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Abstract 
Electrical machines in electrified heavy-duty vehicles are subjected to dynamic temperature 

loadings during normal operation due to the different driving conditions. The Electrical 

Insulation System (EIS) in a stator winding is aged as an effect of these dynamic thermal 

loads. The thermal loads are usually high constant temperatures and thermal cycling. The high 

average constant thermal load is well-known in the electrical machine industry but little is 

known about the effect of temperature cycling. In this project, the ageing of the EIS in stator 

windings due to temperature cycling is examined.  

In this project, computational simulations of different simplified models that represent the 

electrical insulation system are made to analyse the thermo-mechanical stresses that is 

induced due to thermal cycling. Furthermore, a test object was designed and simulated to 

replicate the stress levels obtained from the simulations. The test object is to ease the physical 

testing of electrical insulation system. Testing a complete stator takes time and has the 

disadvantage of having a high mass, therefore a test object is designed and a test method is 

provided. The results from the finite element analysis indicate that the mechanical stresses 

induced will affect the lifetime of the electrical insulation system. 

A sensitivity study of several thermal cycling parameters was performed, the stator core 

length, the cycle rate and the temperature cycle amplitude. The results obtained indicate that 

the stator core length is too short to have a significant effect on the thermo-mechanical 

stresses induced. The results of the sensitivity study of the temperature cycle rate and the 

temperature cycle amplitude showed that these parameters increase the thermo-mechanical 

stresses induced. 

The results from the simulations of the test object is similar to the results from the simulations 

of the stator windings, which means that the tests object is valid for testing. The test method 

that is most appropriate is the power cycling test method, because it replicates the actual 

application of stator windings. The thermally induced stresses exposing the slot insulation 

exceeds the yield strength of the material, therefore plastic deformation may occur only after 

one thermal cycle. The other components in the stator are exposed to stresses below the yield 

strength. 

The thermally induced stresses exposing the slot insulation are high enough to low cycle 

fatigue the electrical insulation system, thus thermo-mechanical fatigue is an ageing factor of 

the electrical insulation system. 

 

 

 

 

 

 



 
 

Sammanfattning 
Elektriska maskiner hos elektrifierade tunga fordon utsätts för dynamisk temperatur 

belastningar under normal drift. De elektriska isolation system hos statorlindningar åldras av 

dessa termiska belastningar. De två vanligaste termiska belastningar är då temperaturen är en 

hög konstant temperatur som accelererar åldrandet genom oxidation. Den andra variationen 

av termisk belastning är termisk cykling som accelererar åldrandet genom inducering av 

mekaniska spänningar som sliter materialet.  

I detta projekt utfördes FEM simuleringar av olika förenklade modeller som representerar en 

stator. Syftet med FEM simuleringar är att ta fram de termo-mekaniska spänningar som 

uppkommer när en stator utsätts för termisk cykling. Vid hastig uppvärmning av koppar 

lindningar, induceras en temperatur gradient mellan de olika komponenterna i en stator. 

Temperatur gradienten tillsammans med termisk utvidgningskvot inducerar mekaniska 

spänningar. Vidare designades och simulerades ett testobjekt för att replikera de stressnivåer 

som erhållits från simuleringarna av stator-modellerna. Att testa en komplett stator kräver tid 

och har nackdelen av att ha en hög massa, därför är ett testobjekt designad och en testmetod 

tillhandahållen.  

En känslighetsstudie av tre parametrar utfördes, initial stator längd, uppvärmningshastigheten 

och temperaturamplituden. De erhållna resultaten indikerar att stator längden är för kort att 

erhålla en signifikant effekt på de inducerade termo-mekaniska spänningarna. Resultaten av 

känslighetsstudien av uppvärmningshastigheten och temperaturamplituden visade att dessa 

parametrar ökar de inducerade termo-mekaniska spänningarna.  

Resultaten från simulering av testobjektet liknar resultaten från simulering av statorn, vilket 

innebär att testobjektet är giltigt för provning. Den testmetod som är mest lämplig är 

testmetoden för effektcykler, eftersom den replikerar den verkliga applikationen av 

statorlindningar. De spänning amplituder som erhållits från simuleringarna indikerar att spår 

isolation utsätts för spänningar som överstiger sträckgränsen, vilket betyder att plastisk 

deformation av spår isolation kan ske efter endast en termisk cykel. De andra komponenterna 

i statorn utsätts för spänningar i den elastiska regionen, alltså ingen plasticitet sker efter en 

termisk cykel. 

 

De termiskt inducerade spänningarna som uppkommer på spårisoleringen är tillräckligt höga 

för att utmatta det elektriska isolationssystemet med låg cykel utmattning, därför är 

termomekanisk utmattning en åldrande faktor för det elektriska isolationssystemet. 
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1. INTRODUCTION 
In this chapter, the introduction is described. The purpose of the introduction is to able the 

reader to understand the background, purpose and aim of this project. Lastly, a state of art was 

performed and presented in the last sub-chapter.  
 

1.1 Background 
Electrification of heavy duty vehicles, such as buses and trucks are getting more popular 

every day. An electrical machine is a component integrated into the powertrain. Electrical 

machines are used for the propulsion of the vehicles. The life length and the failure rate are 

specified under relevant operating conditions. There is a study that showed that 40% of all 

electrical machine failure is due to failure of the stator, so it is crucial to study the life length 

and the failure rate of the stator [1]. 

To be able to predict the life length of the electrical insulation system, the ageing factors of an 

actual operation component must be known. In this case, the component studied is the electric 

machine. For electric machines, the main thermal ageing factors are;  

1) The ageing caused by a constant temperature 

2) The ageing caused by thermal cycling 

 

The first one is widely studied and well known in the electrical engineering industry. The 

second thermal ageing factor is the thermal cycling. Thermal cycling introduces a temperature 

gradient and thermal expansion ratio within the stator windings, which leads to thermo-

mechanical stresses. As a result of the thermo-mechanical stresses, the stator Electrical 

Insulation System (EIS) may degrade and fail. Ageing and failure of the EIS occupies a large 

proportion of the different failure modes of electrical machines. 

1.2 Purpose 
Electrical machines in heavy vehicles have a duty that is strongly intermittent. This makes 

thermal cycling more pronounced and makes the ageing of insulation system due to thermal 

cycling more interesting. This thesis is focused on obtaining a deeper understanding of how 

ageing due to thermal cycling is ruled and the effect of thermo-mechanical fatigue on the 

electrical insulation systems in electric machines. The overall aim is to develop test methods 

that incorporates the ageing effects of the actual use, ageing effects such as thermal cycling. 

1.3 Aim 
The aim of this project is to determine if thermo-mechanical fatigue is an ageing factor of the 

electrical insulation system. To find the ageing factors for electric machine windings, 

computational simulations are made. From the simulations, a model is provided to describe 

how the ageing is ruled by thermal cycle amplitude, cycle rate and other parameters.  

1.4 State of the art 
The degradation and ageing of electrical insulation system have become more relevant and 

important to electrified vehicle development, to optimize the cost and the lifetime of
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 electrical machines. For thermo-mechanical ageing on electrical machines there is the 

publication IEC TS 60034-18-34 which studies the form-wound high voltage machines, but 

there is little known regarding thermo-mechanical ageing on low voltage machines. 

 

Voitto I. J. Kokko published in year 2011 an article about ageing due to thermal cycling of 

Hydroelectric Generator Stator Windings [2]. In the article an approach to estimate ageing 

due to thermal cycling of stator winding insulation systems is presented. The article gave new 

insights into what happens in the insulation system during thermal cycling and the origin of 

the thermo-mechanical stresses, but this is only applicable to high voltage machines. Research 

of ageing due to thermal cycling in low voltage machine is limited, that’s why the outcome 

from this project is interesting.  

 

Most of the scientific studies found about the ageing and degradation of electrical insulation 

systems are for high voltage machines. Even though all the studies are about high voltage 

machines, the methods and results from these studies may be applicable and relevant for low 

voltage machines as well, this will be determined in this project.  

 

 “Modeling and Testing of Insulation Degradation due to Dynamic Thermal Loading of 

Electrical Machines” by Zhe Huang is a PhD thesis that gives new insights into thermal 

modelling of electrical machines [3]. Zhe Huang reviews the degradation and failure of 

electrical machines and also present simulations for thermal-mechanical stresses, which have 

a high relevance to this project. The difference is that this project studies material degradation 

due to thermal cycling at a deeper level and lays a heavier weight on the computational 

simulations. The type of electrical machine windings studied in Zhe Huangs thesis are 

different from the windings studied in this project. The windings studied by Zhe Huang are 

smaller round strands and the windings studied in this project are rectangular larger solids. 

Both types have their advantages and disadvantages. Zhe Huang compared two degradation 

processes, the thermal-mechanical fatigue and a thermal deterioration (high constant 

temperature). The conclusion Zhe Huang made was that thermal-mechanical fatigue is the 

dominating degradation processes [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Voitto%20I.%20J.%20Kokko.QT.&newsearch=true
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2. THEORY 
In this chapter, the theory behind this thesis is gradually explained, in order to able the reader 

to understand the procedures in this project. The theory explained in this chapter will be basic 

and will cover the theory behind electrical machines, electrical machine stator windings, and 

the insulation system and then lastly the thermo-mechanical stresses exposing the electrical 

machine stator windings. 

2.1 Electrical machines 
An electrical machine is the general name for electrical motors, electrical generators and other 

electromagnetic machines. Even though electrical motors and generators have a similar 

construction, their purposes are different. An electrical motors function is to convert electrical 

energy to mechanical energy, and the generators function is the opposite of an electrical motor 

i.e. converting mechanical energy to electrical energy. An electrical machine consists of two 

main parts, one static part called stator and one rotating part called rotor [4]. An electrical 

machine with the parts separated is shown in Figure 2.1.  

 

 

Figure 2.1.The electrical machine parts separated, the one on the left is the rotor and the one on the right is the 

stator [7]. 

The two main parts in the electrical machine is what makes the machine function. In the 

electrical machine, the stator is introduced to a flowing current through the windings; the 

current creates a rotating magnetic field that will make the rotor to rotate [5].  

2.2 Electrical machine stator windings 
The Stator consists of three different components, each component with its own function. The 

the three components are; the copper conductor, the stator core and the electrical insulation 

system. The electrical insulation is passive and does not create any current. The purpose of the 

insulation is however to prevent electrical short between the conductors and also between the 

conductor and stator core. If there were no insulations then the conductors would be in contact 

with each other and in contact with the stator core, causing the current to flow in unwanted 

paths and then lead to worse machine operation [5]. As mentioned before, current flows 
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through the copper conductor, the flowing current will produce heat due to the I2R losses. The 

I2R losses cause the temperature of the copper conductors to rise and if the copper conductors 

are not cooled, the electrical insulation system will deteriorate, and thus electrical short 

circuits will occur [5]. 

The second major component in stator windings is the copper conductor. The material is 

usually copper due to its high electrical conductivity, which is needed to allow a current to 

flow easily. The shape of the copper conductor is important to consider. For example, the 

copper conductor must have a certain cross-sectional area to be able to carry the whole current 

without overheating. But if the cross section is too large, there is a possibility that the current 

will only flow at the periphery of the copper conductor, which means that the flowing current 

is not utilizing the entire cross section area. This is called skin effect, and as a result from skin 

effect the I2R losses will be greater. To prevent this from happening, the same cross section 

area is made from strands that are separated and insulated from each other [5]. This insulation 

is called the conductor insulation, explained further in section 2.3. 

The final component of the stator is the core. The stator core is constructed of thin sheets of 

magnetic steel, usually referred to as steel laminations or core plates. Each lamination is 

insulated on both sides to prevent currents between the laminated sheets [6]. The stator core 

has a purpose to strengthen the magnetic field in the electrical machine, but also to work as a 

heat sink for the windings [7]. 

The cross-section of a stator slot is presented in Figure 2.2. As seen from the figure, every slot 

is very similar and all the stator components presented are found in a single slot.  

 

Figure 2.2. Displays (a) complete stator, (b) segment of the stator and (c) cross-section image of a slot. 

 

2.3 Electrical insulation system 
The component studied in this project is the electrical insulation system, introduced in section 

1.2.1. An electrical insulation system consists of several insulation materials that are selected 

depending on the application. The purpose of the insulation system is to prevent formation of 

an electrical contact between conductors. There are several reasons why insulation is used, 

such as; preventing short circuits, transfer I2R losses to a heat sink, and also to hold the 

conductors tightly in place to prevent vibrations [5]. The types of insulations included in an 

electrical insulation system are: 

● Conductor insulation 



5 
 

● Slot insulation 

● Stator Impregnation 

 

The cross-section of the stator winding is presented in Figure 2.3. In the figure, all the stator 

components are presented and all the insulation materials in an electrical insulation system are 

presented. 

2.3.1 Conductor insulation 

Conductors are made and insulated from each other for both mechanical and electrical 

reasons. An electrical reason is to prevent skin effect and large I2R losses. Skin effect can be 

avoided if strands are used instead of large solids. From a mechanical point of view, a cross 

section with strands is easier to bend into the required shape compared to one large conductor 

[8].  

