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Abstract

Environmental stress of electrical machine winding
insulation

Martin Risemark Eriksson

The conducting winding of an electrical machine is insulated in order 
to prevent any short circuits to occur within the machine. This 
insulation is during its lifetime exposed to several environmental 
stresses and therefore plays an important role in the life length of 
the machine. Accelerated stress tests are used to investigate what 
design and material is most suitable for a good endurance of a 
product. In this master thesis, new accelerated test methods for the 
insulation system in an electrical machine are developed and 
evaluated. The study resulted in four stress tests that simulate the 
thermal stress, the thermomechanical stress and the ambient stress 
from direct oil cooling. 

Three diagnosis tests and a material analysis were used in order to 
evaluate how these accelerated stress test methods affected the 
insulation. The diagnosis tests showed no clear sign of deterioration 
of the insulation in terms of change in electrical characteristics. 
However, the material analysis indicated deterioration of the 
insulation, such as cracks and oxidation of the material.  These 
changes show that the test methods are capable to affect the 
insulation, but will need more time to cause a breakdown, since a 
stator of this kind is expected to have a very long life length. 
Therefore, in future work on this topic, these test methods should 
continue for a longer time and it would likely be interesting to look 
into other diagnosis tests.
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1 Introduction 

1.1 Background information 

Accelerated stress tests are performed in order to deteriorate and age a 

product in a faster way than natural. This is done by simulating and 

increasing the rate or impact of one or more of the environmental stresses 

which a product is exposed to during its lifetime. By performing these 

accelerated stress tests, one can determine how these environmental stresses 

affects the product and sometimes make it possible to predict its life length.  

 

This type of testing is especially necessary for products expected to have a 

long life, since the producer cannot wait for the actual life length of the 

product, for example several decades, to see if the product has a sufficient 

endurance [1]. An automotive generator, like the one used in this project is 

such a product and has an expected life length of hundreds of thousands of 

kilometres in operation. 

 

The insulation of the winding in an electric machine has the main purpose to 

prevent any short circuits within the machine. The insulation should have a 

life length, at least, similar to the machine itself and is the part which should 

be considered in this project. The environmental stresses that will be 

investigated are the thermal stress, the thermomechanical stress and the 

specific chemical stress of direct oil cooling. 

 

A prior study on this subject has been done for the thermal aging of random-

wound AC electric machines [2]. For testing the thermomechanical stress, 

previous work has been done for large rotating machines, such as hydro 

generators [3].  

 

1.2 Objective 

A main goal of this project is to develop and present new accelerated test 

methods for thermal, thermomechanical and chemical aging of the stator 

winding insulation in electric machines. The test methods should hold 

instructions and complete setup for the tests, in terms of both materials and 

methodology. Directives on how the test results can be evaluated will also 

be presented.  

 

An important outcome from these stress tests is that they should make it 

possible to compare ambient air cooling to direct oil cooling, in order to find 

the effects of these exposures. These procedures should also make it 
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possible to test how different types of insulations are affected by different 

types of cooling oil and be able to find an optimal combination. The 

developed test methods are also performed in order to examine if the 

methods meet the goals of showing how the different environmental stresses 

affects the properties and the life length of the stator winding and its 

insulation.  
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2 Theory 

This section will describe some theory behind the project, in order for the 

reader to be able to understand the purpose of the test object and test 

methods. Some basic information about electrical machines, the stator and 

its insulation, will be presented together with the environmental stresses that 

the insulation is exposed to during its lifetime. This section will also include 

the theory behind the accelerated stress tests that were developed and 

performed with the intention to simulate these environmental stresses. The 

theory behind the diagnosis tests that are made to diagnose and analyse the 

condition of the insulation and the material analysis can be read in the end 

of the section. 

 

2.1 Electrical machines 

An electrical machine is a machine that works as an electrical generator or 

electrical motor. A generator converts mechanical energy to electrical 

energy and motor does the opposite i.e. converts electrical energy to 

mechanical energy [4]. However, even though their purposes are the 

opposite, the construction is very similar. The two main components of an 

electric machine are the rotating part, called the rotor and the static part, 

called the stator. An automotive generator was used as test object in this 

project and is shown in figure 1.  

 

 

Figure 1 The alternator used in this project. 

In this generator, the rotor is made of an iron core with magnetising 

winding, which creates a rotating magnetic field and the stator is a 
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construction of copper winding, wound inside an iron core. The rotating 

field of the rotor induces an alternating current into the copper winding of 

the stator, by Faraday’s law of induction: 

 

    
   

  
   (1) 

 

where N are the number of turns in the stator coil, ΦB is the flux linking 

each coil and t is time [5]. Hence, the mechanical energy of the rotor is 

converted into electrical energy in the stator winding, through a magnetic 

field. Figure 2 shows a picture of the stator when it is separated from the 

rest of the machine. 

 

 

Figure 2 Rotor to the left, still placed in the generator cover and the stator to the right. 

 

2.2 Stator 

The stator is the test object in this project. It conducts the induced current 

created by the rotating magnetic field of the rotor and consists of three main 

parts. These three parts are the winding, the stator core and the insulation 

system, which all has different functions and purposes.  

 

The winding is made of copper and formed into a coil, which conducts the 

current. It is divided into three phases which are connected with the purpose 

to create a three phase alternating current. The stator core is made of iron 

and has the main purpose to increase the strength of the magnetic field, but 

it also keeps the winding in place when it is exposed to the magnetic forces 

and works as a heat sink for the copper winding. 
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The insulation system has the main purpose of preventing any short circuits 

within the stator, but as it is the most interesting part for this project it will 

be discussed in detail in the following sections [6]. 

 

2.3 Stator winding insulation 

The copper windings of the stator are insulated to ensure that no electrical 

short circuits occur, that the heat losses from the conductors are transferred 

to a heat sink and to prevent the winding from vibrating when it is exposed 

to the magnetic forces. The insulation on the stators used for testing in this 

project can be divided into two parts which have different functions in the 

insulation system. These two parts are called the turn insulation and the 

groundwall insulation [7]. Figure 3 shows a sketch of the cross section for 

the stator winding, with the conductors and the two layers of insulation. 

 

Figure 3 Cross section of a form wound stator winding and the different types of insulation. 

