE-200 serie
transmission och jimfora detta resultat med en referensmodell. Utifran detta kunde man
se att resultatet ifran den nya modellen lag vildigt néra resultatet ifran referensmodellen.
Den beriiknade energin ifran den nya modellen var 94 % av resultatet ifran referens
modellen nir man bara miitte troghetsfasen och 135 % nér man inkluderar momentfasen.
Den okade skillnaden beror pa att referensmodellen inte dr konstruerad for att fordela
energin mellan flera kopplingar.
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Introduction

1.1 Background

Volvo Construction Equipment is one of the world’s leading manufacturers of wheel
loaders and articulated haulers, with over 14 thousand employees all over the world
and net sales of 64 billion SEK. To maintain this position, constant development of the
company and its products is needed [1]. One of the developments that Volvo CE focuses
on is the drive-trains in their machines to meet the increasing environmental legislation
requirements as well as lowering fuel consumption. This is mainly done at the Volvo
Technical Centre in Eskilstuna.

Today some Volvo machines utilize a powershift transmission, this transmission is
based on a shifting technique that uses wet clutches to shift gears without losing output
torque [2]. This technique requires great understanding of how wet clutches operates
to get a smooth gear shift with little wear on the components. During development of
a new powershift transmission a lot of tests have to be performed and the current test
setup will yield little information on what actually happens to the wet clutches during
these tests. This will make it difficult to identify the causes for failure during the test.

1.2 Purpose

The purpose of this project is to create a model that calculates the loads in the clutches
during testing and presents it in real time as the test is run. This new data can then be
used to determine the cause of failure during certain scenarios and then utilized when
designing new more efficient transmissions as well as investigating failure in existing
transmissions.
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1.3

Goals

The overall goal of this project is to create a model which describes the loads that the
clutches are subjected to during test. The project includes:

1.4

Determining appropriate loads to model.

Creating a model for calculating these loads during testing.
Validation with existing test data.

Implementing the model in Volvo test measurement software.

Investigating how the lifetime and wear can be determined from this model.

Delimitations

The following delimitations were made on the project:

The test rig will be unmodified and only the existing hardware will be used.

The investigation of lifetime and wear will only be a theoretical one and no exper-
iments on this will be performed.

The model will only be run in a test rig and not tested in a real machine.
If the model is not producing acceptable results it will not be tested in a test rig.

The model should be simple and fast enough to be calculated while the test is
running.

The model will be developed for Volvo’s 4-speed countershaft transmissions for
wheel loaders.

Validation of the model will be against a HTE200 transmission.



Literature Survey

This chapter will provide a theoretical background to the project and explain basic
concepts such as how a powershift works and how it has been modelled previously.

2.1 Powershift

A powershift transmission is a transmission designed to shift gears without interrupting
the transmitted torque. This is done by using wet clutches to switch between active gear
ratios. [3]

2.1.1 Basic design

A powershift transmission can be designed in many different ways but the common
feature is that it will have two or more wet clutches mounted in parallel between which to
shift the torque. The transmission can also have multiple wet clutch "gearboxes” mounted
in series allowing for additional gear ratios to be achieved. An example transmission can
be seen in figure 2.1. This features two gearboxes in series, two directional gears and
four speed gears. [4, 3]
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Input

Output

Figure 2.1: Schematic view of a powershift transmission with a separate wet clutch for
each gear.

2.1.2 Shifting procedure

The gear shifting procedure in a powershift transmission is a bit more complicated than
in a regular transmission, There are four different gear shifting scenarios that can occur
but they all share the same shifting phases:

e Filling phase. A flow impulse from the actuation system moves the piston to the
kissing point, which is the position where the friction surfaces come into contact
with each other.

e Torque phase. During this phase the torque will be shifted over from the disen-
gaging to the engaging clutch.

e Inertia phase. During this phase the speed difference between the plates in the
disengaging clutch will increase while the speed difference in the engaging clutch
will decrease to zero. This is due to internal inertias that is needed to be overcome.

The order of these phases will depend on the shifting scenario. These can be seen in
table 2.1. One common factor is that all scenarios will begin with the filling phase.
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Table 2.1: Phase order in different shifting scenarios.

With positive input torque With negative input torque
(driving) (braking)

Upshift Torque phase — Inertia phase Inertia phase — Torque phase

Downshift Inertia phase — Torque phase Torque phase — Inertia phase

To better explain how a gear shift in a powershift transmission is carried out one can
consider a scenario were a person on skis is going uphill between two ropes. The ropes
are moving at different speeds and the person is holding on to the slower rope as shown
in step 1 in figure 2.2. In order to change speed to the same as the fast rope the person
has to perform the following steps:

1. The person is starting out travelling at the same speed as the slow rope.

2. The person then grabs the faster rope with increasing pressure thus decreasing the
pull force in the slow rope hand and increasing it in the fast rope hand.

3. At this point the pull force in the hand with the slow rope equal is to zero.

4. The slow rope is now released and the pressure in the fast rope hand is increased
to accelerate the person.

5. The person is now travelling at the same speed as the fast rope.

1 m/s 2 m/s 1 m/s 2 m/s 1 m/s 2 m/s 1 m/s 2 m/s 1 m/s 2 m/s

Pawe bt iwe ! Paome b Tame b P owe !
Y W I A Y S EE IO C A O

/ \ \/ \
L" FV *\; ,,r} ) \ / ‘\ /) \ /'Y
/”//\, - N - N N ~_
| | | | |
view
10N 10N 10N 10N 10N
(1) (2) (3) (4) (5)

Figure 2.2: An illustration showing a man going up a hill changing speed in a way equiv-
alent to a powershift.

This scenario is equivalent to an upshift with positive torque. The other shift scenarios
will be performed in a similar way but in a different order, as shown in table 2.1.[2]

The pressure levels and slipspeeds for an upshift with positive torque can be seen in
figure 2.5.
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Figure 2.3: Tllustration of the pressure and slipspeeds occurring in a shift from third (F3)
to fourth (F4) forward gear.