The application of conductor insulation puts requirements on the insulation material. For 

example, the conductor insulation material is exposed to elevated temperatures because the 

conductor insulation is adjacent to the copper which produces the heat. The conductor 

insulation material requires high thermal conductivity so the heat could be transferred to the 

stator core and prevent overheating of the winding. There are several requirements on the 

conductor insulation material, for example; good thermal stability and conductivity, good 

mechanical properties, high electrical resistivity and high electrical capacitance [9]. 

2.3.2 Slot insulation 

The slot insulation, also called ground wall insulation, is the insulation that separates the 

windings from the stator core. The slot insulation separates the windings from the stator core 

to prevent current flow between the two components. The slot insulation is adjacent with the 

conductor insulation and therefore must have a good thermal stability. The slot insulation has 

also a purpose to transfer heat from the conductors to the stator core, therefore it is essential 

that the slot insulation has a good thermal conductivity and also be free from air cavities. Air 

cavities tend to block the way for the heat and that is one of the reasons air cavities should be 

prevented [10]. An illustration of the slot insulation is presented in Figure 2.3. 

 

2.3.3 Stator impregnation 

After the stator is assembled and complete, it’s usually impregnated with a thermoset room 

temperature liquid resin to improve important properties to extend the service life. The 

impregnation fills the cavities in the stator, thus providing an improvement of the electrical 

insulation, improvement of thermal conductivity, an improved environmental balance and 

prevents vibration between the windings [11]. There are several different impregnation 

processes, for example; trickling, roll dipping, hot dipping, vertical dipping and potting [12]. 

It is found difficult to define precisely how the impregnation material subsides. More about 

how the impregnation material has subsided on the studied stator may be found in chapter 3. 
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Figure 2.3. Displays the cross-section of a slot that contains all the studied components. 

 

2.4 Electrical insulation material 
The materials used in an electrical insulation system are as their name indicates electrical 

insulators. This means these kinds of materials are bad conductors of electricity and have a 

high electrical resistance. Electrical insulation can be described in terms of electrical 

resistivity, dielectric constant and dielectric loss. Electrical resistivity is a property that 

quantifies the electrical resistance, i.e. how strongly the material will oppose an electrical 

current. Dielectric constant is the ratio of the capacitance of a capacitor using that material as 

a dielectric, compared with a similar capacitor that has vacuum as its dielectric [13]. 

Dielectric loss is the loss of energy that goes into heating the insulation material in a varying 

electric field. It is given by the tangent of the loss angle and is known as tan (δ) [13].  

The electrical insulation materials are selected depending on the application. For example, the 

insulation material must be able to withstand high temperatures and be able to bend at large 

extent without cracking. The material needs also to be able to withstand the electric stress it’s 

exposed to without failing. The materials ability to withstand electric stress without breaking 

is known as the dielectric strength [13].  

As mentioned, electrical insulation materials are selected depending on the application. 

Electrical insulation systems are divided into classes by the maximum allowed operating 

temperature, this temperature is known as the hotspot temperature or the classification 

temperature. If the service temperature reaches the classification temperature, the insulation 

system will be susceptible to failure. Electrical machines usually operate in temperatures 

below the classification temperature to optimize the life length [14].  
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In this project, the stator studied contains an electrical insulation system that is classified as 

class H. Electrical insulation systems that falls into that category have a maximum 

permissible temperature at 180˚C. Conventional insulation materials contained in these 

electrical insulation systems is such as silicone elastomer and combinations of mica, glass 

fibre, asbestos etc. [14].  

An important factor to consider is the different insulation materials compatibility. At a certain 

service temperature, the chemicals of the individual insulation materials will react with each 

other and deteriorate the insulation properties. Such issues cannot be predicted by models and 

that’s the reason standards are tested, to verify the materials compatibility at higher 

temperatures.  These standards are tested by the Underwriters Laboratories (UL) and the 

International Electro Technical Committee (IEC) [15].  

2.5 Thermo-mechanical stress 
In many applications, electrical machines are subjected to changed loads, from low to full 

power, and the other way around. This load cycling leads to temperature changes within the 

stator windings, these temperature changes are called thermal cycling. The thermal cycling 

will introduce a temperature gradient, e.g. the copper conductor will have higher/lower 

temperature than the stator core. An increase in temperature leads to stator winding 

expansion, the longer the stator windings, the greater will be the total expansion of the 

conductors (as seen in equation 2.1). Therefore, the thermal expansion will be greatest in the 

axial direction [2]. The thermally induced mechanical stress is affected by the coefficient of 

thermal expansion (CTE) differential, the temperature gradient and other parameters. A 

differential CTE and a temperature gradient will lead to thermal expansion ratio between the 

components. The thermal expansion ratio will induce shear and tensile stresses within the 

stator windings, the stresses induced may fatigue crack and abrade the insulation away [2]. 

To understand the relationships between the thermally induced stresses and the various 

affecting parameters, analytical equations are derived. The analytical equations reveal which 

parameters affect the shear stresses and the normal stresses induced. To describe the normal 

stresses, an analytical equation of a geometry of a single bar is derived. To describe the shear 

stresses, analytical equation of two layers bonded with a joint layer is derived. 

2.5.1 Analytical equation of thermo-mechanical stress of a single bar 

A temperature change of a single bar in leads to a dimensional change. Linear expansion due 

to change in temperature can be expressed as; 

                                                                       ∆𝑙 =  𝛼𝑙0∆𝑇                            (2.1) 

where ∆𝑙 [m] is the elongation of the bar and is affected by the coefficient of thermal 

expansion 𝛼 [1/℃], the initial length 𝑙0 [𝑚] and the temperature difference ∆𝑇 [℃]. A single 

bar with both ends fixed is illustrated in Figure 2.4. Equation 2.1 shows that the thermal 

expansion depends on the initial length and the longer the bar, the more it will expand. 
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Figure 2.4. Single bar with two ends fixed. 

 

The thermal strain/deformation of the bar can be expressed as; 

                                                                 𝜀𝑡 =
∆𝑙

𝑙0
                                                            (2.2) 

where 𝜀𝑡 is the thermal strain. If the value of the thermal strain 𝜀𝑡 is positive, that indicates 

that the bar expands and if the value is negative, that means the bar shrink. Thermal expansion 

of a restricted bar, where the ends are fixed will develop a reaction over the bar and will 

induce stresses. If the bar expands, positive tensile stresses are induced but if the bar shrinks 

then negative compressive stresses are induced. The relationship between the thermal strain 

and the stress can be described by equation 2.3. 

                                                                 𝐸 =  
𝜎𝑡

𝜀
                                      (2.3) 

where 𝜎𝑡 [Pa] is the thermal stress and 𝐸 is the Young’s Modulus [Pa]. By combining 

equations (2.1), (2.2) and (2.3), the thermal stress induced due to thermal expansion and the 

various affecting parameters can be expressed as equation 2.4. 

                                                               𝜎𝑡 = 𝐸𝜀 = 𝐸 
∆𝑙

 𝑙0
 = 𝐸 𝛼 ∆𝑇                                       (2.4)

  

As shown in equation 2.4, the thermally induced stress over a bar is proportional to the 

materials Young’s modulus E, coefficient of thermal expansion 𝛼 and the temperature change 

∆𝑇. The initial length of the bar is however not related to the thermally induced stresses. 

2.5.2 Thermo-mechanical stress of bonded layers 

To understand the analytical equation that reveal the thermo-mechanical shear stresses and 

which the affecting parameters are, a sketch is presented. The sketch displays two layers 

bonded with a joint layer, the sketch is presented in Figure 2.5. In the stator slot, there are 

materials with different CTE bonded to each other. In 1979, W.Chen and C.Nelson [16] 

developed an analytical equation that estimates the stress distribution in bonded materials 

influenced by expansion ratio. The parameters and their meanings are presented in Table 2.1.  
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Figure 2.5. Sketch of bonded layers. 

Table 2.1. Parameters and their SI units 

𝜏 Pa Thermally induced shear stress 

𝛼1 𝑎𝑛𝑑 𝛼2 1/°C Coefficient of thermal expansion 

∆𝑇 °C Temperature gradient 

𝐺 Pa Shear modulus 

L m Total axial length 

t m Thickness of the two bonded layers 

𝜂 m Thickness of the joint layer 

E Pa Young’s modulus 

 

Equation 2.5 shows the thermally induced shear stresses in the x-direction.  

 

                                                       𝜏 =
(𝛼1−𝛼2)∆𝑇𝐺𝑠𝑖𝑛ℎ(𝛽𝑥)

𝛽𝜂cosh (𝛽𝐿)
                                      (2.5) 

where 𝛽 are the roots of the equation.  

𝛽2 =  
𝐺

𝜂
(

1

𝐸1𝑡1
+

1

𝐸2𝑡2
)                         (2.6) 

 

The equation, as mentioned earlier describes the thermally induced shear stress and presents 

the affecting parameters. As seen, the shear stresses are proportional to CTE differences 

between the two layers bonded with joint layer. The other affecting parameters are the 

temperature change and the dimensions of the layers, such as the thickness and length. The 

reference temperature of ∆𝑇 is the temperature where the all the stresses are zero, the zero-

stress temperature [17]. According to Chen and Nelson [16], the maximum stress is at the end, 

when x = L.  

 

                                 𝜏𝑚𝑎𝑥 =
(𝛼1−𝛼2)∆𝑇𝐺𝑠𝑖𝑛ℎ(𝛽𝐿)

𝛽𝜂cosh (𝛽𝐿)
 =

(𝛼1−𝛼2)∆𝑇𝐺𝑡𝑎𝑛ℎ(𝛽𝐿)

𝛽𝜂
                     (2.7) 

 

In equation 2.7, it’s often sufficient to take 𝑡𝑎𝑛ℎ(𝛽𝐿)~1 and use the estimation; 

 

                                                               𝜏𝑚𝑎𝑥 =
(𝛼1−𝛼2)∆𝑇𝐺

𝛽𝜂
               (2.8) 

 

This type of estimation is made when 𝛽𝐿 is assumed to be large, which is a very realistic 

value. If 𝛽𝐿 is small, then the shear stress will approach the estimation; 

 

                                                               𝜏𝑚𝑎𝑥 =
(𝛼1−𝛼2)∆𝑇𝐺𝐿

𝜂
               (2.9) 

 

But with physically realistic parameter, 𝛽𝐿 is never small. Therefore, equation 2.8 is more 

applicable [16]. Equation 2.8 shows that the maximum shear stress is not affected by the total 
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axial length L. This is the case when x = L but when x < L then the equation show that the 

shear stress will decrease. So, the thermally induced shear stress does not depend on the total 

axial length, but depends on the relationship between x and L. Equation 2.8 indicate that the 

joint layer thickness is an affecting parameter of the shear stresses. A thinner joint layer 

increases the maximum shear stress. As seen in equation 2.8, an increase of β leads to 

decrease of the maximum shear stress. β is affected by the layers thicknesses, t and 𝜂.  

 

2.6 Lifetime evaluation 
A powerful tool that is used to predict a products life characteristic under relevant operation 

conditions, is the quantitative accelerated life testing. Generally, the useful life of a system 

decreases with increased level of stress. The actual lifetime of a component is usually very 

long and the longer the component is being tested the more it will cost. That is when 

accelerated life testing is introduced. Accelerated life tests expose the component to stress 

levels higher than the stresses induced during normal operation, to accelerate the failure. It is 

however difficult to correlate the test data with the actual use. It is important to identify the 

anticipated failure mechanisms and the stresses which the product will be exposed to during 

normal operation conditions [18]. 

 

Accelerated lifetime models are used to correlate the accelerated tests data to actual use and 

predict an actual lifetime of a component. There are plenty of lifetime models used depending 

on the application. Electrical insulation systems are exposed to multiple types of stresses, and 

there are lifetime models to describe the stress – life relation. Some common lifetime models 

are listed in Table 2.2. 

 

 

 
Table 2.2. Common accelerated lifetime models [18] 

Lifetime Model Description of 

lifetime model 

Common application 

examples 

Lifetime Model equation 

Arrhenius 

acceleration 

model 

Life as a function of 

temperature  

Electrical Insulation 

and Dielectrics, 

Solid State and 

Semiconductors, 

Intermetallic 

Diffusion, Battery 

Cells, Lubricants 

Greases, Plastics, 

Incandescent Lamp 

Filaments 

𝐿 = 𝐴𝑒𝐵/𝑇 

 

L = median life of a population 

A, B = Scale factors determined 

by experiment 

T = Temperature 
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Coffin-Manson Fatigue life of 

ductile materials due 

to thermal cycling 

(applicable when 

stresses are at the 

plastic region, LCF) 

Solder joints and 

other connections 
𝐿 =  

𝐴

∆𝑇𝐵
 

 

L = Cycles to failure 

A, B = Scale factors determined 

by experiment 

ΔT = Temperature change 

 

Inverse power 

law 

Life as a function of 

any given stress, is 

valid for HCF.  