2.3.1 Turn insulation 

If a short occurs between two turns in a coil, a very high current flow will 

appear across the broken turn. This will overheat that part of the winding 

and eventually cause a breakdown. In order to prevent shorts between the 

turns in a coil, every turn needs to be insulated from each other and this is 

called the turn insulation. The turn insulation is mainly exposed to the 

thermal stresses, and furthermore the thermomechanical stress, caused by 

the copper losses from the conducting winding since it is placed in direct 

contact with the winding. For the type of generators used in this project, the 

turn insulation is often an enamel made of a plastic material, for example, 

polyester [8]. 
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2.3.2 Groundwall insulation 

The main purpose of the groundwall insulation is to separate and prevent 

any current flow between the winding and the grounded stator core. 

However, since the stator core works as a heat sink for the conductors and 

the groundwall insulation is in direct contact with the core it moreover 

needs to have a low thermal resistance so that the heat from the winding is 

transferred in an efficient way to avoid high temperatures in the conductors. 

It also has the purpose to keep the winding in place when it is exposed to the 

mechanical stresses from the electromagnetic forces. The groundwall 

insulation is usually made of a paper material that is winded around the part 

of the conductors which are placed in the core slots [9].  

 

2.4 Environmental stresses and aging 

There are many different stresses that a product may be exposed to during 

its lifetime, depending on what environment it is placed in, or what function 

the product has. These stresses will affect the aging of the product in 

different ways and will gradually break it down. There are natural 

environmental stresses, such as the weather [10] and there are induced 

environmental stresses such as mechanical, chemical and electrical stresses 

[11].  

 

The insulation system of an electrical machine is exposed to thermal stress, 

electrical stress, humidity stress and mechanical stress. This project focuses 

on the thermal stress, the thermomechanical stress and the humidity stress 

from direct oil cooling which will be discussed in the following sections. 

 

2.4.1 Thermal stress 

Thermal stress is the most documented stress that affects the deterioration 

process of the insulation. The high operating temperature of a stator winding 

is a result, mainly from the copper losses in the winding, according to:  

 

        (2) 

 

where P is the power of copper losses, I is the current and R is the resistance 

of the conductor. The deterioration process is primarily caused by the 

chemical reaction that the insulation starts to oxidize when it operates on 

high temperatures. The oxidation will make the insulation system more 

brittle and can sometimes also cause delamination. The deterioration 

reaction rate for thermal aging will increase with higher temperature 

according to the Arrhenius raction rate law: 

 

     
  
     (3) 
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where R is the speed of reaction, T is the temperature in Kelvin, EA is the 

activation energy, K is the Boltzmann’s constant and A is a nonthermal 

constant. The Arrhenius life stress model is then based on an assumption 

that the thermal life length is inverse proportional to the reaction rate of the 

deterioration process: 

 

    
 

    (4) 

 

where L is the life time, T is the stress level temperature in degrees Kelvin 

and B and C are model parameters to determine [12]. Equation 4 gives that 

the life length will, approximately, decrease by 50% for every ten degrees 

increase in temperature [13]. However, this equation is only valid in a 

certain interval. The temperature must be higher than a threshold 

temperature for deterioration and lower than a temperature where the 

deterioration will take place in a fast and unrealistic manner. 

 

2.4.2 Thermomechanical stress 

The thermomechanical stress is a variation of thermal stress, which occurs 

when the winding goes from a certain temperature to another. For example, 

if the temperature increases the copper winding and the insulation will 

expand mainly in the axial direction [13]. Since the plastic of the turn 

insulation have a different coefficient of thermal expansion compared to the 

copper conductors and also is cooler right after an increase of current in the 

winding, it will lead to a shear stress between the insulation and the 

conductor. A repeated exposure to such temperature changes and shear 

stress will deteriorate the insulation mechanically and cause cracks in the 

material. This is done by temperature cycling tests, where the product is 

exposed to repeated cycles between a low and high temperature.  

 

It is possible to accelerate this type of aging by increasing the usual 

temperature change of a product in the test and use the Coffin-Manson 

equation: 

 

    
       

      
    (5) 

 

where AF is the acceleration factor, ΔTtest is the temperature difference used 

in the test, ΔTuse is the temperature difference to which the product is 

exposed in normal operation and m is the Coffin-Manson exponent. This 

gives that the number of temperature cycles with ΔTuse as temperature 

difference cause equal deterioration as AF times the number of cycles with 

ΔTtest as temperature difference [14]: 

 

                                                              (6) 
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2.4.3 Ambient stress 

The ambient stress on a stator winding insulation may depend on several 

things in the environment of the insulation, such as moisture, high humidity, 

aggressive chemicals, dust and debris. These factors do not need to be 

disruptive in themselves, but if several factors occur simultaneously they 

may be. For example, high humidity together with conductive dust, can 

cause conductive parts over the insulation and cause electrical tracking. If 

the insulating material reacts with an ambient chemical, this can also 

increase the rate of deterioration. The ambient stress that will be 

investigated in this project is the chemical stress of direct oil cooling [15]. 

 

2.5 Description of test methods 

Accelerated stress tests are done in order to increase the rate or impact of 

one or more specific stresses. This will age the insulation in a faster way and 

is often necessary since one cannot always wait for an actual life time of a 

product, to see if a new design or material has an acceptable endurance. One 

result of an accelerated stress test is an equation that makes it possible to 

predict the life time of the product under regular operating stress. 

 

The other outcome from such a test is a possibility to compare the life of a 

product to another proven sample, which has been tested under the same 

conditions. If the tested system performs better than the reference system in 

the test, it is also expected to do better than the reference system in normal 

operation and vice versa [16]. 

 

2.5.1 Thermal endurance test 

This test is performed with the intention to simulate how the high operating 

temperatures are affecting the lifetime of the stator winding insulation. The 

test is done by exposing the stator and the insulation to high temperatures 

during a long period of time [17]. By increasing the exposure temperature, 

one can increase the deterioration rate and determine the lifetime in an 

accelerated time by using the Arrhenius law, eq. 3 in section 2.4.1. 

 

2.5.2 Temperature shock test 

This is a test that simulates the thermomechanical stress on the insulation 

that is caused by change in the ambient air temperature. The heating and 

cooling is done by moving the passive stator/stators between two different 

air temperatures and is performed in a temperature shock cabinet, which is a 

cabinet with two chambers. One of the chambers contains air at high 

temperature and the other at low temperature. The thermomechanical stress 

is simulated by first placing the stator/stators in the high temperature 

chamber until the stator has reached the same temperature as the ambient 

air. It is then moved and placed in the lower temperature chamber until this 
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lower temperature is reached [18]. The stator is then moved back to the 

higher temperature and one cycle of the test is done. This is repeated for a 

desired number of cycles. Figure 4, beneath, shows a sketch of a 

temperature shock cabinet. 