2.2 Wet clutches

Wet clutches are a type of friction clutch that is constantly lubricated to reduce wear and
increase the cooling capacity. This makes is possible for the clutch to operate at higher
loads than a regular clutch. These types of clutch are used in many applications such
as automatic transmissions in cars and also in torque converters as lock-up clutches and
different locking devices. A schematic drawing of a wet clutch can be seen in figure 2.4.

[5]

. Gear, Friction plates
Gearing Piston
Stationary
housing ) )

Qil inlet /Ol] cylinder
End-face
seal ring Return spring
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housing : | Oil duct
7 - S
Splines ZIT6N

Rotating |
shaft !

Figure 2.4: Schematic view of the components in a wet clutch. [6]

These kinds of clutches are usually engaged using a hydraulic piston. To engage
the clutch a pressure is applied to the piston. This moves the plates closer together and
creates the friction force needed to transfer the torque. A return spring is mounted inside
the clutch to push back the piston and disengage the clutch when the piston pressure
is decreased. This process of engaging the clutch can be divided into four stages: fully
disengaged, filling, engagement and fully engaged. [5]
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The friction discs in a wet clutch are often made of a steel core with a paper-based
friction material on both sides. This paper-based friction material has grooves in it to
give the oil trapped between the plates a way to escape as well as provide a flow of oil
for cooling when engaged. Figure 2.5 shows a friction disc with grooves.[7]

The wet clutch exhibit torque loss due to shear forces caused by the oil. This is called
drag torque. In Section 2.2./ the concept of drag torque will be further described.
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Figure 2.5: Drawing of a friction disc for use in a wet clutch. [7]

2.2.1 Heating and cooling of a wet clutch
Friction heating

When two surfaces slide against each other heat is generated. This happens during the
working mode for a wet clutch in normal operation. In some cases "hotspots” will form
on the disc due to this kind of heating. This is described in more detail in Section 2.2.2.

The power generated by sliding can be calculated using equation 2.1 were Fq,q is the
generated power, T is the transferred torque and w; and wsy are the the angular velocity
of the friction disc and mating plate. [8]

Pavg =T x |(w1 — (,Ug)‘ (2.1)

Cooling of the wet clutch

The primary cooling mechanism in a wet clutch during operation is heat transfer to the
oil. The effect of the cooling can be varied by for example altering the flow rate or the
geometry of the friction disc grooves. [8]
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2.2.2 Frictionally-excited thermoelastic instability (TEI)

The formation of hot spots is a common problem in clutches. These are formed due
to high localized temperature and pressure zones. These localized temperature zones
are created due to non-uniformity in the contact pressure distribution across the sur-
face. Areas that experience higher pressure will also experience higher temperature. The
pressure will then increase in the area as the temperature rises due to localized thermal
expansion thus increasing the temperature further. This is called thermoelastic instabil-
ity (TEI), but is normally referred to as "hot spots”. The material in these zones will
effectively be heat-treated, and for example a martensite structure can be created in the
ferrous materials. An example of a steel separator disc with hot spots can be seen in
figure 2.6.]9]

Hot spots

Figure 2.6: Steel separator disc with hot spots.[9]

The types of hotspots can be divided into two main groups: focal hotspots and band
hotspots. Focal hotspots are hotspots that are discontinuous in the sliding direction thus
forming distributed spots around the disk. Band hotspots are continuous bands which
go around the friction surface forming concentric circles. It has been shown that the
most common case when dealing with two dissimilar materials is focal hot spots.[9]

2.2.3 Wear and degradation of a wet clutch

The discs in a wet clutch will be subjected to wear during its lifetime and thus some of
its properties will change. These properties includes the friction coefficient, real contact
area and width of the plate. Tests done on wet clutch wear have shown that the wear
rate will be severe in the fist 200 cycles with noticeable change in thickness and then
lowered after this run-in period. It has also been seen that the friction plates closest to
the piston will suffer the most from this wear. [10]

If the temperature gets too high during operation it may cause the cellulose to de-
compose leading to degradation of the friction material. This usually happens around
200 to 400 °C [10]. Another failure mode that can occur during operation is glazing of
the friction material. This is caused by deposition of fluid degradation products on the
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surface creating a darkened smooth or shiny surface. The glazing often causes a decrease
in friction and sometimes increases the friction in the boundary regime [10].

2.2.4 Drag torque

The wet clutch suffers from torque loss even when it’s fully disengaged. This is called
drag torque. The drag torque is caused by the shear forces from the oil that act on the
rotating plates. The drag torque as a function of speed is shown in figure 2.7. It can
be seen that the drag torque is proportional to the speed up to a certain point where it
drops. This is due to the fact that the amount of oil being pumped out of the clutch is
higher than the amount that is pumped into the clutch. [11]

A
Drag torque

peak

Torque

Full Broken
film film

rpm

Figure 2.7: Drag torque as a function of rotational speed.

In figure 2.8 a schematic view over what happens to the oil can be found. In this
figure the broken film due to the previously mentioned conditions is shown in (b).

() (b)
Figure 2.8: Schematic view of the oil film before (a) and after (b) the peak.
The transition point can be moved to a lower or higher rotation speed by altering

the oil flow into the clutch. By for example reducing the oil flow when the clutch is
disengaged a low drag torque can be achieved at lower speeds.[12]
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2.3 Torque-converter

A torque converter is a device that uses hydrodynamic forces to transfer power in a
flexible way. These are often used to replace the clutch between the engine and the
transmission in automatic transmission.

A torque converter consists of three major parts: the pump (impeller), turbine and
stator. The converter is also filled with a fluid that transfers the power. Figure 2.9 shows
a cross-section of a torque converter with the components marked out. [13]

o~ Jmpeller]

-7 Impeller
e Turbine |
1320r ] 7 rhine
Stator
. Input Output
(a) (b)

Figure 2.9: Cross-section of a torque converter (a). [14] And a schematic view of the
cross-section (b).

When the pump is rotated by the engine it will cause the fluid to be pumped out from
the center and into the turbine. The turbine will then force the fluid to change direction
creating a torque on the output shaft. The fluid is now travelling in the opposite direction
compared to the pump, This is corrected by the stator that changes back the direction
of the fluid. Leading to a higher efficiency since the engine won’t have to provide the
torque to change the fluid’s direction back to normal. [13]

2.4 Lifetime estimation

The lifetime is an important parameter to consider when designing a component. If the
component is undersized then it will fail too early and lead to a lot of service costs. If the
component is oversized then the material and manufacturing cost will be too high. By
finding a balance between lifetime and cost a inexpensive and high quality component
can be achieved.