Electrical insulation 

and dielectrics 

(voltage endurance), 

ball and roller 

bearings, 

incandescent lamp 

filaments, flash 

lamps 

𝐿𝑖𝑓𝑒𝑛𝑜𝑟𝑚

𝐿𝑖𝑓𝑒𝑎𝑐𝑐
= (

𝑆𝑡𝑟𝑒𝑠𝑠𝑎𝑐𝑐

𝑆𝑡𝑟𝑒𝑠𝑠𝑛𝑜𝑟𝑚
)𝑁 

 

Lifenorm = life at normal stress 

Lifeacc = life at accelerated stress 

Stressnorm = normal stress 

Stressacc = accelerated stress 

N = Acceleration factor 

Miner’s rule Cumulative linear 

fatigue damage as a 

function of flexing 

Metal fatigue (valid 

only up to the yield 

strength of the 

material.) 

𝐶𝐷 =  ∑

𝑘

𝑖=1

𝐶𝑆𝑖

𝑁𝑖
≤ 1 

 

CD = cumulative damage 

CSi = number of cycles applied at 

stress Si 

Ni = number of cycles to failure 

under stress Si (determined from 

an S-N diagram for that specific 

material) 

k = number of loads applied 

 

2.7 Fatigue life evaluation 
Material fatigue in material science is the degradation of a material that occurs due to repeated 

loads. When a material is subjected to repeated loading and unloading, fatigue of the material 

occurs. The maximum stresses that causes such damage is much less than the materials 

ultimate tensile stress limit and the yield stress limit. If the stresses applied are above a certain 

threshold, microscopic cracks may be present. The cyclic loadings will lead to crack 

propagation until fracture of the structure occurs. At e.g. sharp corners or bendings, stress 
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concentrations are present and that would lead to creation of microscopic cracks and crack 

propagation. Thus, the shape of the component is essential for the fatigue strength [19].  

There are different approaches to estimate the life time of a component. The most common 

ones are the strain-life approach and the stress-life approach. Which one of these is mostly 

appropriate depends on the stress amplitudes. If the stresses are above the yield strength and 

lead to plastic deformation, then strain-life approach is more appropriate. If the stresses are 

below the yield strength and the stresses remain in the elastic region, then stress-life approach 

is the way to go. These two approaches normally correspond to low cycle fatigue (LCF) and 

high cycle fatigue (HCF), respectively [19]. Both approaches are presented in Figure 2.6. 

For low cycle fatigue, the Coffin-Manson model or the strain-life model is valid. The Coffin-

Manson equation is expressed as; 

                             
∆𝜀𝑝

2
= B(𝑁𝑓)𝛽                                                       (2.10) 

The Coffin-Manson equation (2.10) describes the relationship between the plastic strain 
∆𝜀𝑝

2
 

and the total number of cycles 𝑁𝑓. The parameters B and 𝛽 is two empirical constants that is 

obtained from the testing data. 

 

For high cycle fatigue however, the stress-life approach is valid. The power law equation is 

used to describe the stress – life relation, the equation is expressed as; 

                                                           𝑁1 = 𝑁2(
𝑆1

𝑆2
)1/𝑏                                                    (2.11) 

Here b defines the slope of the line in the S-N diagram (referred to as “k” in Figure 2.6), often referred 

to as the basquin slope, which is given by equation 2.9; 

                                                                       𝑏 =  
𝑙𝑜𝑔 (𝑆2) −𝑙𝑜𝑔 (𝑆2) 

𝑙𝑜𝑔 (𝑁2) −𝑙𝑜𝑔 (𝑁1)
                                             (2.12) 

It’s important to note that the S-N curve and the empirical constants are obtained from the accelerated 

life testing. 

 

Figure 2.6. Illustrates an S-N curve [20]. 
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2.8 Failure mechanism 
The thermal ageing of electrical machine windings can occur through a variety of processes. 

Which ageing process that occurs will depend on such as the nature of the insulation materials 

(thermoset or thermoplastic). Failure mechanisms due to high constant temperature and due to 

thermal cycling are listed in Table 2.3 [21].  

 

As mentioned, which ageing process that occurs depends on the insulation material, whether 

it’s a thermoset or thermoplastic. The main difference between these is that thermoplastic 

soften after a certain temperature, this temperature is called the glass transition temperature. 

Thermoset plastics contain polymers that are cross-linked during the curing process to form 

an irreversible chemical bond. That prevents the material to re-melt when heat is applied and 

that makes thermoset plastics applicable to high temperatures. These behaviours are expected 

in the electrical insulation system. If the materials in the electrical insulation system are 

thermoplastic, then the materials will soften when the temperature exceeds the glass transition 

temperature. The mechanical properties will change from hard glass-like state to a softer 

rubber-like state, thus leading to a decrease of the internal stress and crack formation. So, the 

mechanical stresses are most severe at temperatures below the glass transition temperature 

[22].  

 

The thermal expansion ratio will induce shear and tensile stresses. The shear stresses weaken 

the bond in the interfaces and may result in delamination of the slot insulation, which is usual 

for thermoplastic materials. The delamination may cause formation of air cavities that may 

permit relative movement of the windings. The relative movement will lead to abrasion of the 

insulation. The created air cavities lead to partial discharge and thus worsen the materials 

electrical properties. The air cavities also block the heat transfer from the copper conductor to 

the stator core, making the windings more susceptible to overheating. For thermoset 

insulation materials, the case is otherwise. Thermoset materials have high thermal stability but 

does not re-melt, that makes it susceptible to crack formation. Conventional failure 

mechanisms for thermoset materials are weakening of the bonding strength between the 

components. Eventually, the windings may allow relative movement and abrade the electrical 

insulation system. The deterioration processes that can occur in the insulation system are 

presented in Table 2.3 [22]. 

 
Table 2.3. Ageing factors and their processes 

Ageing factor Ageing process Failure mechanism 

Temperature Oxidation, hydrolysis Delamination at slot liner due to 

weakening of bonding strength. 

Separation of the components leading 

to mechanical vibrations that will 

abrade the electrical insulation system. 

Thermo-mechanical 

fatigue 

Shear and tensile stresses Fatigue cracking, Slot liner 

delamination resulting in abrasion of 

the insulation system,  

 

2.9 Test methods 
An electrical machines stator life length is long and it would be expensive to perform tests to 

see if the product has an acceptable endurance, therefore accelerated tests are recommended. 
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Accelerated tests are made to increase the rate or impact of stresses to age the stator windings 

faster. The output of an accelerated test is used to estimate the life length of a product under 

normal service. The stresses studied in this project are the thermo-mechanical stresses and 

thus accelerated tests including thermal cycling of the windings are relevant. Two test 

methods considering the thermo-mechanical stresses are the temperature shock test and power 

cycling test. 

2.9.1 Temperature shock 

The temperature shock test consists of heating and cooling a passive stator/motorette. The 

heating and the cooling process are performed in a cabinet that is divided by two chambers 

with two different ambient air temperatures. One chamber has a high temperature to heat the 

test specimen, the other chamber has cold ambient air temperature to cool the test specimen. 

The procedure is done by placing the test specimen on the warm chamber until the desired 

temperature has been reached and then moved to the cold chamber to cool. The temperature 

shock test simulates thermo-mechanical stress on the specimen [23]. An illustration of a 

thermal shock cabinet is presented in Figure 2.7. One major disadvantage of this method is the 

high derivatives of the temperature cycling, which does not occur in normal operation. 

Therefore, the test method power cycling is introduced in the next sub-chapter. 

 

 
Figure 2.7. Illustrates a thermal shock cabinet [23]. 

2.9.2 Power cycling 

In use of electrical machine windings, a flowing current through the conductors will produce 

heat and the heat will be transmitted from the conductors to the stator core. A test method that 

would replicate that in the best possible way is the power cycling test method. The procedure 

of power cycling test is to apply a current through the windings to heat it up and then cool the 

test object with ambient air or with direct oil. One cycle is when the temperature of the 

windings reaches a desired temperature and then cooled back to the initial temperature. This 

cycle is repeated until the electrical insulation system breaks. Failure of the insulation system 

is assumed when the electrical properties are too poor to function. The behaviour of the 

electrical properties is measured by the diagnosis tests described in chapter 2.7. 

An illustration of the relationship between the flowing current and the winding temperature is 

presented in Figure 2.8. 
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Figure 2.8. Presents an example of the relationship between current through winding and the winding 

temperature [23]. 

 

2.10 Diagnosis test 
To identify the electrical insulation ability of the electrical insulation system and determine 

the degradation pattern of the electrical properties, diagnosis test is necessary. Diagnosis tests 

are performed before, during and after a stress test to identify how the thermo-mechanical 

stresses fatigue the electrical insulation system. Two common diagnosis tests are; insulation 

resistance test and capacitance test. The theoretical background of both tests is described in 

sub-chapters 2.8.1 and 2.8.2. 

 

2.10.1 Insulation resistance test 

Insulation resistance test is the most common diagnosis test made for electrical machine 

windings. The purpose of this test is to determine the behaviour of the electrical resistance of 

the electrical insulation system. The resistance should be as high as possible, because high 

electrical resistance is desired in electrical insulation system. A low electrical resistance 

implies that the insulation materials do not function as desired and failure of the electrical 

insulation system has occurred.  

The procedure of insulation resistance test is performed by applying a voltage across the 

electrical insulation system (between copper conductor to the stator core), and then measuring 

the amount of current flowing through the system, thus obtaining a resistance measurement 

[23]. 

2.10.2 Capacitance test 

A capacitance test is a common diagnosis test made for electrical machine windings. The 

purpose of a capacitance test is to investigate if thermal deterioration is present by measuring 

the capacitance between the copper conductor and the stator core. By measuring the 

capacitance behaviour between the copper conductor and the stator core, the ageing behaviour 
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is determined. If the capacitances change is large, the deterioration is large. If the capacitances 

change is low, then the deterioration is low [23]. 
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3. MATERIALS ANALYSIS 
To be able to obtain representative results from the simulations, correct material data and 

correct structure is necessary. In this chapter, materials analyses were made to find out what 

materials are used in the current insulation system. The methodology of the materials analysis 

and the tools used is explained. The desired output from the materials analysis is to map the 

materials used in the studied electrical insulation system. Secondly, the structure of the 

electrical insulation system is necessary for further studies. Light optical microscopy is used 

to obtain images of the lamination structure of the insulation system. Fourier transform 

infrared spectroscopy (FTIR) is used to identify the materials in the electrical insulation 

system, and lastly the SEM is used to determine which lamination layer belongs to which 

material. 

3.1 Light Optical Microscope (LOM) 
Light optical microscope enlarges an image of an object by using visual light combined with a 

system of lenses [24]. A stator was cut into multiple small parts and then mounted to ease the 

handling of the specimen but also to minimize the amount of damage to the specimen itself. 

The small mounted specimen was viewed in the LOM to obtain images of the laminated 

structure of the insulation system. A measurement tool in LOM was used to obtain 

dimensions needed to simulate a representative model. One of the pictures taken with LOM is 

presented in Figure 3.1. The dimensions measured are presented in chapter 5. 

 

Figure 3.1. Photograph of a copper conductor cross-section taken with LOM. (a) Measuring the insulation layer 

thickness and (b) measuring the copper conductor radius. 

As mentioned earlier in chapter 2, it is difficult to define exactly how the impregnation 

material has subsided in the stator slot. Therefore, to become more confident of how to 

include the impregnation materials in the computational modelling, LOM combined with UV-

light is used. 

Due to the impregnation materials ability to absorb ultraviolet radiation, ultraviolet lamp is a 

useful tool combined with LOM. With the ultraviolet light, the impregnation materials were 

traced. First, a segment of a stator was cut into cross and longitudinal sections, see Figure 3.2. 

The cuts were embedded in epoxy and mechanically polished, see Figure 3.3. 
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(a) 

 

Figure 3.2.      (b)             

A segment of the stator was marked and cut, (a) illustrates the markings in blue colour and (b) displays the same 

segment but with UV-light that traces the impregnation material. 

 

 

Figure 3.3.                               (a)                                             (b)   

                             Samples embedded in epoxy, (a) longitudinal section and (b) cross section.  
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A detailed image of how the impregnation material has subsided is obtained and presented in 

Figure 3.4. It’s obtained that the impregnation material subsides as a layer and there are two 

layers of impregnation material inside the slot. One between the conductor insulation and the 

slot insulation, and one layer between the slot insulation and the stator core. 

 

Figure 3.4. Shows a photograph taken with LOM (a) is with UV-light and (b) is without UV-light. The blue 

layers in the first picture are the impregnation material. 

3.2 Fourier transform infrared spectroscopy (FTIR) 
Fourier transform infrared spectroscopy is a technique which sends out a light from the 

infrared radiation spectra. The light is directed towards the specimen. When the light reaches 

the specimen, a partition of the light will be absorbed in the material and some will penetrate 

and pass through the specimen and hit a detector. The light hitting the detector will be used to 

make a spectrum that shows how much of the initial radiation has been absorbed. All 

molecules have a unique corresponding spectrum, therefore the FTIR method can be used to 

identify the chemical composition of the specimen [25]. The result is presented in a form of a 

graph, shown in Figure 3.5. The FTIR machine used has also a wide search data base that will 

locate materials with similar chemical composition as the specimen. In that way, which 

materials are used in the current electrical insulation system is identified. 
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Figure 3.5. Illustrates a result obtained from an FTIR analysis of the copper insulation. 