 

Figure 4 Temperature shock cabinet 

 

2.5.3 Power cycling with air cooling 

When the workload of an electrical machine changes, so does the 

temperature of the winding and its insulation. This will cause a 

thermomechanical stress on the winding, as discussed in section 2.4.2. The 

purpose is to constantly switch between periods of heating and cooling, to 

simulate these changes in temperature and get an accelerated view of how 

they affect the insulation during its lifetime.  

 

In this test, the heating is done by applying a current through the stator 

windings and the cooling is done by the ambient air temperature. The 

heating starts at a low temperature, which is considered as a normal ambient 

work temperature for the machine, and ends at the classification temperature 

of the winding insulation [19]. When the heating is turned off, the cooling 

begins. The cooling from the ambient air continues until the winding has 

reached the initial lower temperature and one cycle is completed. This cycle 

is then repeated for a desired number of cycles or until breakdown of the 

insulation. 

 

Figure 5 shows an example of how two cycles in the power cycling test may 

look. When the current is turned on, the temperature of the insulation 

increases, but as soon as the current is turned off, the cooling starts and the 

temperature decrease. 
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Figure 5 Example of two cycles in the power cycling test 

2.5.4 Power cycling with direct oil cooling 

This test is similar to the test discussed in the previous section. The main 

difference in the theory of this test is that the cooling period of the test cycle 

is done by direct oil cooling of the insulation. The heating is, however, still 

done by passing a current through the winding. When the classification 

temperature is reached, the current is turned off and the cooling oil is 

sprayed onto the insulation to cool it down. This spraying continues until the 

insulation has reached the lower temperature, completing the cycle which is 

repeated for a desired number of times, or until breakdown. By comparing 

the results from this test and the results from the power cycling with air 

cooling, it can be possible to determine how the direct oil cooling affects the 

stator winding insulation. 

 

2.6 Diagnosis tests 

To identify the condition of the stator winding and its insulation, some 

diagnosis tests are made before, throughout and after the stress tests. These 

tests may show how insulation deteriorates during the test in order to 

develop knowledge on the relation between the time of aging or number of 

cycles which the insulation is exposed to, and these diagnosis values [20]. 

The diagnosis tests that have been used in this project are insulation 

resistance test, winding resistance test and capacitance test.  

 

2.6.1 Insulation resistance test 

The insulation resistance test is the most common used diagnosis test for 

stator windings and their insulation. This test can detect thermal 
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deterioration as well as pollution and contamination issues in the windings. 

The insulation resistance of the stator is the resistance between the copper 

winding and the grounded stator core, i.e. the resistance of the insulation 

system. This resistance should ideally be infinite since one does not want 

any current flow between the conductor and the core. A lower insulation 

resistance indicate failure of the insulation. The insulation resistance is 

obtained by applying a relatively high voltage between one of the stator 

terminals and the stator core, and measure resistance.  

 

This test can be simply performed by using a megohmmeter, also known as 

“megger”, where you apply a certain voltage and then directly read the 

resistance out of the instrument. It is recommended to use different voltage 

values to different rated stators, since a too high voltage can break down the 

insulation. The recommended voltages are displayed in table 1 [20]. 

 
Table 1 Suggested voltage levels for the insulation resistance test based on the rating of the winding 

[21] 

Winding rated voltage (V) Recommended insulation resistance 

test DC voltage (V) 

<100 500 

1000-2500 500-1000 

2501-5000 1000-2500 

5001-12000 2500-5000 

>12000 5000-10000 

 

2.6.2 Winding resistance test 

The winding resistance test is performed in order to determine if the copper 

winding breaks or cracks during the aging tests. If the conductor 

breaks/cracks, the resistance will increase. The thermal stress can cause 

such cracks or make existing cracks bigger which may exist due to bad 

soldering between conductor coils or bars.  

 

The resistance is measured by passing a known DC current between two 

phase terminals and measure the voltage between them. By using Ohms law, 

one can calculate the resistance between the two phases. This is done for all 

three phases, 1-2, 1-3 and 2-3. The resistance depends on the temperature 

and it is therefore necessary to correct the resistance to a certain temperature 

for all measurements in order to detect any real changes. For copper 

windings, this can be done by using the following equation, where the 

resistance is corrected to the resistance at 20 °C:  

 

    
  

         
   (4) 
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where R20 is the resistance at 20 °C, RT is the measured resistance, T is the 

temperature during the measurement and α is the temperature coefficient of 

resistivity for the material [22].  

 

2.6.3 Capacitance test 

The capacitance test is a diagnosis test which is used to discover thermal 

deterioration of the stator winding insulation. By applying a voltage 

between the copper conductors and the stator core, the stator will work as a 

capacitor with the insulation as dielectric material. A simplified model is to 

look at the stator as a parallel plate capacitor which is described by the 

following equation: 

 

      
 

 
   (5) 

 

where Ɛr is the dielectric constant of the dielectric material (insulation), Ɛ0 is 

the permittivity of free space (8.854·10
-12

 F·m
-1

), A is the area of the 

parallel plates (copper conductors and stator core) and d is the distance 

between the conducting plates i.e. the thickness of the insulating material 

[23]. Figure 6 shows a sketch of a parallel plate capacitor. 

 

 

Figure 6 Sketch of a parallel plate capacitor 

 

The relative permittivity Ɛr, is a constant that is individual for every 

dielectric material and the only variable in this equation that we expect to 

change during the stress tests. This will happen if the material compound of 

the insulation material changes and can for example happen while the 

materials are exposed to heat. Heat may make the insulation vaporize, which 

will create air pockets within the material. Since air has a lower dielectric 

constant than most insulating materials, the capacitance between the copper 

winding and the stator core will decrease and this will indicate on 

deterioration of the insulation. On the other hand, if the stator is exposed to 

fluids, such as water or oil, the capacitance may increase. This increase in 

capacitance is due to that the stator gets soaked with fluid and occurs since 

water and oil both have a higher relative permittivity than air [24].  
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By investigating how the capacitance between the copper winding and the 

stator core changes over time, one can get a hint of how fast the thermal 

deterioration are taking place. Small or no change in capacitance during the 

stress test will indicate a small rate of deterioration and large changes 

indicates fast deterioration. This implies that a single measurement of the 

capacitance is not of any use and several measurements needs to be done. 

The capacitance test can be performed by using an accurate RLC-meter and 

measure the capacitance between one of the stator winding terminals and the 

stator core [25].  

2.7 Material analysis 

The material analysis is done with the purpose to see how the materials of 

the insulation have been affected by the aging tests. The materials may have 

changed in many different ways, both clearly visible changes, such as cracks 

in the material, but also in the chemical composition of the material, such as 

oxidation. There are different methods to investigate these changes and the 

two methods that are used in this project is light microscopy and Fourier 

transform infrared spectroscopy. 