This section will cover the two basic tools to approximate the lifetime of a component.

2.4.1 S-N curve

S-N curves are a way to describe the number of load cycles a material can withstand
before failure at a certain load. These curves are also called Wohler curves. An example
curve can be seen in figure 2.10.

10
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Figure 2.10: En example S-N curve obtained from ultrasonic fatigue tests. [15]

This curve and the Palmgren-Miner rule provide a powerful tool for calculating the
lifetime of a component.

2.4.2 Palmgren-Miner rule

One theory to calculate the accumulated damage for an item is to use the Palmgren-
Miner rule. This rule will specify how much of the items lifetime is spent on each load
case. When the summarized damage accompanied with each individual load equals to 1
failure occurs. This is described in the following equation:

n;

— =1 2.2

— N; 2:2)
=1

were n; is the number of cycles of the current load and N; is the total number of cycles

to failure with the current load. [16]

2.5 Powershift simulations

There are many ways to simulate a powerhift transmission but one of the more common
is to model the transmission with a lumped element model. This model consists of
simplified elements that represent different components. This makes it easy to build
complex systems that are easy to understand and modify. These models can be built
in programs such as MatLab/Simulink. In figure 2.11 a 4- and 15-degrees of freedom
(DOF) model can be seen. [17]

11
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Figure 2.11: Lumped element models of a dual clutch transmission. (a) 15 DOF, (b) 4
DOF. [17]

By reducing the degrees of freedom a faster calculation time can be achived but since
the components are simplified it can cause an error in the final results. The models with
a higher number of DOF often include a better representation of the stiffness and inertia
for the components.[17]

12



Method

The following steps were performed to create a working model for calculating the clutch
loads: concept generation, concept elimination, further development of the chosen con-
cept, implementation into test equipment and validation of result.

3.1 Concept generation

Three major concepts were generated during the investigation and they are presented in
the following sections.

3.1.1 Concept 1

This concept is based on calculating the torque transferred in each clutch by comparing
the input and output torque and taking into account the active gear ratios to the different
clutches. The losses in the transmission are also needed to get the correct torque in each
clutch since some of the torque is lost due to other factors.

3.1.2 Concept 2

This is a simple concept based on calculating the lost energy with a known coefficient of
friction. This calculation is made for all the clutches during a shift since the calculations
are independent from each other. The power can be calculated by using the following

equation:
Ro

PL:M*F*N*lwl—wg\*/dr (3.1)
R;

where p is the coefficient of friction, NV is the number of friction interfaces and the other
constants (R;, R,, F, w1 and wq) are described in figure 3.1.

13
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w2
- 4

Figure 3.1: Cross-section of a clutch showing the constants used in Equation 3.1.

3.1.3 Concept 3

This concept is based on calculating the total power lost in the transmission by comparing
the difference in input and output power. The losses in the clutches are then isolated by
removing those due to other factors (drag torque etc.) from the total power loss. The
transmission will be modelled as a series of clutches and flywheels to calculate the losses
more easily and to divide the power. This seen in the figure below.

LT FT!
LU [
Ct Cx
Pin, Pout)
Jl [ J2z T J3
Flywheel ! L Flywheel | L i Flywheel
“Lumped inertia” E Cr “Lumped inertia” 3 Cy i “Lumped inertia”
i Clutch Pair i Clutch Pair
Ccf/Cr Cx/Cy

Figure 3.2: Schematic over the different components in the model and how they are
connected.

For each moment in time the power loss in the clutches is divided proportionally to
the theoretical amount of power loss in each clutch. This powersplit is illustrated in
figure 3.3 were the angle k of the line is determined by the theoretical power losses P;.
The measured power losses P, is determined by finding the point on the line were the
sum of the two losses is equal to the total power loss P, in the clutches.

14
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Figure 3.3: Illustration of how the power is split proportionally to the theoretical power.
Py is the total power loss, P; is the theoretical power loss and P, the measured power loss.

The power loss will first be divided between the two clutch pairs and then between

the clutches in each pair.

3.2 Concept elimination

The pros and cons of each concept will be compared to determine which concept will
be developed further. The complete comparison table can be found in appendiz A. A

summary of the most important points for each concept is listed in table 3.1.

The

expandability and low dependency on COF is the most important property for this

application.

Table 3.1: Comparison between the pros and cons for each concept.

Concept Name Pros.

Cons.

Concept 1 e Independent of COF when e Dependent on COF when slip-
slipping occurs in only one ping occurs in both clutches.
clutch.

Concept 2 e Won’t require data about e Heavily dependent on an ex-
which clutch is active. act COF.

Concept 3 e Hasily expanded to compen- e Complex calculation for

sate for additional losses

e Will not require an exact COF
model.

power split

e Only works with a maximum
of four clutches (two pairs in se-
ries)

From this comparison it was decided that concept three is going to be developed

15
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further mostly due to the fact that it will not be as dependent on how precise the
coefficient of friction is and the fact that it can be easily expanded.

3.3 Detailed development

Concept three will be developed and described in more detail. This section will cover
how the gear ratios, moment of inertia, power, energy, COF and sliding distance are
calculated.

3.3.1 Gear reduction and inertia calculations

The gear ratios and reduced moment of inertia are calculated by using a model described
by David Berggren [18]. This model utilizes matrix calculations to describe the trans-
mission and thus becomes very flexible due to the fact that the different designs are
calculated in the same way. The constraints of the transmission will be described by the
matrix C which is defined so that equation 3.2 is valid. Some examples of this matrix
can be found in appendiz B.

i1 - Cin w1

Crxw=|: . |x|[:][=0 (3.2)
Cml *°° Cmn Wn,

where w is the angular velocity, m the number of constraints and n is the number of
shafts in the transmission. Each shaft is indexed with a number from one to n. The
shafts are then divided into sensor and other shafts. The ”sensor” shafts are set to be
those with a speed sensor on them and the rest are set to "other”. The indexes for the
sensor shafts are defined in the vector N g spqy in the order shown in equation 3.3 and
the indexes for the other shafts are defined in the vector N o shqft-

NS.shaft: Nturb. MNinter. TNoutp. (33)

The gear ratio between the sensor shafts and the other shafts (Ro shaft) can be calculated
using equation 3.4. An explanation for the C[: ,IN| notation can be found in appendiz B.