 

 

Figure 3.6. Illustrates a result obtained from an FTIR analysis of the slot insulation. 

 

3.3 Scanning Electron Microscope (SEM) 
Scanning electron microscope is a microscope that produces images of a studied solid 

specimen by scanning the surface with an electron beam. The electron beam will penetrate the 

sample. The electrons from the beam will interact with the atoms in the sample to scan the 

surface topography and to obtain the chemical composition [26].  

The SEM was used to identify the materials for each layer in the insulation systems 

lamination structure. The FTIR could identify which materials are used but it couldn’t show 
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which layer of the lamination structure belong to which material, thus the SEM were 

necessary. The difference between the SEM and FTIR is that FTIR provided the chemical 

characterization. The SEM on the other hand could map certain elements. A certain element 

could be chosen to show bright and that’s how mapping the elements were performed, as seen 

in Figure 3.7. 

 

 

Figure 3.7. SEM images that illustrates how the material mapping were performed. 

 

 

 

 

 

 

 

 

 

 



22 
 

3.4 Material properties 

The electrical properties of all materials found in a stator slot is presented in Table 3.1. The 

dielectric loss is low, the electrical resistivity is high and the dielectric constant is 

approximately around 3, which indicates that the capacitance of a capacitor using the 

insulation material as a dielectric is three times the values of the capacitance using vacuum as 

a dielectric.  

 
Table 3.1. The electrical properties of the materials 

Components Dielectric constant Dielectric loss Electrical resistivity 

[Ωm] 

Conductor wire [30] - - 17e-9 

Copper insulation 

[31] 

3.1 0.0015 >1015 

Slot insulation [32,33] 2.7 0.014 1012 

Impregnation [34]  0.001 >1012 

Stator core [35] - - 5e-9 

 

In Table 3.2, the relevant mechanical and thermal properties are presented. The values 

presented in the table are used in the computational simulations. The yield strength and the 

tensile strength are not used in ABAQUS but they are relevant to compare with the results 

obtained from the simulations.  

 

Table 3.2. The thermal and mechanical properties of the materials 

Properties 

 

 

 

Materials 

Density 

[kg/m3] 

Young’s 

modulus 

[GPa] 

Poison

s ratio 

Thermal 

conductivity 

[W/(m˚C)] 

Thermal 

expansion 

coeff. [10-6 

m/(m˚C)] 

Specific 

heat 

[J/kg˚C] 

Yield 

Strength 

[MPa] 

Tensile 

strength 

[MPa] 

Copper [30] 8940 125 0,34 401 18 390 280 430 

Conductor 

insulation [31] 

1530 0.4 0.4 0.12 10 1090 61 207 

Slot insulation 

[32, 33] 

1050 17 0.36 0.139 20 1200 69  166 

Impregnation 

[34] 

1100 1.4 0.44 0.17 5 1200 65 63 

Stator core 

[35] 

7660 200 0.3 36 12 439 358 490 
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4. MODELLING AND SIMULATION OF THERMAL-

MECHANICAL STRESS 
In this chapter, the methodology and setup of the computational simulations are described. 

Stator windings are modelled and simulated to analyse the thermo-mechanical stresses that 

occur under normal usage of an electrical machine.  

The finite element analysis software ABAQUS was used to model and simulate thermo-

mechanical stresses in stator windings. The theoretical background of finite element method is 

gradually explained. 

To simplify the computational simulations, different simplified models of the stator are made. 

The methodology and the results from the simplified models are compared to each other and 

explained. A sensitivity study is performed to identify which parameters that affect the 

thermally induced mechanical stresses. The parameters studied are the initial axial length of 

the stator, the cycle rate and the temperature cycle amplitude. 

 

4.1 Finite element method 
The finite element method is a numerical method for solving partial differential equations 

(PDE). The PDE's describes the physical phenomenon like structural behaviour. The FEM 

simulations were made using the FEM-tool ABAQUS. The simulation in ABAQUS is divided 

in three steps; pre-processing (modelling), processing (calculation) and post-processing 

(visualization) as seen in Figure 4.1. 

 
Figure 4.1. The three stages of an ABAQUS simulation. 

 

4.2 Pre-processing 
In this section, every step in the pre-processing stage is described more detailed. Pre-

processing involves the creation of the model that is too be analysed. The model describes the 

geometry of the object. Once the geometry is created, the model is meshed, which means 

dividing the geometry into small pieces called elements. The next step is to define the 

material properties. These properties define which material is being simulated. If the model 

being simulated contains more than one part, then assembly of the parts are necessary and that 

is a feature in ABAQUS. After the model is assembled and the material has been specified, 

the meshing is made. Meshing of the model can also be made directly after creating the 

geometry, it’s up to the user. The next stage is to create a step where the user chooses what 

kind of simulations that are to be done (e.g. static or dynamic). The type of analysis made 

depends on the problem and what the desired output is. The next stage is to define the contact 

condition, boundary conditions and loads (thermal, mechanical etc.).  
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4.2.1 Geometry 

The first step of the pre-processing stage is to draw the geometry of the studied model. The 

geometry can be designed in ABAQUS or in computer-aided-design (CAD) software such as 

Creo and then imported into ABAQUS. In this thesis, the models studied are symmetric and 

thus simplifying the models is recommended to minimize the computational time.  

 

4.2.2 Material 

The FEM-tool ABAQUS has a large material library that able the modelling of most 

engineering materials, such as metals, plastics, rubbers, etc. In this step of the pre-processing 

the material definition and behaviour is selected. Depending on the analysis made, material 

properties are defined. In steady-state thermal analysis for instance, only the thermal 

conductivity is required. In transient thermal analysis, other material properties are required, 

such as density and specific heat. In a linear static stress analysis, only the elastic material 

behaviour is provided but in a non-linear analysis, also other material behaviours must be 

provided, such as yield stress versus plastic strain.  

In this project, multiple different analysis is made, these are; steady-state thermal analysis, 

transient thermal analysis and linear static stress analysis. In overall sex material properties 

are necessary to define; these are listed in Table 4.1. In an earlier chapter, the values of these 

material properties are listed. 

Table 4.1. Material properties used in the simulations 

Material properties for all the simulations 

Density [kg/m3] 

Young’s modulus [Pa] 

Poisson’s ratio 

Coefficient of thermal expansion [10-6 m/(m˚C)] 

Thermal conductivity [W/(m˚C)] 

Specific heat [J/kg˚ C] 

 

4.2.3 Mesh 

The accuracy of the solution obtained from any FEM-model is directly related to the finite 

element mesh. The meshing divides the designed CAD model into smaller domains called 

elements. As these elements get smaller and finer, the solution will approach an accurate 

solution. ABAQUS, the FEM software provides the tools needed to ease the meshing and 

depending on the design of the model an appropriate meshing technique could be used.  

The meshing of the models in ABAQUS is essential for the simulation results. Creating 

elements that are too big may lead to deceptive results due to e.g. inaccurate modelling of 

contact conditions and stress concentrations. Too big elements may also cause the analysis to 

diverge, which will prevent the simulation to achieve a solution. Smaller elements may be the 

solution to that problem and make the analysis to converge towards a representative solution. 

If the mesh is too fine, the model will consist of many elements and the computational time to 

solve the problem will be too long. A suitable mesh is to have a fine mesh at locations where 

the results varies greatly and have a coarser mesh in domains where the results won’t have a 

large variation. Taking this approach, a mesh independent solution can be achieved while 

minimizing the computational time.  
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4.2.4 Contact condition 

The definition of contact is when two solids touch each other a way that make the surfaces 

become mutually tangent. When two surfaces are in contact, the surfaces will not penetrate 

each other due to the contact pressure that resists the penetration.  

The contact condition is essential for achieving a simulation that’s realistic and still converges 

to an accurate solution because contacts can get extremely non-linear. The FEM software 

ABAQUS provides the possibility to choose between different contact algorithms, and these 

are;  

● General Contact: describes the contact between many regions of a model.  

● Contact Pairs: describes the contact between two surfaces. 

 

The modelling of each contact method provides advantages and disadvantages. General 

contact is multilateral because it presumes that any surface could hit any other surface, as 

illustrated in Figure 4.2. General contact enforces the contact constraints to use penalty 

contact method [39].  

The contact pair algorithm is more restricted and requires more careful definition of contact, 

but it allows for interactions that are not available with the first named algorithm, the general 

contact algorithm. Contact pair enforces the contact constraints to use either Kinematic 

compliance or penalty contact method. In this case, the contact constraint is only checked for 

between the surfaces that define the contact pair.  

 

 
(a)                                        (b) 

Figure 4.2. Illustrates the interactions using (a) General contact and (b) contact pairs in ABAQUS. 

There are several contact methods available when it comes to solving FEM problems. The 

common ones are the kinematic compliance and the penalty contact method, but one 

commonly used contact method for simplifying simulations is TIE constraints. TIE 

constraints are used to tie together two surfaces during the simulation. Contact surface pair 

consists of one master surface and one slave surface. Each node on the slave surface is 

constrained to have the same displacement and temperature as the point on the master surface 

which is closest to the slave node.  TIE constraints are used to investigate the problem in this 

project because the components in the actual applications are bonded. 
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4.2.5 Boundary condition 

In FEM simulation, it is important to implement boundary conditions to make the simulation 

replicate the actual implementation as realistically as possible. The boundary condition is used 

to specify the values of basic variables such as; displacement, temperature, etc. Mechanical 

boundary condition for example provides the possibility to fix the degrees of freedom in all 

directions for any node or surface at the model. Another mechanical boundary condition is the 

symmetric boundary condition, which implies that the solution is symmetric within a certain 

plane. The symmetric boundary condition simplifies the model and make it smaller, while still 

providing accurate results. A smaller simplified model would decrease the computational time 

of the simulation and ease the convergence of the solution due to less contacts and fewer 

finite elements to calculate. In this thesis, several different boundary conditions are used 

which all are defined in later sections.  

   

4.3 Simulation 
Once the modelling is done, the software is used to obtain a solution. A job is created and 

then an output file is created. Depending on the modelling, the computational time will vary. 

For example, if the problem is a linear analysis with linear contacts then the computational 

time won’t take long. If the problem however is a non-linear problem, then the computational 

simulation can take longer.   

 

4.4 Post-processing 
When ABAQUS has computed the problem, and creates an output file, visualization of the 

results can be done. The results presented depend on what field output variables were chosen 

during the pre-processing stage. If the node temperature is desired, then NT11 is chosen as a 

field output and if the stresses are desired then they are chosen as a field output.  

One deliverable expected from the simulations is to determine which stresses are dominating, 

whether it’s axial or radial. Both pictures of the stress distribution and numerical values of 

max stresses are presented to obtain deeper understanding of the mechanical stresses induced. 

In general, there are 6 stress components, three represent the normal stresses and the other 

three represent the shear stresses. Shear stresses are stresses that are parallel to the cross 

section, Figure 4.3 illustrates all the stress components.  
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Figure 4.3 Illustrates all the stress components of an infinitesimal cube. 

 

In Figure 4.3, the normal stresses are defined as σi and the shear stresses as τi. In the 3-

dimensional cube, all the normal stress components and the shear stress components are 

illustrated. On each surface, there are two shear stresses, and the subscripts represent the 

direction the stress is pointing at and which surface the shear stress is parallel to. For instance, 

take the X-surface. There are three stresses, one normal stress in the x-direction, σx. There are 

two shear stresses parallel to this cross section, τxy and τxz. The first subscript represents 

which surface they are parallel to and the second subscript represent which direction they are 

pointing at. So, τxy for instance is the shear stress parallel to the x-surface and pointing at y-

direction. For the 3D cube to be in equilibrium; 

 

𝜏𝑥𝑦 = 𝜏𝑦𝑥 

𝜏𝑧𝑦 = 𝜏𝑦𝑧 

𝜏𝑥𝑧 = 𝜏𝑧𝑥 
 

otherwise the cube would rotate. Therefore, there is 6 stress components that characterize the 

state of stress within an isotropic, elastic material. 

 

The FEM software ABAQUS allows to investigate all the 6 stress components at the same 

time at every element. That is done by plotting each stress component in a form of a stress 

contour of different colours. With help from the stress contour, it is possible to locate the 

weaknesses of the designed model. By plotting all the stress components, one can determine 

which stress components are dominating. But to determine whether the design will withstand 

a given load condition, plotting of the Von Mises stress is common.  

 

The Von Mises stress is a scalar value of the 6 stress components that can be computed. All 

the stress components are embedded into one value, and that’s the Von Mises stress value. 