 

2.7.1 Light microscopy 

A light microscope can enlarge the image of an object up to thousand times 

the original size, by the use of optical light and a system of lenses. By 

looking at samples of the insulation that has been exposed to the aging tests, 

in a light microscope, one can identify visual changes of insulation material 

by comparing the tested insulation to insulation from an unused stator [26]. 

 

2.7.2 Fourier transform infrared spectroscopy (FTIR) 

In FTIR, light from the infra-red radiation spectra is directed towards a test 

sample. When the radiation reaches the sample, a part of it will be absorbed 

in the material and some will pass through the sample by transmission and 

hit a detector. The detected radiation is then used to make a spectrum that 

shows how much of the initial radiation has been transmitted and how much 

has been absorbed at each of the used wavelengths. 

 

Since all different molecules produce a unique corresponding spectrum, the 

FTIR method can be used in order to identify which materials the sample 

contains, determine the amount of components in a sample mixture or the 

quality of the sample. A sketch of the principle used in the method can be 

seen in figure 7. By comparing the spectra of samples from the insulation 

used in the aging tests and samples from an unused stator, one can 

determine differences in the insulation material.  
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Figure 7 Principle of the FTIR method. 
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3 Methodology and setup 

3.1 Thermal endurance test 

In the thermal endurance test, the stator insulation should be exposed to a 

constant temperature a long period of time at the classification temperature 

of the insulation, or higher for accelerated deterioration. However, the 

temperature must be below a temperature where the insulating material 

starts to deteriorate in an unrealistic manner. It can, as in this case, be the 

deflection temperature of the insulating material.  

 

In this project the constant temperature for the thermal endurance test were 

set to 190 °C, since the stator insulation that is used has a classification 

temperature of 180 °C and a deflection temperature of 200 °C. Exposing the 

insulation to higher temperatures than this deflection temperature may cause 

an unnatural type of deterioration. In order to see how the thermal stress 

affects the insulation during the test, all diagnosis tests should be done 

several times throughout the test. These diagnosis tests should be done more 

often in the beginning of the test, to make it possible to detect fast changes 

of the insulation characteristics, and more seldom when one can see that 

these characteristics have stabilized. 

 

For the tests as part of this project, an oven was used. The oven was set to 

190 °C, which is verified by using a thermocouple. The three stators are 

placed in the oven for a total time of 1000 hours. Before, after and at some 

specific times during the test, the diagnosis tests were made. A schedule for 

the test can be seen in table 2 below. 

 
Table 2 Schedule for the thermal endurance test 

Activity Duration 

Diagnosis tests  

Stators placed in oven 48 hours 

Diagnosis tests  

Stators placed in oven 48 hours 

Diagnosis tests  

Stators placed in oven 72 hours 

Diagnosis tests  

Stators placed in oven 1 week 

Diagnosis tests  

Stators placed in oven 1 week 

Diagnosis tests  

Stators placed in oven 1 week 

Diagnosis tests  
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Stators placed in oven 1 week 

Diagnosis tests  

Stators placed in oven 1 week  

Diagnosis tests  

 

The material needed for the thermal endurance test is an oven with 

adjustable and stable temperature and a temperature sensor to verify the 

temperature in the oven. 

 

3.2 Temperature shock test 

This test is performed in order to simulate the thermomechanical stress, 

caused by the change in temperature of the ambient air. It is done by 

exposing the stators to intervals of high and low temperature. The higher 

temperature should be at the classification temperature of the insulation and 

the lower temperature at -40 °C. 

 

The stators were placed in a temperature shock chamber, which is a 

chamber that contains two separate zones with different temperatures. The 

chamber was then programed so that the stators were placed at the higher 

temperature for 30 minutes and then moved down to the lower temperature 

for 30 minutes. This made a complete cycle of 60 minutes which was 

repeated for a total of 800 cycles. Before, throughout and after the thermal 

cycling in temperature shock chamber, the diagnosis tests were carried out. 

A schedule for this test can be seen in table 3, below. 

 

 
Table 3 Schedule for the thermal shock test 

Activity Duration 

Diagnosis tests  

Stators placed in the thermal shock chamber 50 cycles 

Diagnosis tests  

Stators placed in the thermal shock chamber 50 cycles 

Diagnosis tests  

Stators placed in the thermal shock chamber 100 cycles 

Diagnosis tests  

Stators placed in the thermal shock chamber 200 cycles 

Diagnosis tests  

Stators placed in the thermal shock chamber 200 cycles 

Diagnosis tests  

Stators placed in the thermal shock chamber 200 cycles 

Diagnosis tests  

 

The thermal shock chamber that was used in this project is a Vötch 

Temperature Shock cabinet. A thermocouple temperature sensor was also 

used, to verify the temperatures inside the chambers. 
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3.3 Insulation resistance test 

The insulation resistance test is performed in order to determine the 

insulation quality between the copper winding and the iron core of the 

stator. This is done by measuring the resistance between one of the stator 

terminals and the core with a megohmmeter. 

 

Connect the positive terminal of the megohmmeter to one of the stator 

terminals and the negative terminal of the megohmmeter to the stator core. 

Apply the appropriate voltage, according to table 1 in section 2.6.1, on the 

megohmmeter and simply read the insulation resistance of the instrument. 

Figure 8 show how the setup for the insulation resistance test. A 

megohmmeter is the only required equipment for this test. 

 

 

Figure 8 Setup for the insulation resistance test 

3.4 Winding resistance test 

This test is performed to determine the resistance of the stator windings. 

This is done by applying a known DC current through two of the phases of 

the winding and measure the voltage across these two stator terminals. By 

using ohms law, one can then calculate the resistance between the two 

phases.  

 

Connect phase terminal one of the stator in series with an ampere meter to 

the positive terminal of the power supply and terminal two of the stator to 

the negative terminal of the power supply. Also connect a voltmeter in 

parallel with the stator, between phase one and two. Turn on the power 

supply and apply a desired current. Note the voltage measured by the volt 
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meter and calculate the resistance between the two phases with ohms law. 

This process should be repeated three times in total. Between phase 1-2, 1-3 

and 2-3. It is important that the applied current is not too large, since it will 

start heating the winding. If the current starts heating the winding, the 

voltage across the phases will increase due to the increased resistance, so 

make sure the measured voltage is stable over time. 

Figure 9 shows a sketch of a possible setup for the winding resistance test 

and figure 10 shows the measurement circuit. A power supply, a voltmeter 

and an ampere meter are needed for the winding resistance test. 