RO.shaft = _C[: 7NO.shaft]71 * C[ 7NS.shaft] (34)

The gear ratio between the sensor shafts (Rg shafts) is given by an n x n identity matrix
were n is the number of sensor shafts as shown in equation 3.5. This is due to the fact
that for simplicity’s sake all the clutches are defined as open and their shafts independent
of each other.

10

Rsshape=IT=10 1 --- (3.5)
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The equivalent moment of inertia is calculated by the following steps: first the moment
of inertia for each shaft is defined in the vector J as shown in the following equation:

T
J=\J5 Jp - Jn] (3.6)

These are then divided into two vectors one for other shafts (Jo shqft) and one for sensor
shafts (Js.shaft)-
JS.shaft = J[NS.shaft] (37)

JO.shaft = J[NO.shaft] (38)

By using equation 3.9 the equivalent moment of inertia at each sensor shaft is calculated.

Jequ = diag(JS.shaft) + Rg.shaft * diag(JO.shaft) * RO.shaft (39)

The results this equation will have the form:

J, turb. 0 0
Jequ="1 0 Jinter. 0 (3.10)
0 0 Joutp.

3.3.2 Power calculation

The power lost in the clutches will be estimated by first calculating the total power lost
in the transmission and then removing the power gained or lost by inertia as well as the
power lost due to other effects such as drag torque. This is described by the following
equation:

Pall cl. — |Bn - Put‘ - Z (-Pinertia,i) - Pmisc. (311)
Total loss Other losses

Loss/gain due to inertia

The input and output power can be calculated using the torque and angular velocity as

per:
P=Tx*w (3.12)

were P is the power, T is the torque and w is the angular velocity. The following equation
can be used to calculate the power lost or gained due to inertia.

d 1
]Dinertia,i = @(5 * Jj * wZZ) (313)

where J is the moment of inertia and w is the angular velocity of the shaft.

The active mode of each clutch needs to be determined in order to decide how to
split the power between the clutches. This is done by observing the clamp force (F.) and
slip speed (|Aw|). Table 3.2 describes which mode is active at different conditions. The
sync mode is when the clutch plates are in contact and no slip occurs, the open mode is
when the clutch plates are not in contact. The working mode is when the clutch plates
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are in contact and there is a slip between the plates, the clutch will experience frictional
heating during this mode.

Table 3.2: Table describing which mode is active in different conditions.
F. <0 F.>0

|Aw| =0 - Sync (S)
|Aw| >0 Open (O) Working Mode (W)

The total power lost in the clutches can then be divided between the clutch pairs by
using the logic described in table 3.3. The power will be split based on which working
mode is active in each clutch pair. i.e if one clutch pair does not have any contact slip
then no power is assumed to be lost there and thus all the power is set to be lost in the
other pair.

Table 3.3: Logic table for splitting the power between the two clutch pairs.

Working Mode

Cy/Cy Cy/Cr Po,0, Poyc,
W S/0 Py al. 0
S/0 W 0 Pan a1
W W FEquation 3.14

If the working mode is active in the two clutch pairs at the same time then equa-
tion 3.14 can be used to calculate the theoretical power loss the clutch pairs and then
dividing the real power proportional to them.

(P __ Paa
Cﬂc/cy 1+1/k1‘y/f7‘
P a.
P — —olld.
T Tt by g
Ro.o Ro.y (3.14)
fo % Fy % Ny s [Awg| 5 [ dr+ puy « Fy s Ny [Awy| « [ dr
Ri,ac R@y
key/pr = Ry s Ror
pg * Fpx Nps |Awg| [ dr+ pp o« Frox Npox [Awp |+ [ dr
Ri,f Ri,r

where p is the theoretical coefficient of friction, F' is the clamp force, N is the number of
contact interfaces, |Aw| is the slip speed and R; and R, are the inner and outer radius
of the contact interface respectively. The complete calculation of equation 8.14 can be
found in appendiz C.

The power is then split in a similar way between the clutches in each pair. Table 3.4
and equation 3.15 describe how the power is split in the pair of speed clutches.
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Table 3.4: Logic table for splitting the power between the two individual speed clutches.

Working Mode

Cy Cy P, P,
W S/0 FPe,/c, 0
S/0 W 0 Fe,/c,
W AW FEquation 3.15
rPx _ PCI/Cy
L+ 1/ky )y
P
Py — CT/CU
1+ k‘x/y
Rox (3.15)
g * Fy % Ny * |Awg| [ dr
Ri,z
kz/y = Ro’y
fy * Fy s Ny« [Awy| [ dr
R; y

FEquation 3.16 and table 3.5 describes how the power is split in the pair of directional
clutches.

Table 3.5: Logic table for splitting the power between the two individual directional
clutches.

Working Mode

Cy C, Py P,
W S/O Po, e, 0
S/O W 0 P, /e,
W AW FEquation 3.16
( PCf/Cr
Fro =151
+1/kgr
_ Feyen
' LKy
Ro,f (316)
pf* Fps Npx|Awglx [ dr
Ri g
kg = Ror
pr * By Ny [Awy |« [ dr
Ri,r
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The complete calculations for these equations can be found in appendiz C.

The theoretical coefficient of friction used to split the power between the clutches
can be modelled in many ways. For example, constant or linear dependent on slip speed.
When assuming it is constant then the power split will become independent of the COF.

3.3.3 Energy calculations

The total energy lost in each clutch is calculated by integrating the power over time for
each clutch as seen in equation 3.17, where E, is the total energy loss of a the clutch
and P.(t) is the power loss of the clutch as a function of time.

E.— / Pu(t)dt (3.17)

3.3.4 COF calculations

The coefficient of friction can be calculated by comparing the results from the power
calculations with the theoretical power lost as seen in the following equation.