The Von Mises stress is expressed as 𝜎𝑣𝑚  in equation 4.1 [38]. 
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                                   (4.1) 

 

Von Mises stress is commonly used to check whether the design of the simulated model can 

withstand a certain load condition. If the Von Mises stress induced in the material is greater 

than the yield strength, plasticity occurs. If the Von Mises stress for instance is greater than 

the tensile strength, then failure occurs. This comparison between the Von Mises stress and 

the material strength is very common and works fine in most cases, especially when the 

material is ductile in nature [38]. 

 

4.5 Model Description by ABAQUS 
In this section, the methodology and setup for the models simulated is described. Two models 

are made to replicate the actual usage of an electrical machine stator. The models created in 

ABAQUS uses driving cycles and parameters of the studied stator as inputs and simulates the 

thermally induced stresses after one thermal cycle. In this chapter, the purpose and the pre-

processing stage is described in detail for every model. 

4.5.1  Model 1 

After investigating the problem and what kind of FEA-simulation is necessary to obtain 

relevant results a final representative model is imposed. The stator studied in this project 

consists of four rectangular wires in a slot, as shown in Figure 4.5. Every wire in the slot is 

coated with insulation materials and separated from each other and from the stator core. When 

the stator is assembler and finished, the stator is dipped and rolled in a polymer liquid that 

impregnates the stator and fill air cavities. The impregnation process is done in a temperature 

of 90°C, thus the zero-stress temperature is set to 90°C. It was also assumed that the 

impregnation material subsides as two layers, the reason why is described in chapter 3. 

The dimensions set in model 1 are highly representative of a real stator. The dimensions were 

measured with calliper and light optical microscope. The dimensions of the model are 

presented in Figure 4.4 and Figure 4.5 and the values of the dimensions are listed in Table 4.2. 

   

 

Figure 4.4.Illustration of the cross-section of model 1 with the dimensions parameter defined. 
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Figure 4.5. Illustration of model 1 with two dimensions defined. 

 

As shown in Table 4.2, the initial stator length is set to 37.5mm. That length represents only half the 

stator length, due to symmetry. So, when the length is set to 37.5 mm that means the initial stator 

length studied is 75 mm.   

Table 4.2.  Presents the values of the dimension parameters used in model 1 

Parameter Value [mm] 

Ds 1.5 

Hc 4.2 

Bc 3.6 

R1 0.5 

R2 0.65 

R3 0.85 

Conductor insulation (thickness) 0.15 

Slot insulation (thickness) 0.2 

Impregnation layer (thickness) 0.05 

Ls1 37.5 

Ls2 10 

 

The thermal load is applied by thermal boundary condition. ABAQUS provides the possibility 

to pre-define the state of the model. By using this option, a temperature of 90˚C is 

implemented. That indicates that the simulation won’t start at 0 ˚C but it will start at 90˚C. If 

the simulation starts at 90˚C that means, there will be no stresses at this temperature. The 

reason 90˚C is assumed to be the zero-stress temperature is due to the impregnation process. 

The model is then cooled to 23˚C and therefore stresses are induced. So, when the transient 
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temperature starts at rooms temperature the stresses are not equal to zero and that will be 

presented in chapter 6. 

The thermal load is a transient thermal load, which indicates that the solution is time-

dependent. The temperature of the model is changed with time. A typical value of the heating 

rate in actual use is 2˚C/s, and the aim is to replicate a typical drive cycle. Thus, the heating 

rate of the copper is set to 2˚C/s and the cooling rate at 0.5˚C/s. The time of the step is chosen 

to be 243 second. The first 54 seconds goes to heating the copper from 23˚C to 130˚C, and 

then the temperature is kept at 130˚C in approximately 20 seconds. At 74 seconds the 

temperature of the copper starts to cool down in a rate of 0.5˚C per second which means that 

the room temperature is reached at 243 seconds.  

The contacts in this model were set to TIE contact, tying the components to each other. The 

theoretical background behind TIE contacts are described in section 4.2. The mechanical 

boundary condition set in this model is presented in Figure 4.5. Due to symmetry condition, 

only half the stator is necessary to model and thus symmetric boundary conditions are used. 

The thermal expansion will occur in all directions and therefore boundary condition is used to 

fix the whole model, otherwise the model will move. To solve this problem, one node at the 

bottom of the stator core is set to be totally fixed in all directions.  

 

 

Figure 4.10. Illustrates the mechanical boundary condition of model 1. 

 

The mesh of model 1 is chosen to provide accurate results. The element size was chosen to be 

between 0.1 to 0.3 mm, the element size at the rounded corners was set to 0.05 mm. The 

element shape is structured hex elements, and the element type is first chosen to heat transfer 

during the thermal analysis and then changed to 3D stress during the stress analysis. 



31 
 

4.5.2 Model 2 

In previous model, model 1, the end-winding is not included. The end-winding consists of a 

severe bending and that makes this part interesting when investigating thermo-mechanical 

stresses. Model 2 is a more advanced model that incorporates the end-windings. 

The design of this model is more alike a real stator; it contains of four conductors leaving a 

slot. The model is presented in Figure 4.6. The purpose of this model is to determine the stress 

condition of the end-winding and to compare with model 1 and see how modelling of the end-

winding will affect the stress condition inside the slot.   

The zero-stress temperature is also the same here as it’s in model 1, at 90 C. The transient 

thermal analysis is identical with model 1, which means the temperature of the copper 

increases with 2˚C/s until it reaches 130˚C and then the copper is cooled at a rate of 0.5˚C/s 

until the copper reaches room temperature. The boundary condition in model 2 is illustrated in 

Figure 4.7. It is observed from the figure, that only half the windings are simulated and that's 

because they are symmetric. Symmetric boundary conditions were set at the top bending of 

the windings.  

The meshing of model 2 is the same as the previous model. Element size between 0.1 - 0.3 

mm and at the rounded corners the element size is 0.05 mm. The element shape and type is 

structured hex and heat transfer & 3D stress, respectively.  

An output file is then created and results are analysed. The results presented in chapter 6. 

(a)                                                                                                   (b) 

Figure 4.6. Illustrates the design of model 2 (a) 3D illustration, (b) cross-section illustration. 
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Figure 4.7. Illustrates the mechanical boundary condition for model 2. 

 

 

4.6 Sensitivity Studies 
The degradation process of electrical insulation system in the stator windings varies 

depending on few parameters, such as; Stator core length, cycling rate, operation temperature 

and more. The stator core length is only a factor to large stators [36]. According to the 

analytical equations derived in chapter 2, the coefficient of thermal expansion and the 

temperature gradient are affecting parameters. The heating rate and the operating temperature 

is related to the temperature gradient. Thus, the heating rate and the operation temperature are 

studied. The parameters studied are the; initial stator length, the heating rate and the operation 

temperature amplitude. 

4.6.1 Stator core length 

From the analytical equation 2.1, the longer the initial stator core length is the larger the 

thermally induced expansion will be. To study the stator core length effect on the induced 

stresses, two different lengths were computed but with identical material properties, thermal 

loadings and boundary conditions. The dynamic temperature increase was set to 2˚C/s and the 

decrease rate to 0.5˚C/s. The temperature amplitude increases from 23 ˚C to 130 ˚C and then 

decreases back to 23 ˚C. 

4.6.2 Heating rate 

A rapid temperature change leads to thermal expansion ratio which induces mechanical 

stresses such as tensile stresses and shear stresses. In this sensitivity study, the heating rate is 

varied and computed. Two different heating rates are simulated and compared to each other. 

The first cycle simulated is when the copper is heated in 2˚C per second from 23˚C to 130˚C 

and then cooled slowly in a rate of 0.5˚C per second. The second simulation is when the 

copper is heated 3˚C per second and then cooled in a rate of 0.5˚C per second.  All other input 

is similar in both simulations. 
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4.6.3 Temperature cycle amplitude 

A sensitivity study of the temperature cycle amplitude is made to investigate how this 

parameter affects the thermo-mechanical stresses. Two different temperature cycles are 

simulated and compared to each other with the same model and the same condition. 

Everything else but the temperature cycle amplitude is the same to be sure that if the results 

vary, it’s due the difference in temperature amplitude. The first cycle simulated starts at room 

temperature 23˚C and is heated to 130˚C in rate of 2˚C/s and then is cooled back to room 

temperature in 0.5˚C/s. That is the first cycle, the second cycle is heated from 90˚C up to 

120˚C in a rate of 2˚C/s and then cooled to 90˚C in rate of 0.5˚C/s. 
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5. TEST OBJECT DESIGN AND SIMULATION 
A common problem with testing electrical insulation system is that the stator is too big and 

complicated. The size and the design of a whole stator provide complications for testing 

methods that is relevant when investigating thermo-mechanical stresses. The mass of the 

stator prevents the rapid heating rate desired and thus a test object and a test method is 

provided. Firstly, a concept generation and a concept selection were performed. A certain 

concept for the test object was chosen and FEM simulations of the test object were made. The 

purpose is to provide a test object that would imitate the life length and the failure rate of an 

actual stator under normal operation conditions. In this chapter, the designed model and the 

provided test method is explained.  

5.1 Model Description 
A concept generation is performed; several different concepts were generated. After the 

elimination process, one concept was chosen and designed in ABAQUS. The dimensions 

chosen for the test object is similar an actual stator. In Figure 5.1 the test object is presented. 

 

Figure 5.1. Illustrates the design of the test object. 

Finite element analysis of the test object was performed to compare the results with previous 

simulations. Simulating the whole model would require long computational time and that is 

not necessary because the model is symmetric. One quarter of the test object is simulated in 

ABAQUS to minimize the computational time. The pre-processing stage is performed the 

same way as the previous models. The materials set in this FEM simulation is presented in 

Table 3.2. 

The contacts method chosen to define the contacts between the components is TIE contact 

constraints. The methodology and the setup of the FEM modelling and simulation of the test 

object is similar as the previous models, model 1 and model 2. The difference that is obvious 

is the design, which would lead to different mechanical boundary conditions. The model is 
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symmetric within the YZ-plane and the XZ-plane, as seen in Figure 5.2. The thermal load is 

as previous, it starts with a steady-state cooling from 90˚C to 23˚C because the reference 

temperature is assumed to be 90˚C. Secondly, transient thermal analysis was made, the copper 

is heated by 2˚C/s from 23˚C to 130˚C and when the copper reaches 130˚C it is then cooled 

back to 23˚C in a rate of 0.5 ˚C/s. An output file is then provided and implemented in a stress 

analysis. The stress analysis provided an output file containing the results presented in chapter 

6. 

 

 

Figure 5.2.Illustrates the mechanical boundary condition in model 4. 
 

The meshing of the test object is performed to provide accurate results. The element size is set 

to 0.3 mm but at the rounded corners the element size was set to 0.1 mm. The element shape 

was chosen to structure hex element shape. Under the thermal analysis, the element type was 

chosen to heat transfer type and during the stress analysis the element type was chosen to 3D 

stress. 

5.2 Test Method 
In this section, a test method is provided and explained. In chapter 2, two test methods were 

described; the thermal shock and the power cycling test method. The thermal shock is not the 

test method best fit for this application because the heat source comes from the outside, and 

because thermal cycling with high derivatives occurs. When the test object is inserted in a 

cabinet, the heat will come from the outside (from stator core to conductor) and the 

temperature rise won’t be as quick as in actual application. Thus, power cycling is a better 

choice. In power cycling, a voltage is applied to allow a flowing current through the windings, 

which is similar the actual application of stator windings. By allowing the current to flow, 



36 
 

I2R-losses are produced and the temperature of the windings will increase. The copper 

conductor will work as a heat source and the heat will flow through the electrical insulation 

system to the stator core leading to thermal expansion ratio and a temperature gradient that 

will induce stresses. Depending on the nature of the thermal cycles, the stresses exposing the 

electrical insulation system vary. For accelerated tests, certain thermal cycle parameters are 

changed to extend the stress levels. 

Accelerated tests expose the component to stresses that would accelerate the ageing and the 

failure of the test object. To subject the test object to accelerated stresses, parameters must be 

changed.  According to literature, the parameters that should be changed to achieve 

accelerated stresses are; faster load changes, longer stator cores, higher operating 

temperatures, and/or more frequent load changes [36]. The three parameters studied is the 

stator core length, the rate of the load changes and the operating temperature. 

In this power cycling test, the temperature of the copper conductor should vary between 30⁰C 

and 180⁰C (the classification temperature). The temperature should not exceed the 

classification temperature because as explained in chapter 2, the oxidation rate will increase 

with higher temperature. According to Arrhenius reaction rate law, the windings life will be 

halved for every 10⁰C temperature rise above the classification temperature. Accelerated test 

stress levels should be chosen so that they accelerate relevant failure and not introduce failure 

modes that would never occur during actual use [37].  

In actual application, the conductor temperature reaches about 130⁰C but heating conductor to 

the classification temperature would accelerate the ageing. The usual heating rate is about 2⁰C 

per seconds but to accelerate the ageing, 4⁰C per second is a more suitable heating rate. The 

heating is done by applying a DC current flow between two terminals. As observed from the 

test object, the windings are closed and no terminals are present. That is not an issue because 

a simple cut of the windings at the bottom would provide the desired terminals to apply the 

flowing current. When the copper conductor temperature reaches 180⁰C the current should be 

turned off and let the conductor to cool down to 30⁰C. The cooling could be done by natural 

ambient air or be forced by for example oil. Once the temperature reaches 30⁰C the first cycle 

is done and once the current is applied again the second cycle starts.  