 

 

Figure 9 Setup for the winding resistance test 

 

Figure 10 Resistance measurement circuit 

3.5 Capacitance test 

The capacitance test is performed with the purpose to determine the 

capacitance between the copper winding and the iron core of the stator. This 

is done by using an advanced LCR meter. Connect one of the three stator 

phase terminals to the positive terminal of the LCR meter and the iron core 

to the negative terminal, in a similar way as for the insulation resistance test. 

When the LCR meter is turned on, set the instrument to parallel capacitance 

measurement (Cp) and read the value of the display. Since all three phases 

are connected, the capacitance of all three phases is measured at the same 

time and the measurement is only done once for each stator [27]. Figure 11 

shows a sketch of the setup for the capacitance test. 
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Figure 11 Setup for the capacitance test 
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4 Power cycling tests 

The power cycling tests are the two test methods that have been developed 

in this thesis work and are the main purpose of the project. The test setup 

was designed and built and the two Labview programs for the test were also 

constructed during this project. This section will describe both of the power 

cycling tests. The difference between the two tests is that air cooling of the 

stator is used in one test and direct oil cooling is used in the other. The 

preparation of the stator, the Labview programs that were made for the tests 

and the activity schedule are almost identical for the two tests. However, the 

test setup differs between the two and is therefore divided into separate 

sections. 

 

4.1 Purpose 

In these tests, the temperature of the insulation is varied between 40 °C and 

the classification temperature. The heating is done by applying a DC current 

flow between two of the stator terminals. When the classification 

temperature is reached, the current flow is turned off and the ambient air 

temperature or oil starts cooling the stator and its insulation. The cooling 

continues until the insulation has reached a temperature of 40 °C. When this 

temperature is reached, one cycle of the test is done and the current flow is, 

again, turned on and a new cycle begins [28]. This procedure repeats for a 

desired number of times.  

 

In order to see how the thermomechanical stress and direct oil cooling 

affects the insulation during the test, all diagnosis tests should be done 

before, after and several times throughout the test. These diagnosis tests 

should be done more often in the beginning of the test, for the same reason 

as in the thermal endurance test. 

 

4.2 Preparation of the stator 

During the power cycling tests, the stator needs to be connected to the 

power supply and some logged measurements are done. In order for this to 

work, some modifications have to be made to the stator before the tests can 

be performed. This section will describe how these preparations are done. 

To be able to pass current through the stator winding, the stator needs to be 

connected to a power supply. This connection is done by crimping cable 

terminals onto two of the stator terminals. Figure 12 shows a stator terminal 

with a mounted cable terminal. 
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Figure 12 Stator terminal with a mounted cable terminal. 

The voltage measurement is done at the connection between the power 

cables and the stator terminals. This is done by crimping cable terminals on 

two copper cables which connects the stator terminals and a module for 

voltage measurement. The connection for the voltage measurement and the 

power connection are shown in figure 13. 

 

Figure 13 Connection for voltage measurement 

The temperature measurements are done by the use of thermocouple threads 

that are placed at specific places on the stator. These thermocouple threads 

are connected to a module for temperature measurements, which makes it 

possible to log and use the measurements during the test in a computer. 

Three thermocouples are used in this test; one is placed on the insulation of 

the heating part of the winding and will function as the controlling sensor 

throughout the tests. One is placed on the insulation of the phase not 

conducting any current and one on the stator core. These thermocouples are 

used for monitoring the test and can indicate if there is any problem with the 

controlling thermocouple. For example, if the temperature cycles for these 
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thermocouples change during the test, it could indicate that the controlling 

thermocouple has been displaced and that the test should be interrupted.  

 

The thermocouples are attached by glue and silicone. The glue keeps the 

threads in place during the time for the silicone to cure and the silicone is 

used since it keeps the thermocouple in place during the test, has good 

characteristics of high thermal conductivity and will protect the sensor part 

from its surroundings. Figure 14 shows how the thermocouple is placed and 

how the silicone is applied.  

 

 

Figure 14 Placing and attachment of the thermocouples 

4.3 Test setup for the power cycling with air cooling 

Figure 15 shows a sketch of the setup for the power cycling with air cooling. 

All components in the sketch are described in table 4, further down. All 

components that are placed inside the dashed square of the figure were 

during the test placed in a temperature chamber, at -40 °C. This low ambient 

temperature was used to get a more rapid cooling and decrease the time to 

complete a cycle. 
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Figure 15 Sketch of the test setup for power cycling with air cooling. 

Table 4 A description list of the components in the test setup for power cycling with air cooling. 

 

In figure 16 we can see a photograph of the components in the setup that 

was placed inside the temperature chamber during the test. 

 

1. Positive voltage measurement cable (Ø 0.5mm) 

2. Negative voltage measurement cable (Ø 0.5mm) 

3. Thermocouple type K 

4. Power connection to the small voltage circuit of a relay (Ø 0.5mm) 

5. Ground connection to the small voltage circuit of a relay (Ø 0.5mm) 

6. Computer with Labview 

7. Power supply (Max: 40V, 250A) 

8. Shunt resistance (200A) 

9. Copper cable for heating (Ø 55 mm) 

10. Relay 

11. National Instruments DAQ chassis with modules for voltage 

measurements, relays and temperature measurements 

12. Power supply (Max: 10V, 10A) 

13. Copper cable for heating (Ø 55 mm) 

14. Bundle of cables containing voltage measurement and 

thermocouples 

15. Test object placed in a fixture 

16. Plastic container 
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Figure 16 The Components of the setup which were placed in a temperature chamber during the 
power cycling with air cooling test. 

 

4.4 Test setup for the power cycling with direct oil 

cooling 

Figure 17 shows a sketch of the setup for the power cycling test with direct 

oil cooling. All components that are used in the setup are described in table 

5, below. As we can see a lot of the components that were used in the test 

with air cooling are also used in this test. However, some additional 

components are needed for the direct oil cooling.  

 

 

Figure 17 Sketch of the test setup for power cycling with direct oil cooling. 
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Table 5 A description list of the components in the test setup for power cycling 

with direct oil cooling. 