P, model

= (3.18)

R,
Fx N x|Aw|* [ dr
R;

where P,,,4e1 is the calculated power lost in the clutch, F' is the clamping force, N is the
number of friction interfaces, |Aw| is the absolute sliding speed and R; and R, are the
inner and outer radius of the contact interface respectively. The full calculation can be
found in appendiz C.

3.3.5 Slip distance calculation

The slip distance is calculated by calculating the distance a point at the mean radius
of the disc has travelled during the the working and sync mode of a shift. This can be
done with the following equation:

Sslip = Trmean * 27T % / ‘Aw’dt (319)

where Sg;p is the slip distance, rypean is the mean radius of the disc and |Awl| is the slip
speed.

3.4 Implementation into test equipment

A script has been written to carry out the calculations during tests. The main script is
programmed in a calculation program called "imc FAMOS” but some supporting scripts
are made in MatLab due to the large amount of matrix operations.

The script can be divided into three parts: pre-processing, data recording and main
calculations.
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e The pre-processing is carried out before the test is started and contains all the
calculations that don’t change during the test such as those for inertia and gear
ratio.

e The data recording part will record sensor data from the test rig and save it so
that the main script can process it.

e The main calculations will process the recorded data and calculate the energies
and COF.

The following sections will describe each part in more detail.

3.4.1 Pre-processing

Some calculations are made before the test is started to increase the calculation speed
during the tests. These calculations include: gear ratios, inertia, torque converter look-up
table etc. The pre-processing is performed in two different programs. All the calculations
that require matrix operations are performed in MatLab and the rest are done in Excel,
due to easier accessibility. The parameters specified in each program can be seen in
table 3.6.

Table 3.6: Pre processed parameters calculated before the test.

Excel MatLab
e Clutch geometry e Gear ratios
e Search paths e Moment of inertia

e Thresholds and tolerances e Torque converter look up table
e Eriction model
e Signal names

e Shift phases

3.4.2 Data recording

The sensor data is recorded in the test rig at specified time intervals and each recording
contains one gear shift. The data that is needes is the pressures for each clutch, input and
output torque and the speeds for the three flywheels. The search path to the recorded
data is then queued in the buffer file so that the main script can process it.

3.4.3 Main calculation script

This script will process the recorded data and calculate the energy and COF. A flowchart
of the script can be found in appendixz D and a simplified version is shown in figure 3.4.
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Load pre-
Check for new p Load sensor
> processed
sensor data data
data

Pre- > Calculate COF
calculations energies calculations

Save results

Figure 3.4: Simplified flowchart of the main calculations script.

The following sections will describe the different steps carried out by the main cal-
culation script.

Check for new sensor data

The script will check if the buffer file contains any search paths. If it does then it will
process the buffered data and remove the search path from the file. If no paths exists
then the script will wait for a specified time and then try again.

Load pre-processed data

The script will load all the pre-processed data at the beginning of the calculations to
ensure that the most up to date data is loaded in case some minor adjustments are
performed during the tests.

Load sensor data

The script will load all the raw sensor data from the file path fetched from the buffer
file. The names of the sensor channels loaded are defined in the excel file.

In case the intermediate speed sensor channel is missing then the speeds will be
calculated from the other sensors. This creates a new limitation where both clutch pairs
cannot be active at the same time. The algorithm for this can be found in appendiz D.

Pre-process recorded data

Pre-processing of the recorded data is needed before the energies and COF can be cal-
culated. This includes determining which clutches are active, adjusting the time shift
and correcting the rotational directions.

The active clutches are determined by checking if the pressure in each clutch changes
from max to min or min to max. If this is the case then the clutch is assumed to be
active. If the number of active clutches exceeds four then the calculations will be aborted
since the model is not compatible with more than two clutch pairs.

In order to use sensor data from different sources they need to be synchronized.
This is achieved by comparing the same sensor signal from the different sources and
calculating the time-shift by using built-in functions in FAMOS.
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The duration of each phase is also measured from the ECU output. The slip distance
for each clutch is also calculated, as described in section 3.3.

The final operation is to correct the rotational direction of the measured absolute
rotational speed. This is done by a script that looks for points where change in rotational
direction should occur and uses these to modify the speed signals. More information on
how this is done can be found in appendiz D.

Calculate energies and COF

The energies and COF are calculated by using the method described in section 3.3. A
more detailed description can be found in appendiz D.

Save the results

The results of the calculations are saved in comma separated text files and each time
the script is run it will append the new result at the end of the file.

3.5 Validation

The model is validated by comparing the results with those from an existing reference
model for calculating the energy. The reference model calculates the energy by utilizing
the known gear ratio for a chosen clutch along with the output torque to determine the
transferred torque at that clutch. The efficiency of the gears between the clutch and the
output shaft is also considered. This can be seen in the following equation:

7, = Tow* B (3.20)

n

where T, is the clutch torque, Ty, is the the output torque, 7 is the efficiency and R is
the gear ratio between the output and the clutch. The power lost in the clutch can then
be calculated with the following equation:

P.=T.*Aw (3.21)

where Aw is the slip speed and P, is the power lost in the clutch. The total energy is
then calculated the same way as in the new model as seen in equation 3.17. A limitation
to this reference model is that it’s only valid during the inertia phase and thus the power
in the other phases is set to zero.

The analysed gearshift is a shift from third (F3) to fourth (F4) forward gear. Calcu-
lations are made on a full shift (torque and inertia phase) and just on the inertia phase
since this allows for only one clutch to be experiencing slipping contact. The phases are
illustrated in figure 2.3. Several measurements will be analysed to get a mean value for
the difference between the two models.
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The resulting data will be normalized with mean values for the results from the
reference model as seen in the following equation:

Erewnorm = new/Eref (3.22)

Eref,norm = ref/Eref

where E,e, and FE,.¢ are the results from the new/reference model. FE,ecwnorm and

Erefnorm are the normalized results from the new/reference model. E,.; is the mean
result from the reference model.
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Results

The results from the validation tests will be presented in the following two sections. The
first section will cover the results from the test data that only contains an inertia phase
and the second section will cover a complete measurement that includes both a torque
phase and an inertia phase.