Diagnosis tests should be performed before, during and after the testing to identify how the 

electrical properties behave and when failure of the electrical insulation occurs.  
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6. COMPUTIONAL SIMULATION RESULTS 
The results obtained from the simulations are presented in this chapter. The purpose is to 

evaluate the simulations of the stator windings and the test object proposed in chapter 5. To 

also identify the relations between temperature, time, design and mechanical stress of 

electrical insulation system in stator windings.  

Firstly, the thermal condition of every model is presented and then the mechanical stresses 

induced due to the thermal expansion and the temperature gradient. The simulation results of 

the stator models are then compared to the simulation results of the test object with purpose to 

determine if the test object is valid and representative.  

Sensitivity studies were performed and the results are presented in this chapter. The 

simulation results of the sensitivity study are presented in purpose to identify how the initial 

stator length, cycle rate and the temperature cycle amplitude affects the thermo-mechanical 

stresses.  

6.1 Model 1 

In this sub-chapter, the simulation results of model 1 are presented. Firstly, the nodal 

temperature of model 1 are presented in Figure 6.1. Figure 6.1 contains two images, the first 

one (a) displays the maximum nodal temperature during the simulation. The second image (b) 

displays the nodal temperature when the copper conductor has the lowest temperature, thus is 

coloured blue. The copper conductor temperature during the simulation is presented in Figure 

6.2. 

 

Figure 6.1.  (a)      (b)    

 Illustrates the dynamic thermal condition at (a) the highest temperature, (b) when the copper conductor 

temperature is cooled 
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Figure 6.2. The copper conductor temperature during the simulation 

In Figure 6.2, one node at the copper conductor (yellow line), one at the conductor insulation 

(blue line) and one at the slot insulation (black line) are selected and their temperature during 

the simulation is plotted and compared in the graph. The copper conductor’s dynamic 

temperature is set and the temperature of the other components in the model is a consequence 

of the inserted dynamic temperature of the copper conductor. In the Y-axis, the nodal 

temperature in Celsius degrees is set and in the X-axis, the simulation time in seconds is set.  

The stress results of model 1 is presented in Table 6.1. In the table, the maximum stress 

amplitude of all stress components of each part of the model is presented. The stress 

components are all visualized on a stress cube presented in Figure 4.3.  It’s observed that the 

shear stress σxz are the dominating shear stress exposing the electrical insulation system. 

Table 6.1. Presents the maximum stress amplitudes of each stress direction at each component in the model. 

                        Stress 

 

Component                          

σvm 

[MPa] 

σxx 

[MPa] 

σyy 

[MPa] 

σzz 

[MPa] 

σxy 

[MPa] 

σxz 

[MPa] 

σyz 

[MPa] 

Conductor 119.8 26.1 -22.1 -134.8 7.2 14.9 12.5 

Conductor insulation 28.9 18.5 -22.6 20.3 4.8 15.6 9.0 

Slot insulation 82.5 52.7 -45.2 -25.3 24.8 45.3 44.1 

Stator core 284.2 186.7 151.3 111.6 93.5 46.8 -30.7 

Impregnation 76.7 40.1 -49.7 -36.8 26.2 30.5 26.5 

 

In Figure 6.3, the Von Mises stress contour of model 1 is presented. The image is zoomed in 

and only presents the most critical regions where the maximum stresses are located. The 
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maximum stresses are coloured red in the image.   

 

 

Figure 6.3. Displays the Von Mises stress contour of the critical regions of the model. 

 

 

Figure 6.4.  (a)      (b)    

Displays a stress contour of the copper conductor, (a) the Von Mises stress contour and (b)the axial stress σzz 

contour. 

 

In Figure 6.4 the stress contour of the copper conductor is displayed. In the first image (a) the 

Von Mises stress contour of the copper is presented. In the second image (b) the axial stress 

σzz contour of the copper is presented. As shown in image (b), the stresses exposing the 

copper are negative normal stresses. The negative value only indicates that the stress is at the 

other direction. Therefore, in image (b) the most critical region are coloured blue and in image 

(a) the critical region are coloured red. The critical region from both stress contours are the 

same region (at the bottom of the right end). 
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        (a)                                                                         (b) 

 

Figure 6.5.  (c)      (d)   

  

Displays the stress contours of the conductor insulation; (a) Von Mises stress contour, (b) σxx stress contour, (c) 

σyy stress contour and (d) σzz stress contour. 

The stress amplitudes of the different stress components of the conductor insulation are 

displayed in Figure 6.5. The figure contains of four images, the first one illustrates the Von 

Mises stress contour. The other images display σxx, σyy and σzz stress contours. The coordinate 

plane is presented in every image. In every image, it’s observed that the highest stresses are 

located at the free end. The end that can expand freely. 
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Figure 6.6.  (a)      (b)   

Displays the stress contours of the slot insulation; (a) Von Mises stress contour and (b) the axial stress σzz 

contour.    

                

 

Figure 6.7.  (a)      (b)    

Displays the shear stress contours of the slot insulation; (a) the σxz stress contour and (B) the σyz stress contour. 

The simulation results of the slot insulation are presented in Figure 6.6 and Figure 6.7. The Von 

Mises stress contour of the slot insulation is presented in Figure 6.6 (a) and the axial stress σzz 

is presented in Figure 6.6 (b). The most critical regions where the highest stress amplitudes are 

located are observed from the figures. Aside from the normal stresses is the important high 

shear stresses found at the slot insulation. The shear stresses at the slot insulation are 

presented in Figure 6.7. As observed from both images in Figure 6.7, the highest shear stresses 

are located at the rounded corners in the middle. The node exposed to the highest Von Mises 

stress is selected and its temperature and Von Mises stress during the complete simulation is 

plotted and presented in Figure 6.8. The red line represents the nodal temperature and the blue 

line represents the Von Mises stress. At the Y-axis, the temperature in Celsius degrees were 

set. At the X-axis, the simulation time in seconds were set. 
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Figure 6.8. Illustrates the nodal temperature (red) and the Von Mises stress (blue) of the conductor insulation 

during the simulation. 

In Figure 6.8, it’s seen that the stresses at room temperature are higher than the stresses at the 

highest temperature. Those stresses are the compressive stresses, due to the model shrinks 

when cooled to room temperature.  

 

The same method was made on the slot insulation, the node exposed to the highest stresses 

was selected and its temperature and stress was plotted. The graph is presented in Figure 6.9. 

The graph illustrate that the maximum stress is at the highest temperature, where thermal 

expansion occurs. Which is what was concluded from Table 6.1. 
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Figure 6.9. Illustrates the nodal temperature (red) and the Von Mises stress (blue) of the slot insulation during 

the simulation. 

 

In Table 6.2 the Von Mises stress at each component in model 1 is presented and compared to 

the yield strength of each material. The last column presents the relationship between the Von 

Mises stress induced to the material yield strength, the unit is in percent. The two components 

exposed to stresses that exceeds the materials strength is the slot insulation and the 

impregnation layer.  

Table 6.2. Presents the relation between the Von Mises stress and the yield strength of each material. 

  σvm 

Von Mises stress 
[MPa] 

σys 
Yield Strength 

[MPa] 

Relation 
σvm / σys 

  

Conductor 119.8 280 42 % 

Conductor 
insulation 

28.9 61 47 % 

Slot insulation 82.5 69 120 % 

Stator core 284.2 358 79 % 

Impregnation 76.7 65 118 % 
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6.2 Model 2 
The computational simulation results of model 2 are presented in this section. Firstly, the 

thermal condition of model 2 is presented and then the stresses computed. The thermal 

condition of model 2 is displayed in Figure 6.10. One node at each component was selected 

and their temperature plotted versus simulation time. The plotted graph is presented in Figure 

6.11.  

 

 

Figure 6.10. Displays the nodal temperature when the copper temperature is at its peak. 

The stress results of model 4 are presented in Table 6.3. The maximum stress amplitude of 

each stress component located at each part of model 4 is presented. In the first column, each 

part of the model is listed, and the rest of the columns list the value of each stress component. 

The negative value of the stresses just indicates that the stress is in the other direction.  

Figure 6.11. Displays the copper nodal temperature during the simulation. 
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The stress results of model 2 are presented in Table 6.3. The maximum stress amplitude of 

each stress component located at each part of model 2 is presented. In the first column, each 

part of the model is listed, and the rest of the columns list the value of each stress component. 

The stresses listed are the stresses which are computed at the simulation time 50s, that is when 

the highest temperature is reached. At this temperature peak, the Von Mises stresses are the 

highest. The maximum Von Mises stress are located at the stator core, due to sharp corners 

and high E-modulus. The dominating stresses exposing the conductor insulation are tensile 

stresses and the slot insulation are the shear stresses.   

 

Table 6.3. Presents the maximum stress amplitudes of each stress direction at each component in the model. 

              Stress 

                                              

Component          

σvm 

[MPa] 

σxx 

[MPa] 

σyy 

[MPa] 

σzz 

[MPa] 

σxy 

[MPa] 

σxz 

[MPa] 

σyz 

[MPa] 

Conductor 122.2 -39.8 -22.4 -134.9 6.2 13.9 -11.5 

Conductor 

insulation 

27.5 18.5 -22.6 20.3 4.8 15.7 -12.7 

Slot insulation 134.5 52.0 -66.4 58.6 27.3 67.3 24.0 

Stator core 326.2 182.2 188.0 136.2 114.8 43.9 36.4 

Impregnation 195.9 96.9 101.8 209.1 29.6 53.0 38.1 

 

The Von Mises stress contour of model 4 is displayed in Figure 6.12. The figure contains two 

images (a) and (b). The first image (a) is the stress contour of the complete model 4 and the 

second image (b) is a detailed image of the critical region where the maximum Von Mises 

stresses are localized. As observed from Figure 6.12 (b), the maximum stresses are localized at 

the bending of the conductor and at the free end of the stator. 
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Figure 6.12. Displays the Von Mises stress contour of model 2; (a) the stress contour of the whole model and (b) 

a detailed image of where the maximum stress is localized. 

 

The conductor insulation is exposed to high stresses are illustrated in Figure 6.13. The figure 

consists for two images (a) and (b). The first image (a) presents the Von Mises stress contour 

of the conductor insulation. The critical regions as observed are at the end of the slot and at 

the bending of the conductor. The second image (b) displays an image of the region where the 

maximum Von Mises stress is localized. 

 

Figure 6.13. Displays the Von mises stress contour of the conductor insulation, (a) the whole conductor 

insulation and (b) a detailed image of the maximum stresses found at the conductor insulation. 
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The slot insulation component in this model is exposed to high stresses that are presented in 

Figure 6.14. Figure 6.14 consists of two images, the first one (a) presents a detailed image of 

the maximum Von Mises stress located at the slot insulation. The second image (b) presents a 

detailed image of the maximum σzz stress located at the slot insulation. 

 

Figure 6.14. Displays the regions where the maximum stress is found; (a) the Von Mises stress and (b) the σzz 

stress. 

In Figure 6.15 (a) and (b) the shear stresses exposing the slot insulation are presented. In 

image (a) the shear stress σxz is presented and in image (b) the shear stress σyz is presented. As 

seen, depending on the stress component investigating, the location of the maximum stresses 

varies. The location of the maximum stresses of all stress components are still located at the 

free end and also at the interface between the slot insulation and the conductor insulation.  

 
Figure 6.15. Displays the shear stress located at the slot insulation; (a) the σxz shear stress and (b) the σyz shear 

stress. 
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At the bottom of Table 6.3 the results of the impregnation component are presented. The 

impregnation component in model 2 is exposed to bending and therefore leading to higher 

stress concentrations. The stress contour of the complete impregnation component is 

presented in Figure 6.16. As seen, the highest stresses are located at the free end, where it can 

expand freely. 

 

 

Figure 6.16. Displays the Von Mises stress contour of the whole impregnation material- 

 

The node that is exposed to the highest Von Mises stress at the slot insulation was selected for 

plotting. The nodal temperature and stress were plotted to identify the relationship between 

temperature and stresses induced. The graph is illustrated in Figure 6.17. The behaviour of the 

Von Mises stress at the slot insulation of model 2 are similar to the Von Mises stress 

computed in model 1.  
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Figure 6.17. Illustrates the nodal temperature (red) and the Von Mises stress (blue) of a critical node at the slot 

insulation. 

As shown in Figure 6.17, there is two stress cycles during one thermal cycle. The two stress 

cycles are different and that is because the heating rate and the cooling rate of the thermal 

cycle are different.  

 

In Table 6.4 the Von Mises stress at each component in model 2 is presented and compared to 

the yield strength of each material. The last column presents the relationship between the Von 

Mises stress induced to the material yield strength, the unit is in percent. The two components 

exposed to stresses that exceeds the materials strength is the slot insulation and the 

impregnation layer.  