1. Positive voltage measurement cable (Ø 0.5mm) 

2. Negative voltage measurement cable (Ø 0.5mm) 

3. Thermocouple type K 

4. Power connection to the small voltage circuit of a relay (Ø 0.5mm) 

5. Ground connection to the small voltage circuit of a relay (Ø 0.5mm) 

6. Computer with Labview 

7. Power supply (Max: 40V, 250A) 

8. Shunt resistance 

9. Copper cable for heating (Ø 55 mm) 

10. Bundle of cables containing voltage measurement and 

thermocouples 

11. Relay 

12. Copper cable for heating (Ø 55 mm) 

13. National Instruments DAQ chassis with modules for voltage 

measurements, relays and temperature measurements 

14. Power supply (Max: 10V, 10A) 

15. Plastic container 

16. Test object placed in a fixture 

17. Spray nozzle for the oil cooling 

18. Steel pipe 

19. Plastic top cover 

20. Pump outlet tube 

21. Pump inlet tube 

22. Hydraulic pump 

23. Copper cable for power connection to the pump (Ø 30 mm) 

24. Relay 

25. Copper cable (Ø 30 mm) 

26. Power supply (Max: 24 V, 80A) 

All components located inside the dashed rectangle are placed in a 

temperature chamber during the test. (-50 °C) 

 

In this test, the temperature chamber was set to -50 °C. This ambient 

temperature was needed in order to keep the oil at ~20 °C. A photograph of 

the parts in the setup which were placed in the temperature chamber during 

the test can be seen in figure 18, below. 
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Figure 18 The components of the setup which were placed in a temperature chamber during the 
power cycling with direct oil cooling test. 

4.5 Labview programs 

Two Labview programs were made, one to automate these two tests and log 

certain measurements during the tests. The other program is used to 

determine what measured temperature of the thermocouple that corresponds 

to the classification temperature of the insulation, as a calibration. The 

calibration program is only done once for each stator, before the power 

cycling. The second program has the task to automate the stress test, i.e. turn 

on and turn off the heating and cooling. It also collects and saves 

measurements during the test and gives an overview of the progress.  

4.5.1 Program for temperature calibration of the controlling 

thermocouple 

 

Since the controlling thermocouple is placed on the outside of the winding 

insulation and sometimes will not be placed in direct contact with the 

insulation, due to the attachment of glue and silicone, a calibration need to 

be made in order to know when the copper winding and furthermore the 

inner surface of the insulation has reached the classification temperature. 

This difference in temperature can vary for each stator and thermocouple, 

since the thermocouple cannot be identically placed every time. 

 

The resistance is temperature dependent and will increase with increasing 

temperature of the conducting material. By using formula 7, one can 

determine at which resistance the winding has at a given temperature. 
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                   (7) 

 

RT is the resistance at temperature T, R0 is a known resistance at a 

temperature T0, and α is the temperature coefficient of resistivity for the 

material [29]. For copper; α=0.00386 at 20 °C [30]. 

 

This means that an initial measurement at a known temperature, tentatively 

20 °C, needs to be done to calculate the resistance at the classification 

temperature. When this resistance is calculated it can be used to determine 

the voltage of when the classification temperature is reached. Since the 

resistance is known and the current that is used for heating also is known, 

one can calculate the voltage with Ohms law. This voltage is furthermore 

used in the calibration program. 

 

The calibration is made by a Labview program and the interface of this 

program is shown in figure 19. An explanation to each part of the interface 

is displayed in table 6. The user of the program needs to state the stator 

terminal voltage at the classification temperature for the current amplitude 

that the power supply is set to and will be used in the cycling test. When the 

program is started, the relay between one of the stator terminals and the 

power supply will activate, making it possible for the current to flow 

through the winding. As the temperature of the winding increases, the 

voltage over the terminals will also increase. When the stated voltage is 

reached, the relay will deactivate, to prevent any more current to pass 

through the stator winding. This will stop the heating and is the end of the 

program. The voltage across the terminal is logged together with the 

temperature measurements from the thermocouples as long as the program 

is running.  

 

 

Figure 19 Interface of the Labview program, used for temperature calibration of the controlling 
thermocouple 
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The logged measurements can then be plotted as shown in figure 20. By 

looking at the time when the relay deactivated, one can identify what 

measured temperature the thermocouple showed at that specific moment. 

This is the temperature that is used as the higher temperature of the cycle in 

the power cycling program.  

 

 

Figure 20 Graph of the voltage and temperature measurements from the temperature calibration 
program 

 

4.5.2 Program for automatization of the power cycling 

This is the program that automates the stress test. By collecting 

measurement data from the controlling thermocouple it controls when to 

turn on and off the heating and cooling. It also gives the user the opportunity 

to choose how many cycles that should be done and between which 

temperatures. During the test it also shows how many cycles that have been 

completed at the moment and plots the latest voltage and temperature 

measurements. The data is also saved in a file for later use. 

 

Figure 21 shows the interface of the Labview program, developed for the 

power cycling tests. In table 6, there is an explanation to each part of the 

interface. 
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Figure 21 Interface for the Labview program that was used to automate the power cycling. 

 

Table 6 The different parts of the interface 

Temperature source file The location of the file containing the 

temperature measurements. 

Voltage source file The location of the file containing the 

voltage measurements. 

Higher temperature of the cycles The temperature, in °C, when the heating 

will be turned off and the cooling will be 

turned on. This temperature is a result from 

the temperature calibration. 

Lower temperature of the cycles The temperature, in °C, when the cooling 

will be turned off and the heating will be 

turned on. In this case, it is always set to 40. 

Number of cycles How many cycles that should be performed 

before the program stops.  

Number of cycles completed An indicator of how many cycles that has 

been completed at the moment. 

Temperature Graph of the recent 30 seconds temperature 

measurements. 

Voltage Graph of the recent 30 seconds voltage 

measurements. 

 

When the program is started, the relay (indicated as 10 in figure 15 and 11 

in figure 17) between the power supply and the stator terminal is activated 

and the set current of 200 A will pass through the stator winding. When the 

controlling thermocouple that is placed on the insulation of the conducting 

winding reaches the higher temperature of the cycle, the relay will be 

deactivated and the cooling will start. Either just by the ambient air 
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temperature or by activating the relay (indicated as 24 in figure 17) to the 

hydraulic pump and start spraying oil onto the winding and its insulation.  

 

This cooling continues until the thermocouple is cooled down to 40 °C. The 

counter for the number of cycles complete will increase to 1 and the relay to 

the power supply will again be activated and cycle number 2 will start. This 

is repeated until the counter for completed cycles are equal to the desired 

number of cycles, and the program stops. During the time that the program 

is running, the voltage measurement over the stator terminals, the voltage 

measurement over the shunt resistance and the temperature measurements 

are logged and saved in a source file. 

 

4.6 Schedule 

The schedules for both of the power cycling tests are identical and are 

shown in table 7. The test continued for a total of 1000 cycles between 40 

and 180 °C. 