4.1 Inertia phase

The resulting normalized energies from the calclulations of the inertia phase measure-
ments can be seen in figure 4.1. Each point represents one shift from F3 to F4.
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Figure 4.1: Results from the energy calculation with the new model and the reference
model. The calculations are made only on the inertia phase.
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The mean energy calculated by the new model on this series of measurements is
about 94% of the mean energy calculated by the reference model.

4.2 Torque and inertia phase

The resulting normalized energies calculated on both the inertia and torque phase can
be seen in figure 4.2. Each point represents one shift from F3 to F4.
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Figure 4.2: Results from the energy calculation with the new model and the reference
model. The calculations are made on both torque and inertia phase.

The mean energy calculated by the new model on this series of measurements is
about 135% of the mean energy calculated by the reference model.
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Discussion

5.1 Model assumptions

A number of assumptions are made in the model that need to be discussed. These
include wear of the clutches, contact states, spring force, etc.

5.1.1 Friction models

Friction is modelled either as a constant value independent of slip speed or as a linear
function of the slip speed. The following models were chosen due to two reasons:

e The constant model was chosen since it would allow the model to be independent
of the COF thus allowing the script to run even when the COF is not known. The
model becomes independent due to the fact that the COF for each clutch cancel
out one another when calculating the split ratio k. This is the only occasion were
the COF is used.

e The linear model was chosen due to the fact that it would allow for the model to
run with a clutch that has a COF which changes a lot when the slip speed changes.

Additional models can be developed if required to get a better representation of how the
friction changes with different conditions, for example the temperature of the clutch.

5.1.2 Wear of clutches

In this model the assumption is made that all clutches wear by the same amount at
any given time. This is assumed in this way to make it easier to split the power. This
assumption is considered valid since wear on the clutches after the run-in period is low
and thus the error created will not be very high compared to errors created by other
factors.
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This assumption can lead to an error when replacing one clutch and not the others
since the new clutch will not have gone through the run-in period and will probably
experience a different coefficient of friction from the rest of the clutches. This will create
an error when dividing the power loss between the clutches since the model will not take
the new COF into consideration. This can be corrected by developing a new friction
model that takes lifetime into consideration.

This type of problem can also occur when one clutch is subjected to more wear than
the rest of the clutches.

5.1.3 Contact states

In the current model it is assumed that there is no travel time between when the clamp
force is larger than zero and the kissing point where the plates touch. This assumption
is due to the lack of position feedback from the plates and results in a longer sliding
working time than in reality. This may cause a significant problem if the travel time is
very long thus creating an unwanted power split. This may be filtered away by using
feedback from the ECU or by installing a position sensor for each clutch. Another way is
to try and identify certain signatures in the pressure signal that indicate contact between
the plates thus making it possible to tell if the travel time is over or not.

5.1.4 Spring force

This model contains an assumption that the spring force is constant and independent
of the compression. This is due to the lack of positional feedback for the clutch plates.
However since the spring force is only used when dividing the power between the clutches
one can consider this assumption valid.

If an position sensor would be installed in the clutches then the spring force should
be modelled as a function of the compression distance to get a better representation of
how big the clamp force actually is and thus dividing the power more accurately.

5.2 Model integration

The current integration with the test equipment utilizes many different applications
making it very prone to bugs and crashes since there is very little feedback between
the programs and it is very hard to achieve a good error handler. This can be solved
by porting the model over to a single program or create a new program that is specific
for this application. This program could also include a configuration wizard to increase
usability of the program and make it easier to get a correct configuration.

5.3 Signal quality

The data is quite heavily filtered when collected by the sensors and this may cause a
couple of problems such as incorrect acceleration and loss of important spikes. If the
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acceleration is filtered to an inaccurate value then the power loss/gain in the lumped
inertia elements is going to be incorrect and lead to an error in the total energy loss in
the clutches. If on the other hand a filter is applied to smooth out the curve one could
loose important max and min values. For example the min value where the absolute
rotation speed should change direction can be moved upwards thus making it harder for
the program to identify it.

5.4 Validation results

Results from the validation test show that the new model gives a result that lies very
close to the results from the validation model when only considering the inertia phase.
The results differ quite a bit when including the torque phase. This is mainly caused by
the reference model not being able to calculate the power loss during the torque phase.
This limitation comes from the fact that during the torque phase there will be more
than one clutch active at the same time and the reference model has no way to split
the torque between the active clutches. This result do on the other hand show that the
torque phase does matter to the end result and that it is important to consider this when
designing the clutches.

5.5 Accuracy of the COF

The calculated COF value for each clutch will differ quite a lot from reality since it is
heavily dependent on how well all the other losses are modelled. If the losses are for
example modelled to be lower than in reality then the loss in the clutches will be higher
and the COF will increase. It should be noted that the calculated COF can still be
used as a measurement on how well all the parameters are tuned in the model. If, for
example, a resulting COF of 20 or 100 occurs then one should consider checking if the
test parameters are correct. On the other hand if a COF below one is calculated then
the model is probably quite well tuned.

The normalized COF can also be used to check for changes over time by comparing
it at different run-times. This may be useful for understanding how the clutch wears.

5.6 Lifetime estimation

Approximation of the transmission lifetime could be calculated using the Palmgren-Miner
rule combined with an S-N diagram containing the lifetime for a given total energy or
shape of the power curve. One problem with this approach is that it will require a
large amount of test data to create the S-N diagram. This can possibly be solved by
utilizing existing machines and logging the energy values when they are used by the
costumers, then collecting it during service of the machine. The problem with this is
that one machine is subjected to a lot of different load cases during it’s lifetime so one
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should consider utilizing some statistical theory to combine the measurements from all
the machines.

One can argue if the shape of the power curve will have a significant impact on the
resulting lifetime or if the total energy gives a good enough representation. One thing
to consider is that if we have a large power spike then it may lead to problems such as
hot spots since the plates are being heated over a very short period of time.

Another approach is to compare the sliding distance for each shift and compare this
to a model that describes the wear as a function of this distance,such as the Archard
equation.