Table 6.4. Presents the relation between Von Mises stress and each material yield strength 

  σvm 

Von Mises stress 
[MPa] 

σys 
Yield Strength 

[MPa] 

Relation 
σvm / σys 

  

Conductor 122.2 280 43 % 

Conductor 

insulation 
27.5 61 45 % 

Slot insulation 134.5 69 195 % 

Stator core 326.2 358 91 % 

Impregnation 195.9 65 300 % 

 

6.3 Sensitivity study of model 1 
In this section, the simulation results of the sensitivity study made to investigate how different 

parameters affect the thermo-mechanical stresses induced. The methodology and setup of the 

sensitivity study is presented in chapter 4. The parameters studied are the axial length of the 

stator core, the temperature cycle rate and the temperature cycle amplitude. 
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6.3.1 Initial stator length 

In Table 6.5 the Von Mises stress induced for two different stator core length and two 

different components is illustrated. The two different components are the conductor insulation 

and the slot insulation. As the table illustrate, the length is halved and yet the stresses barley 

change. This means that the initial stator length does not affect the stresses induced.  

Table 6.5. Presents the maximum Von Mises stress induced at two different stator core lengths 

Axial length [mm] Component σvm [MPa] 

37.5 Conductor insulation 28.936 

75 Conductor insulation 26.483 

37.5 Slot insulation 82.506 

75 Slot insulation 84.225 

 

6.3.2 Heating rate 

In Table 6.6 the maximum Von Mises stress of two insulation components with two heating 

rates are presented. The first column presents the two heating rates studied. The second 

column list the two insulation components studied and the last column list the maximum Von 

Mises stress induced. The two heating rates compared to each other are 2 °C/s and 3°C/s. 

Even though the difference between those two values are so small, the change of the induced 

mechanical stresses varies. Thus, one can say that the heating rate does affect the thermally 

induced stresses. To be more confident, a greater difference should be made, such as 20°C/s. 
 

Table 6.6. Presents the maximum Von Mises stress induced at two different temperature cycle rates 

Heating rate [˚C/s] Component σ
vm 

[MPa] 

2 Conductor insulation 28.936 

3 Conductor insulation 29.954 

2 Slot insulation 82.506 

3 Slot insulation 86.730 

 

 

6.3.3 Cycle amplitude 

The last parameter studied is the temperature cycle amplitude. The simulation results and the 

stresses vary depending on different temperature amplitudes are presented in Table 6.7. As 

previous tables, the results of two insulation components are presented, the conductor 

insulation and the slot insulation. A difference in 10°C lead to a great difference in Von Mises 

stress, which indicate that the operating temperature amplitude is an affecting parameter to the thermo-

mechanical stresses. 
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Table 6.7. Presents the maximum Von Mises stress induced at two different temperature amplitudes 

Max temperature 

amplitude 

Component σ
vm 

[MPa] 

130 Conductor insulation 28.936 

120 Conductor insulation 11.499 

130 Slot insulation 82.506 

120 Slot insulation 37.911 

 

6.4 Test object 
The simulation results of the test object proposed in chapter 5 are presented in Table 6.8. The 

table presents all the stress components of all the parts in the model. The stress components 

consist of three normal stresses and three shear stresses. These stress values are the highest 

they get during the whole simulation. As the table show, the stress behaviour is similar to the 

stator models. The high negative value of σzz at the copper, the dominating normal stresses at 

the conductor insulation and the high shear stresses at the slot insulation. The results indicate 

that the dominating stress components computed at the stator models are also dominating at 

the test object.  

Table 6.8. Presents the simulation results of the test object 

                       Stress 

 

Components 

σvm 

[MPa] 

σxx 

[MPa] 

σyy 

[MPa] 

σzz 

[MPa] 

σxy 

[MPa] 

σxz 

[MPa] 

σyz 

[MPa] 

Conductor 146.1 -75.7 -26.2 -161.7 9.5 25.4 12.4 

Conductor 

insulation 

28.9 23.5 -27.9 23.7 6.5 13.7 13.6 

Slot insulation 121.3 87.0 24.6 51.9 22.9 65.1 53.3 

Stator core 312.9 166.2 57.5 103.6 116.8 97.2 -144.6 

Impregnation 245.8 395.1 409.4 542.0 -264.8 29.5 64.3 

 

In Figure 6.18 (a) and (b) the maximum Von Mises stress are presented. From the images, the 

critical regions where the max stresses are located are observed. The highest stresses exposing 

the model are located at a sharp corner at the stator core.  
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Figure 6.18. Displays the region where the Von Mises stress are the highest, (a) an overview of the model and 

(b) detailed image of the most critical region. 

 

The conductor insulation is exposed to high stresses and the stress contour of the component 

are presented in Figure 6.19 (a) to (d). The figure contains of four images, where the Von 

Mises stress and all the normal stresses are presented. 
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Figure 6.19. Displays stress contour of the conductor insulation; (a) the von Mises stress contour, (b) σxx stress 

contour, (c) σyy stress contour and (d) σzz stress contour. 

In Table 6.8, the thermally induced stresses exposing the test object are presented. As the 

results indicate, the dominating stress component exposing the slot insulation is the shear 

stress σxz, as in model 1 and model 2.  

 

In Figure 6.20, the Von Mises stress contour and the shear stress σxz contour of the slot 

insulation are displayed. As shown, the highest shear stresses are located at the same region as 

the highest Von Mises stresses. The highest stresses are located at the free end of the slot, 

where the components expand freely. Also, as shown in the figure, the highest stresses are 

located at the interface between the slot insulation and the conductor insulation.  
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Figure 6.20. Displays the Von Mises stress contour (a) and the shear stress σxz contour (b) of the slot insulation. 

 

In Table 6.9 the Von Mises stress at each component in the test object is presented and 

compared to the yield strength of each material. The last column presents the relationship 

between the Von Mises stress induced to the material yield strength, the unit is in percent. The 

two components exposed to stresses that exceeds the materials strength is the slot insulation 

and the impregnation layer, as in model 1 and model 2. 

Table 6.9. Presents the relation between Von Mises stress and each material strength 

  σvm 

Von Mises stress 
[MPa] 

σys 
Yield Strength 

[MPa] 

Relation 
σvm / σys 

  

Conductor 146.1 280 52 % 

Conductor 
insulation 

28.9 61 47 % 

Slot insulation 121.3 69  175 % 

Stator core 312.9 358 87 % 

Impregnation 245.8 65 378 % 
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Figure 6.21. Presents the Von Mises stress vs yield strength of each component of model 1, model 2 and the test 

object. 

The Von Mises stresses computed from the simulation of model 1, model 2 and the test object 

are compared and presented in Figure 6.21. The Von Mises stress induced on each component 

in all the models versus the yield strengths are presented. As shown in the figure, the 

maximum Von Mises stresses induced at each model are very similar.  
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7. DISCUSSION 
In this chapter, the results presented in chapter 6 are investigated with purpose to decipher and 

to interpret the consequences of the results. To make it easier to understand the analyses and 

to be confident all the important results is being investigated, sub-chapters are presented. 

 

7.1 Model 1 
As a result of the dynamic heating of the copper conductor, a certain thermal condition of the 

whole model is obtained. As seen in Figure 6.1, the nodal temperature of the whole model is 

inhomogeneous and there will be a large temperature gradient between the components.  In 

Figure 6.2, one node at the copper conductor, one at the conductor insulation and one at the 

slot insulation are selected and their temperature during the simulation is illustrated and 

compared in the graph. The copper conductor dynamic temperature is set and the temperature 

of the other components in the model is a consequence of the implemented dynamic heating 

of the copper. In the Y-axis, the nodal temperature in Celsius degrees is set and in the X-axis, 

the simulation time in seconds is set. As shown in Figure 6.2, there is a switch point at 150 

seconds into the simulation. The switch point is when the copper conductor temperature is 

below the temperatures of the other components in the model. The image in Figure 6.1  (b) is 

taken after the switch point. The most important outcome presented in Figure 6.2 is that the 

temperature gradient between the different insulation components. The temperature gradient 

is an essential affecting parameter of the thermo-mechanical stresses.  

 

In Table 6.1, the highest stresses are computed at the stator core. It’s observed that the highest 

stress components are the normal stresses. That’s probably due to the high E-modulus value 

of the stator and due to the temperature gradient. As the analytical equation of a single bar 

indicates, the normal stresses are affected by the E-modulus, the temperature gradient and the 

CTE. The lower shear stresses indicate that there won’t be a large thermal expansion ratio 

between the slot insulation and the stator core. The highest stresses at the stator core is located 

at a rounded corner in one end of the stator, as illustrated in Figure 6.3. The Von Mises stress 

contour of model 1 is presented. The image is zoomed in and only presents the most critical 

regions where the maximum stresses are located. The maximum stresses are coloured red in 

the image. 

 

It is shown in Table 6.1 that the axial stress component σzz is large and negative. The negative 

value represents the compression stress. In Figure 6.4, two stress contours of the copper 

conductors are displayed. In the first image (a), the Von Mises stress contour and secondly 

image (b) the axial stress σzz. As seen in both images, the critical region is at the right bottom. 

That is a result of the symmetric boundary condition set at that end.  

 

In Table 6.1, the stresses computed at the conductor insulation are listed. The high stress 

components listed are all the normal stresses and one shear stress, σxz. The normal stresses 

are dominating because the conductor insulation is adjacent to the copper and as observed in 

Figure 6.2 the temperature of the conductor insulation is high. So, there is not a significant 

differ in thermal expansion between those two components and therefore the shear stresses 

between them are low. The shear stress computed at the conductor insulation is the σxz. Even 

though the thermal expansion ratio between the copper and the conductor insulation is low, 

the thermal expansion ratio between the slot insulation and the conductor insulation is much 

greater. It is observed in Figure 6.1 that there is a larger temperature gradient between the two 

insulation components. As the analytical equation 2.6, the shear stress is affected by the 

thermal expansion ratio. In Figure 6.5, the Von Mises stress contour and the normal stress 
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contours are of the conductor insulation are displayed. It is observed that the highest stresses 

are located at a rounded corner at the free end (where no mechanical boundary conditions 

were set).  

 

In Table 6.1, the stresses computed at the slot insulation are listed. The interesting part of this 

component is that all stress components are almost equally high. That is a result of the large 

temperature gradient between the conductor insulation/ slot insulation and the slot 

insulation/stator core. In Table 3.2, the CTE of all the components are listed. As shown in the 

table, there is a significant difference in CTE and E-modulus between conductor 

insulation/slot insulation and slot insulation/stator core. These parameters are essential 

affecting parameters as the analytical equations indicates. The values of these parameters 

result on high shear stresses and high normal stresses.  

 

In Figure 6.6, the Von Mises stress contour and the axial stress σzz contour are displayed. 

From the first image (a) it’s observed that the highest stresses are located at the inner rounded 

corners between the two slot insulation components (the red colour). A difference is seen 

clearly between image (a) and (b). In image (b) the highest stresses are located at the top. In 

Figure 6.7, two shear stress contours are displayed. As the images illustrate, the highest 

stresses are located at the inner rounded corners (the same as Von Mises stress). Which 

indicate that the dominating stresses are the shear stresses, even though both normal and shear 

stresses are high.  

 

The node at the conductor insulation exposed to the highest Von Mises stress was selected 

and its values plotted, the results are presented in Figure 6.8. The red line represents the nodal 

temperature and the blue line represents the Von Mises stress. At the Y-axis, the temperature 

in Celsius degrees were set. At the X-axis, the simulation time in seconds were set. As shown 

in Figure 6.8, the highest stresses are computed at the very end of the simulation, when the 

temperature is 23°C. These stresses are induced due to cooling of the model. When the model 

is cooled, shrinkage occur and compression stresses are induced. That indicate that the 

compression stresses computed is dominating, which is what Table 6.1 also presents.  

 

As mentioned earlier, the reference temperature was set to 90°C but as seen in Figure 6.8 the 

stresses are not equal to zero when the temperature is at 90°C. The temperature pass through 

the reference temperature twice, once when heated to 130°C and secondly when cooled to 

room temperature. The reason the stress is not equal to zero, it’s because a homogeneous 

temperature at 90°C were set as reference temperature. In both cases in the graph, the 

temperature is inhomogeneous. The cooling rate is much slower than the heating rate, 

therefore the temperature is more homogeneous when cooled from 130°C to 90°C and 

therefore the stresses are closer to zero at that point. 

 

In Table 6.2 the Von Mises stress at each component in model 1 is presented and compared to 

the yield strength of each material. The last column presents the relationship between the Von 

Mises stress induced to the material yield strength, the unit is in percent. The two components 

exposed to stresses that exceeds the materials strength is the slot insulation and the 

impregnation layer.  
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7.2 Model 2 
As a result of the dynamic heating of the copper conductor, a certain thermal condition of the 

whole model is obtained. As seen in Figure 6.1, the nodal temperature of the whole model is 

inhomogeneous and there will be a large temperature gradient between the components.  One 

node at each component was selected and their temperature plotted versus simulation time. 