 
Table 7 Schedule for the power cycling tests 

Activity Duration 

Diagnosis tests  

Stators exposed to the power cycling 50 cycles 

Diagnosis tests  

Stators exposed to the power cycling 50 cycles 

Diagnosis tests  

Stators exposed to the power cycling 100 cycles 

Diagnosis tests  

Stators exposed to the power cycling 200 cycles 

Diagnosis tests  

Stators exposed to the power cycling 200 cycles 

Diagnosis tests  

Stators exposed to the power cycling 200 cycles 

Diagnosis tests  

Stators exposed to the power cycling 200 cycles 

Diagnosis tests  
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5 Results 

5.1 Power cycling 

This section will present the setup results from the stators that were exposed 

to the two power cycling tests. The measurements from a resulting cycle 

during the two tests and the measurements from the calibration of the 

controlling thermocouple will be shown in plots. 

 

For the power cycling with air cooling, the resistance between phase 1 and 

2, through which the heating current passed during the test, were measured 

to 28.2 mΩ at a temperature of 20 °C. This resistance were measured before 

the test and used to calculate the theoretical resistance between the two 

phases at 180 °C. By the use of equation 7, the resistance at 180 °C were 

calculated to 45.6 mΩ and since the applied current throughout the test were 

set to a constant value of 200 A, this resistance would be reached at a 

voltage of 9.12 V. Figure 22 shows the result from the temperature 

calibration for the controlling thermocouple. 

 

 

Figure 22 Plot of the voltage and temperature during the calibration of the thermocouple for the 
power cycling with air cooling. 

When the voltage has reached the desired voltage of 9.12 V the 

thermocouple shows a temperature of almost 178 °C. This was furthermore 

used as the upper limit temperature of the cycle in the Labview program.  

For the power cycling with direct oil cooling, the resulting graph of the 

calibration program can be seen in figure 23. For this stator, the resistance 

between phase one and two was measured to 28.7 mΩ at a temperature of 
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20 °C, which corresponds to a resistance of ~46.4 mΩ at 180 °C. This will 

give a desired voltage of 9.27 V at a temperature of 180 °C, when applying 

a constant current of 200 A. For this stator we can see that the thermocouple 

showed a temperature of 150 °C, when the desired voltage was reached.  

 

 

Figure 23 Plot of the voltage and temperature during the calibration of the thermocouple for the 
power cycling with direct oil cooling 

This temperature difference of the thermocouple between the two cases, at 

the desired voltage is a result due to difference in the placing of the 

thermocouple. As stated earlier in this report, it is impossible to place the 

thermocouple at the exact same spot and with the same amount of glue and 

silicone every time, which gives this difference in temperature 

measurement. This is also the reason why this calibration is needed. These 

two results may indicate that the controlling thermocouple in the case of air 

cooling is placed closer to the insulation, than the one used in direct oil 

cooling, possibly because of less silicone or glue between the insulation and 

the sensor. 

Figure 24 and 25 shows plots of the temperature and the voltage 

measurements during one of the last 100 cycles of the test with air cooling 

and direct oil cooling, respectively. If we compare figure 24 and 25, the 

direct oil cooling gives a much shorter cycle than for air cooling, which was 

expected since this method is much more efficient and shortens the time for 

cooling. The time for heating is furthermore a bit longer for this method of 

the same reason.  
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Figure 24 One of thousand temperature and voltage cycles, during the power cycling with air 
cooling test 

 

Figure 25 One of the thousand temperature and voltage cycles, during the power cycling with 
direct oil cooling test 

5.2 Mean temperature exposure 

Table 8 contains the mean temperature that the stator winding insulation is 

exposed to during the different stress tests and the time length of the tests.  
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Table 8.  Mean temperature and time length of the stress tests. 

Test Thermal 

endurance  

Temperature 

shock 

Power 

cycling with 

air cooling 

Power 

cycling with 

oil cooling 

Mean 

temperature [°C] 

190 70 82 84 

Total test time [h] 1000 800 139 56 

 

5.3 Insulation resistance test 

Figure 26 contains the results from the insulation resistance test and as we 

can see the insulation resistance from all the stators, except the one used in 

the test with direct oil cooling, has a constant value over 1 TΩ, before, 

throughout and after the stress test. For the stator used in the power cycling 

with direct oil cooling, the insulation resistance starts at an initial value of 

over 1 TΩ, but as soon as the test started the insulation resistance decreased 

to a value of 10 GΩ and stayed constant at this level throughout and after 

the test. 

 

Figure 26 Results from the insulation resistance test 

5.4 Winding resistance test and capacitance test 

The following four figures show the results from the winding resistance and 

capacitance test for the tested stators. Figure 27 to 29, contains the results 

for the stators that were used in the thermal endurance test, the thermal 

shock test and the power cycling with air cooling, respectively. These show 

that the resistance in the copper winding and the capacitance between the 

winding and the core stayed constant before, during and after the test, for all 

three stators.  
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Figure 27 Graph of the winding resistance and capacitance test results for a stator used in the 
thermal endurance test 

 

Figure 28 Graph of the winding resistance and capacitance test results for a stator used in the 
thermal shock test 
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Figure 29 Graph of the winding resistance and capacitance test results for a stator used in the 
power cycling with air cooling 

In figure 30, beneath we can see the results from the winding resistance test 

and the capacitance test for the stator that was used in the power cycling 

with direct oil cooling. The result from the winding resistance test is very 

similar to the results from the other stress tests and stays constant 

throughout the test. However, the result from the capacitance test differs 

from the other stress tests. For the power cycling with direct oil cooling, the 

capacitance starts at an initial value similar to the other, but as soon as the 

stress test starts, the capacitance increases to a value approximately 1.3 

times larger than the initial value. 
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Figure 30 Graph of the winding resistance and capacitance test results for a stator used in the 
power cycling with direct oil cooling 

Figure 31 shows a plot of the results from the capacitance test for all stress 

tests together, which makes it possible to see the increase of capacitance for 

the direct oil cooling in a more apparent way. 

 

 

Figure 31 The results from the capacitance test for all stators 

5.5 Light microscopy 

In this section, a few photographs from the light microscopy will be shown 

to visualize how the appearance of the insulating material has changed by 
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the stress tests. This is done by comparing samples from the tested stators to 

samples from an unused stator. Figure 32 is an overviewing photograph of 

the sample from the unused stator and figures 33 to 36, shows the samples 

from the tested stators. 