5.7 Further improvements

As mentioned previously there are some points where further improvements have been
identified. These include modelling of drag losses, better data handling and filtering and
friction models.

One area that needs improvement is the modelling of drag losses in the transmission.
Since the model is based on the total amount of losses it is important to try and model
all the significant losses correctly. These losses can either be modelled as a constant or as
a dynamic function that varies depending on some parameters. The second alternative
will probably provide a better result that is closer to reality. If all the losses in the model
are modelled correctly it will lead to a lower calculated energy loss in the clutches. This
is due to the way that the losses in the clutches are calculated from the total power loss.

Data processing will need some more improvement too, especially the speed data
and how the change in rotation direction is handled. This might be done by installing
additional hardware in the transmission so that the direction can be measured and not
just the absolute speed. Another way may be to create a better system to identify when
the change occurs and thus improving the ability to predict the direction in a more
reliable way.

The friction models can be improved by implementing a more detailed version that
includes the change in friction due to lubrication at different speeds.
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Conclusions

6.1 Development

The development process resulted in a model that can calculate the energy loss in each
clutch as well as estimating the coefficient of friction. The COF is found to be too
unreliable and is therefore only used to get a rough estimate of how well the parameters
correlate to reality. The model can also calculate the sliding distance for each clutch.

This model was implemented as a FAMOS script to be able to run calculations at
the same time as the tests are run.

6.2 Verification

The verification results show that results from the new model lie within 6% of the
reference model when calculations are made only on the inertia phase and within 35%
when calculations are made for the whole shifting sequence. This is considered to a good
result. The increased error when calculating on the whole sequence is believed to be due
to flaws in the reference model and another reference model is needed to validate the
power split properly.

6.3 Lifetime estimation

The concept of lifetime estimation was discussed and it was found that a large amount
of test data was needed to be able to perform a reliable estimation. If this data was
available then the estimation could be done by using the Palmgren-Mine’s rule.

6.4 Further development

The following areas were identified to be developed further:
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FURTHER DEVELOPMENT CHAPTER 6. CONCLUSIONS

Drag loss model. Accuracy of the results could be increased by adding a better
model for other losses in the transmission.

Signal Processing. Signal processing could be developed further to allow for
more accurate measurements.

Friction models. Friction could be modelled to include more parameters giving
a more accurate representation of the current friction in the disc.

Hardware modifications. The hardware could be modified to include better or
new sensors to allow for measurement of, for example, turbine rotation direction
or clutch disc travel distance.

Wear model. A model for wear in the clutch could be added to allow for a better
power split when the clutches are subjected to different amounts of wear.
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APPENDIX A. CONCEPT...

Table A.1: Comparison of the pros and cons for each concept.

Concept Name

Pros.

Cons.

Concept 1

e Independent of COF when
slipping occurs in only one
clutch.

e Doesn’t require the exact pis-
ton pressure when slipping oc-
curs in one clutch.

e Is dependent on COF when
slipping occurs in both clutches.

e Will be very difficult to calcu-
late when two clutches in series
are sliding.

e Input torque only approxi-
mated.

e A lot of gear ratios to keep
track of for each case.

Concept 2

e Quick and easy calculations.

e Wont require data about
which clutch is active.

e Heavily dependent on an ex-
act COF.

e Will not adapt to changes in
COF due to wear, temperature
ete.

Concept 3

e Easily expanded to compen-
sate for additional losses

e Only needs to keep track of a
few gear ratios.

e Adapts to changes in COF
over time.

e Will not require an exact COF
model.

e Complex calculation for

power split

e Input power approximated

e Only works with a maximum
of four clutches (two pairs in se-
ries)
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B.1. EXAMPLE CONSTRAINT ... APPENDIX B. CONSTRAINT...

B.1 Example constraint equations

In the following table a couple of example constraint equations can be seen. These
equations are used to build the constraint matrix C.

Table B.1: Example constraint equations for different components.

Type Schematic Constraint eq.
z1
Wwl—
Z
Regular Wi+ 2wy =0
= A
— W2
Z2
Z2
_—E
7 -7
Planetery wy + ?iwg + (712 —1ws =0
z1] | w2
- o7 . =
T 1
Clutch (AR |—|—ﬁ)2 Open: Independent. Closed: Rigid shaft.
117

B.2 Example constraint matrix

An example transmission can be seen in figure B.1 FEach shaft is numbered. Speed sensors
are located on shafts one and four.

40



B.2. EXAMPLE CONSTRAINT MATRIX APPENDIX B. CONSTRAINT...

r Sensor 1

_l rSensorZ
2l 0,
I
= ll__
3 5
i
Te

Figure B.1: Example gearbox for calculating the constraint matrix.

The constraint equations for this transmission can be written as shown in equa-
tion B.1 where w is the rotation speed and Z is the number of teeth for each gear.

Z2
W1+ZW2:O
Z3
WQ+7W3:O
2 (B.1)
w —i—éw =0
4 2 5
Zg
—wg =0
w5+Z5w6

These can then be written as the constraint matrix C':

— Z —
1 22 0 0 0 0
7 p
01 2 0 0 o0
C = 2 (B.2)
5
00 0 1 25 o
Zy
00 o0 o0 1 2
i Zs
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B.3. C[:;;N] NOTATION APPENDIX B. CONSTRAINT...

B.3 C]:,N] notation

The C|[: ,N] notation corresponds to a new matrix consisting of the columns given by
the vector IN. If we have a vector C' as shown:

11 12 13 14 15 16
C— 21 22 23 24 25 26 (B.3)
31 32 33 34 35 36

41 42 43 44 45 46

and the IN vector.
N = [2 3 6} (B.4)

then the matrix C[: ,IN] would be as follows:

CL N = |2 B (B.5)
32 33 36

42 43 46
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C.1. POWER SPLIT APPENDIX C. POWER AND. ..

C.1 Power split

The power is divided between the X/Y and F/R clutch pairs in the following way. First
the theoretical power lost can be described by using the equations below:

Ro,z Ro,y
P,c,jc, = ta * Fo % Np x [Awg| x [ dr 4y Fy x Ny s [Awy |+ [ dr

Ri,a: Ri:y

Ry R (C.1)
Pyc,jc, = by * Fpx Ny s [Awp* [ dr+ pr* Fox Nex [Awe [+ [ dr

R; s R;

An explanation of all the parameters can be seen in the following table:

Table C.1: Parameters for calculating the theoretical power loss in clutches.