The plotted graph is presented in Figure 6.11. The yellow line presents the nodal temperature 

of the copper conductor. This thermal cycle of the copper was implemented and the other 

lines occur as a consequence of the copper heating. It’s also observed that at 150 seconds into 

the simulation, the copper nodal temperature is the lowest of the three components plotted. 

The three components are the copper conductor, the conductor insulation and the slot 

insulation. 

 

In Table 6.3, the simulation results of model 2 are presented. As shown in the table, the 

highest stresses are computed at the stator core. The dominating stress components seems to 

be the axial stress σzz. Which was also obtained from the FEM simulation of model 1. In 

Figure 6.12, the Von Mises stress contour of model 2 is displayed. As shown in the figure, the 

highest stresses are located at the top of one end. 

 

The stress levels computed and presented in Table 6.3 are similar the stresses obtained in 

model 1. For example, the copper conductor is exposed to high negative axial stress, which 

represents compression stress. Also, the conductor insulation is exposed to high normal 

stresses. The stresses exposing the conductor insulation are very alike the stresses computed 

from model 1. The big difference is that model 2 consists of severe bending of the conductors. 

The bending are stress concentrations and therefore some stress levels will be higher than the 

stress levels from model 1.  

 

The conductor insulation is exposed to high stresses that illustrated in Figure 6.13. Figure 

6.13 consists of two images (a) and (b). The first image (a) presents the Von Mises stress 

contour of the conductor insulation. The critical regions as observed are at the end of the slot 

and at the bending of the conductor. The second image (b) displays an image of the region 

where the maximum Von Mises stress is localized which is at the bending of the conductor. 

 

The slot insulation is exposed to high stresses that are presented in Figure 6.14. As observed 

from the figure, the highest stresses are located at the inner side of the slot insulation. The 

inner surface, which is the interface between the slot insulation and the conductor insulation. 

This means that the highest stresses are located at the interface between the two insulation 

components. 

 

As shown in Table 6.3, the slot insulation is exposed to high stresses. All the stress 

components computed at the slot insulation are high but the dominating one is the shear 

stress. The shear stress component that is dominating is the σxz, which is the shear stress in x-

surface pointed at the z-direction, as the subscripts indicates. The reason is because the of the 

great thermal expansion ratio between the slot insulation and the conductor insulation. In 

Figure 6.15, two shear stress contours are displayed. The maximum shear stresses are also 

located at the interface between the slot insulation and the conductor insulation.  

 

As shown in Figure 6.17, there is two stress cycles during one thermal cycle. The two stress 

cycles are different and that is because the heating rate and the cooling rate of the thermal 

cycle are different. The cooling rate is slower; therefore, the temperature is more 

homogeneous.  Because the zero-stress temperature is 90°C, two stress cycle for one thermal 
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cycle are computed.   

In Table 6.4 the Von Mises stress at each component in model 2 is presented and compared to 

the yield strength of each material. The two components exposed to stresses that exceeds the 

materials strength is the slot insulation and the impregnation layer. It’s difficult to draw any 

conclusions about the impregnation layers because it varies from one stator to another. It can 

however be said that at least for cases where the impregnation subsides as a layer, the 

impregnation layer is exposed to very high stresses that would yield the layer. 

7.3 Test object 
The simulation results of the test object proposed in chapter 5 are presented in Table 6.8. The 

table presents all the stress components of all the parts in the model. The stress components 

consist of three normal stresses and three shear stresses. As shown in the table, the stress 

levels are higher than the stress levels obtained from the simulations of model 1 and model 2. 

Even though the stress levels differ, the behaviour is alike. The dominating stress components 

are still the same as previous models. Such as; the high axial stress σzz exposing the copper, 

the dominating normal stresses at the conductor insulation, the high shear stress σxz at the slot 

insulation and the maximum stress at the stator core. 

In Figure 6.18 (a) and (b) the maximum Von Mises stress are presented. The highest stresses 

exposing the model are located at a sharp corner at the stator core. Sharp corners lead to 

higher stress concentrations.  The conductor insulation is exposed to high stresses and the 

stress contour of the component are presented in Figure 6.19 (a) to (d). The figure contains of 

four images, where the Von Mises stress and all the normal stresses are presented. The highest 

stresses presented in all images are located at the same region, at the bending. The bending 

lead to higher stress concentrations. 

In Table 6.8, the thermally induced stresses exposing the test object are presented. As the 

results indicate, the dominating stress component exposing the slot insulation is the shear 

stress σxz, as in model 1 and model 2. In Figure 6.20, the Von Mises stress contour and the 

shear stress σxz contour of the slot insulation are displayed. As shown, the highest shear 

stresses are located at the same region as the highest Von Mises stresses. The highest stresses 

are located at the free end of the slot, where the components expand freely. Also, as shown in 

the figure, the highest stresses are located at the interface between the slot insulation and the 

conductor insulation. Which means that the thermal expansion ratio between the two 

components are significant.  

 

In Table 6.9 the Von Mises stress at each component in the test object is presented and 

compared to the yield strength of each material. The last column presents the relationship 

between the Von Mises stress induced to the material yield strength, the unit is in percent. The 

two components exposed to stresses that exceeds the materials strength is the slot insulation 

and the impregnation layer, as in model 1 and model 2. 

The Von Mises stresses computed from the simulation of model 1, model 2 and the test object 

are compared and presented in Figure 6.21. The Von Mises stress induced on each component 

in all the models versus the yield strengths are presented. As shown in the figure, the 

maximum Von Mises stresses induced at each model are very similar. The one component 

that is exposed to higher Von Mises stresses are the impregnation. That is because of the 

bending, which leads to higher stress concentrations. As seen in the figure, the red staple 
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represents the yield strength of representative material. The slot insulation and the 

impregnation layer are the only components exposed to stresses above the yield strength, 

which indicate that plasticity occurs. It’s difficult to define how the impregnation material has 

subsided, because it can vary from one stator to another. The slot insulation on the other hand 

are not as complicated. The slot insulation is exposed to high Von Mises stresses that would 

yield the component after one cycle. Therefore, low cycle fatigue could be the situation. The 

slot insulation is therefore the component most likely to fail first. 

7.4 Sensitivity study 
To perform accelerated life tests of a specimen, it’s essential to identify the various affecting 

parameters. Analytical equations were derived and explained in chapter 2.5. Analytical 

equations to describe the normal stresses and analytical equations to describe the shear 

stresses. The sensitivity study was made to be more confident about the affecting parameters. 

The results from the sensitivity study agrees with the analytical equations. The parameters 

found affecting the thermo-mechanical stresses were the heating rate and the operating 

temperature. Also, it was found that the initial stator length is not an affecting parameter, 

which also agrees with the analytical equations. It is said however in literature that the stator 

core length is an affecting parameter when it comes to large stators. An interesting part of the 

analytical equation 2.1, it indicates that the initial stator length does affect the expansion. 

Longer initial length lead to greater expansion. However, it does not affect the stresses 

induced and there is because the thermo-mechanical stresses induced are affecting by the 

relationship between the thermal expansion and the initial length.   

7.5 Discussion summary 
The model created in ABAQUS uses driving cycles and parameters of the studied stator as 

inputs and simulates the thermally induced stresses after one thermal cycle.  

There is a lot of essential similarities between model 1, model 2 and the test object. 

Similarities between model 1, model 2 and the test object are; 

• The copper conductor is exposed to high compressive stresses in the axial direction 

(Z-direction). 

• The conductor insulation is exposed to high normal stresses and lower shear stresses. 

• The dominating stress component exposing the slot insulation is the shear stress σxz. 

• The maximum stresses are located at the stator core, due to bendings/sharp corners 

and high E-modulus. 

• The slot insulation and the impregnation material are the two components exposed to 

stresses that would lead to plastic deformation. 

 

The stress components dominating in model 1 were also dominating in model 2. The reason 

why the stress levels vary is due to the severe bending of the conductors in model 2. As seen 

in Figure 6.21, the Von Mises stress computed at each model didn’t vary by much, especially 

at the conductor and the conductor insulation. So, even if the stress levels were not identical, 

the difference is almost negligible. The only component that is exposed to much higher stress 

levels are the impregnation material. The impregnation material is very difficult to define, so 

it is difficult to draw any conclusions about that particular component. Therefore, it is fair to 

draw the conclusion that after one cycle the test object is exposed to stresses similar to the 

stresses induced on the stator models. Thus, the test object is representative and valid for 

testing.  
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The simulation results of this project indicate that the slot insulation and the impregnation 

layer of all models would yield only after one thermal cycle. In the simulations, elastic 

material analysis was made. Now, knowing that plasticity would occur, plastic material 

analysis may compute different stress-levels at the slot insulation and the impregnation layer. 

However, both cases will compute that plastic deformation of the slot insulation and the 

impregnation layer will occur, and not of the other components.  

The contact condition chosen in this project are TIE constraints, as mentioned in chapter 4. 

This type of contact will tie the surfaces and make them act kind of like one part. To make the 

simulation of the models more representative, adhesive contact between the components are 

necessary to model. To do so, the adhesive properties of the electrical insulation materials are 

data necessary to be known.   

When localizing the maximum stresses exposing the slot insulation of each model, it’s seen 

that the critical regions are at the end of the stator. In model 2, the maximum stresses 

exposing the slot insulation are located at the interface between the slot insulation and the 

conductor insulation. The location of the maximum stresses is shown in Figure 6.15. One 

interesting observation, is that the maximum stresses at the slot insulation of model 2 are 

located on the same region as they do in the test object. So, the maximum stresses of the test 

object are also located at the end of the stator. The highest stresses are at the end of the stator 

due to sharp corners and bending of the conductors. The corners and the bending will lead to 

higher stress concentrations. Also, as mentioned earlier, the analytical equation that describes 

the shear stresses indicate that the shear stress depends what part of the total length L are 

studied. So, the maximum shear stresses are located at the very end of the length, x=L. The 

results from the FEM simulations also indicate that the highest shear stresses are located at the 

very end, where x = L.  

Comparing the results from this project with the conclusions made by Zhe Huang [3]. As 

mentioned in chapter 1, the conclusions made were that the thermal-mechanical fatigue is the 

dominating deterioration process for a certain low voltage electrical machine. The results 

presented in chapter 6 also indicate that the thermo-mechanical stresses will fatigue the 

electrical insulation system.  
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8. CONCLUSION AND FUTURE WORK 
The main goals of this thesis were to determine if thermo-mechanical fatigue is an ageing 

factor of the electrical insulation system. Literature study and computational simulations were 

made to investigate this issue. Modelling and simulation of several different models to 

represent the stator windings were made. The results were analysed and compared to each 

other. The results indicate that the slot insulation is the component exposed to the highest 

stresses relative to the yield strength. The slot insulation and the impregnation components are 

the only two components that will plastically deform after only one cycle. The other 

components are exposed to stresses below the yield strength, which means that the stresses are 

in the elastic region and therefore won’t plastically deform the components. The component 

that is most likely to fail first is the slot insulation due to stresses induced at the slot insulation 

is the highest relative to the tensile strength of the material.  The dominating stress 

components at the slot insulation is the shear stress σxz.  

The thermal cycling parameters that accelerate the ageing of the electrical insulation system 

of the current stator are the cycle rate and the cycle amplitude. The thermo-mechanical 

stresses will be larger when the heating rate and the temperature amplitude increase. 

The following is a summary of the conclusions taken in this project; 

• The slot insulation is exposed to stresses that would yield the component after one 

cycle, therefore low cycle fatigue of the slot insulation could be the situation. To be 

confident if the stresses affect the total life length of a stator, practical tests are 

necessary. 

• The slot insulation is the component most likely to fail first as the other components 

won’t plastically deform after one cycle. High cycle fatigue of the other components 

may be the case. 

• The dominating stress component at the slot insulation is the shear stress σxz. 

• The region exposed to the highest stresses are at the free end of the stator. 

• The parameters affecting the thermally induced stresses are the heating rate and the 

operating temperature. 

• The test object provided is representative of an actual stator and would imitate the life 

length and the failure rate of a stator. 

• The thermally induced stresses exposing the slot insulation are high enough to low 

cycle fatigue the electrical insulation system, thus thermo-mechanical fatigue is an 

ageing factor of the electrical insulation system. 

For future work on this subject it is recommended to perform the accelerated test provided. 

The simulations were enough to determine the stress amplitudes and localize where the 

maximum stresses occur. To know for sure how essential this ageing factor is, physical tests 

and life time estimation are necessary. The power cycling method is recommended for future 

work and it’s recommended to perform the tests on a test object that is small and represent a 

real electrical insulation system.  

For future work on the current stator windings it is interesting to look at how the steel 

laminations affect the thermo-mechanical stresses. Also, in this thesis it was assumed that the 

impregnation material will subside as a layer and thus simulated this way. It could be 

interesting to simulate the models without the impregnation and see how the results will 
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differ. This subject is interesting and is widely researched and a lot of research work could be 

done to provide test methods that replicate the actual usage of an electrical machine and 

incorporate all the ageing factors.  
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