P, Theoretical. power loss

0 COF

F  Clamp force

N Number of friction interfaces
|Aw| Slip speed

R,  Outer radius of friction disc

R; Inner radius of friction disc

The sum of the power loss in each pair is equal to the total power loss in all clutches

as given in:
Paia. = Pe,c, + Poyyc, (C.2)
The ratio between the two theoretical power losses can be calculated by the following
equation:
Ro.x Roy
o % Fyp s Ny s |Awg| % [ dr + py % Fy * Ny |Awy| [ dr
Fie,ic, Riz Riy k
Pt C./C o Ro,f Ro,r o xy/fr
) f/ T
pr* Fps Nps|Awgl* [ dr+ pp % Fpox Ny s [Awy | % [ dr
R'L,f R'L,'r
(C.3)
This can then be rewritten in the following form:
Fe, /0, = kay/pr * Poyyc, (C.4)
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C.1. POWER SPLIT APPENDIX C. POWER AND. ..

Combined with equation C.2 to get the power loss in each clutch pair.

Panal. = kyyypr * Poy o, + Poy o,
Pall cl. = PCf/CT(kxy/fr + 1)

P _ P a1,
Cy/Cr (kzy/fr + 1) (05)
P a.
Pe. /e, = 71\
(4 7)
kﬂﬂy/fr

The power is split using the same method for the clutches in each pair. The theoretical
power loss in each speed clutch can be calculated with the following equations:

Ro,x
Piy = pg * Fy % Ny« |[Awg| % [ dr

Ri,z

Ry (C.6)
Py =ty * Fy*x Ny x |Awy| [ dr

R; y

The total power loss in the clutch pair can be described with the following equation:
Fe,/c, = Pr+ Py (C.7)

The ratio is then calculated with the following equation:

R,
P * Fyp % Ny« [Awg| % [ dr
Pt,l‘ Ri,x
Pt Y - Roy - kx/y (C8)
Ty x Fyx Ny [Awy|x [ dr
R;,
and can be rewritten in the following form:

By combining this with equation C.7 one can calculate the power loss in each clutch:

PC:E/Cy :kx/y*Py+Py

P — PCCC/Cy
Y (kyyy + 1) (C.10)
P, Pe, /0,




C.2. COF APPENDIX C. POWER AND. ..

The theoretical power loss in each direction clutch can be calculated with the following
equations:

R, ¢
Pt7f:,uf>l<Ff*Nf*|AUJf|* f dr

R;

w (C.11)
Py =ty x Frx Np % |Awy |« [ dr

Ri,r

Total power loss in the clutch pair can be described with the following equation:

PC’f/CT = Pf + P, (C.12)
The ratio is then calculated with the following equation:
Ro ¢
pfx Fps Ny |Awg|« [ dr
Py Riy
D = R = kr/r (C.13)
’ pr * Frox Npox [Awy| % [ dr
Ri,r
which can be rewritten in the following form:
Pf :k:f/r*Pr (C.14)

By combining this with equation C.12 one can calculate the power loss in each clutch:
PCf/CT = kf/r * Pr -+ Pr
PCf/CT = Pr(kf/r + 1)

P FPe,c,
" (kg +1) (C.15)
P,
Pf — Cy/Cr

(+5,))
kg

C.2 COF

The COF can be calculated by comparing the theoretical power loss (P, ,,) and the actual
power loss(Pyuoder) to see what the COF should be so that they are equal.

Pmodel = Pt,n
R,
Prodel :M*F*N*\Awl*/dr
R; (C.16)
_ Prodel
IJ/ _=

R,
F« N x|Aw|* [ dr
R;
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D.1. MAIN CALCULATION SCRIPT APPENDIX D.

CALCULATION. ..

D.1 Main calculation script

Start

Load buffer file
path

Is buffer

A

file empty?

N
A 4
Read and remove
first row. Calculate power
¢ lost/gained due
to inertia
Load pre- L
processed data
Calculated power
i lost in all the
‘Load sensor data clui[hes
¢ Split the power
Determine between the
friction model clutch pairs
Determine active Split the power
clutches between X & Y
i clutches
Correct L
timeshift Split the power
between F & R
i clutches
Correct
rotational
direction Calculate ?he
total energies
Calculate inter. i
Speed if needed. Calculate the

L COF
Calculate total ¢
power lost ‘Save the results‘

I

Figure D.1: Flowchart of the main calculations script.
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D.2. INTERMEDIATE SPEED. .. APPENDIX D. CALCULATION...

D.2 Intermediate speed calculations.

"IIIHHHHHIII"

clutchpairs
are in W mode
during the

Only X/Y
\ 4
Determine Determine
engaged clutch engaged clutch End
in X/Y pair in F/R pair
Calculate gear Calculate gear
ratio between ratio between
outp. and inter. turb. and inter.
Sensor. Sensor.
| Calculate inter.
>
speed
End

Figure D.2: Flowchart of the script that calculates the intermediate speed.

D.3 Rotation direction fix

The rotation direction is corrected by identifying the point where a change would occur
and then changing the direction between each point pair. A point where a change will
occur is identified by the following conditions:

Wz < Wikres.

Woutp. < 0 (D.1)
dw, 0
dt

where w, is the rotation speed that is being precessed, wip,es. is a threshold value that
describes the highest speed where an inversion can occur and weyp. is the output speed
from the transmission.
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D.4. COF CALCULATIONS APPENDIX D. CALCULATION...

The points are then divided into pairs. If there is an uneven amount of point then
an error message will be logged. The rotation speed is then inverted between the points
in each pair. It is assumed that rotation will occur in a positive direction at the start of
the sequence.

D.4 COF calculations

Select next
timestep

.

Select next
Clutch

Calculate
current COF

All clutches
processed?

All timesteps
processed?

Y
A 4

Calculate mean
COF for each
clutch

Figure D.3: Flowchart of the script that calculates the COF of the clutches.
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