 

 

Figure 32 Winding and insulation sample from an unused stator 

 

Figure 33 Winding samples from a stator that has been exposed to the thermal endurance test 

 

Figure 34 Winding samples from a stator that has been exposed to the thermal shock test 
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Figure 35 Winding samples from a stator that has been exposed to the power cycling with air 
cooling test 

 

Figure 36 Winding sample from a stator that has been exposed to the power cycling with oil 
cooling test 

By looking at these five previous figures and comparing the samples from 

the tested stators to the unused stator we can clearly see that the insulation 

from the tested samples has got a darker colour than the unused stator, 

especially the samples from the thermal endurance test and the thermal 

shock test. This darker colour is a consequence of the oxidation of the 

insulation material that takes place when the winding is exposed to the high 

temperatures.  

Figure 37 to 39, shows close up photographs at the cutting edge of the 

samples. This is an interesting part to look at, since it can show signs of 

mechanical differences in the insulating materials. 
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Figure 37 Close up photographs at the cutting edge of the sample from the unused stator 

 
Figure 38 Close up photographs at the cutting edge of a sample from the stator exposed to the 

thermal endurance test 

By comparing figure 37 and 38 it is clear that the thermal endurance test 

have made the insulating material more brittle, since the sample of the 

unused stator sample has a nice smooth cut compared to the edge of the 

tested sample that has cracked into small pieces. However, if we look at 

figure 39, we can see that it is just the surface that has become brittle and 

the insulation closer to the copper is still in a much softer condition.  

 

 
Figure 39 Close up photographs at the cutting edge of a sample from the stator exposed to the 

thermal endurance test 

Figure 40 to 44 shows close up photographs at the surface of all the 

samples. From these photographs we see that all of the stress tests have 
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generated air bubbles inside the insulation material, which is due to 

vaporization that occurs at the high operating temperatures. We can also see 

that the thermomechanical stress from the thermal shock test and both of the 

power cycling tests has caused some cracks in the insulation.  

 
Figure 40 Close up photograph at the surface of the sample from the reference stator 

 
Figure 41 Close up photograph at the surface of a sample from the thermal endurance test 

 
Figure 42 Close up photograph at the surface of a sample from the thermal shock test 
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Figure 43 Photograph at the surface of a sample from the power cycling test with air cooling 

 
Figure 44 Photograph at the surface of a sample from the power cycling test with oil cooling 

It is hard to know why and how the irregularities that can be seen in the 

green box of figure 44 occurred. They may be due to a hotspot of the 

winding, something that occurred during the application of the insulation or 

perhaps that the cooling oil has affected insulation in some way. However, 

this was not something that was consistent for all samples exposed to this 

cooling method. The sample in figure 36 was also exposed to the oil 

cooling, but this sample does not have the same irregularities as the one in 

figure 44. 

5.6 FTIR 

Figure 45 to 48 shows the resulting graphs from the FTIR. The blue graph in 

each figure corresponds to the insulation from the winding that were 

exposed a stress test and the red graph corresponds to the reference stator. 

The graph of the reference stator is shown for comparison reasons. 
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Figure 45 FTIR graphs for the insulation, exposed to thermal endurance test and from the 
reference stator 

 

Figure 46 FTIR graphs for the insulation, exposed to thermal shock test and from the reference 
stator 

Two regions in the spectra of figure 45 and 46 are marked by a red and a 

green box. These two regions are interesting since we can see clear 

differences between the graph from the reference insulation and the tested 

ones. The red box contains a region of the spectra that corresponds to the 

carbon-hydrogen bond of the polyester [31]. As we can see, the peaks in this 

region have become much smaller for the tested insulation compared to the 

reference, especially for the thermal endurance test. This indicates that there 

is less carbon-hydrogen bonds in the stress tested material. 
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The region in the green box is hard to define exactly what compound it 

corresponds to and it would be needed a more advanced study to do this. 

However, we can see that for both of the tests, the peaks in this region have 

decreased a lot and furthermore indicate some kind of change in the material 

compound of the insulation.  

 
Figure 47 FTIR graphs for the insulation, exposed to power cycling with air cooling, and for the 

reference stator. 

 
Figure 48 FTIR graphs for the insulation, exposed to power cycling with direct oil cooling, and for 

the reference stator. 

In both figure 47 and 48, we can see that neither of the tested insulation 

materials has changed much during the stress test, since the graphs are 

similar to the reference insulation. The reason that the peaks are larger for 

the tested insulation in figure 45 is only due to better contact when the 

sample was placed in the test fixture for the FTIR. As we can see, they are 

constantly larger over the whole spectra and do not indicate any clear 

change in the material. 
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6 Discussion 

6.1 Insulation resistance test 

The results from the insulation resistance test are constant throughout all of 

the stress tests, except the power cycling with direct oil cooling. For this 

test, the insulation resistance decreased as soon as the test started. This can 

still not be considered as a sign of deterioration, since it stays constant at 

this lower level throughout and after the stress test. This is rather a sign of 

that the groundwall insulation has got soaked in oil. A visualization of this 

can be seen in figure 49. Since the groundwall insulation is made of a paper 

material, which is not completely compact, it will always be some air 

pockets between the winding and the stator core. When the cooling oil soaks 

the insulation it will give a much better contact between the copper winding 

and the core, which will lead to a lower insulation resistance. This is due to 

that air has an electrical conductivity in the order of 3-8 fS/m and most oils 

has an electrical conductivity of, at least, a few pS/m [32],[33]. 

 

 

Figure 49 Sketch showing how the groundwall insulation gets soaked in oil from the direct oil 
cooling 

6.2 Capacitance test 

This is thought to be the reason why the capacitance between the conductors 

and the core increases in the beginning of the test with direct oil cooling. If 

we look at the equation 5 in section 2.6.3, for the capacitance of a parallel 

plate capacitor and consider the conductor and the core as the two parallel 

plates, we can see that the insulation system will work as the dielectric 

material between these two. Ɛr, in the equation represents the relative 

permittivity of the dielectric material and is different for different materials. 

The relative permittivity for air is ~1 and between 3 and 5 for oils [24]. This 

means, that if the initial air in the insulation system is replaced by oil, the 

relative permittivity of the insulation will increase. If no other properties 

changes during the test, this will lead to an increase of the capacitance 

between the conductors and the iron core. 
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6.3 Light microscopy 

The darker colour of the tested insulation in comparison to the reference 

which can be seen in the results from the light microscopy is a clear signs of 

oxidation. From table 8 we can see that especially the thermal endurance 

test, but also the thermal shock test exposes the insulation to high 

temperatures for a much longer time than the power cycling tests. The 

samples from these tests are therefore darker than the ones from power 

cycling.  

 

From photographs at the cutting edge of the samples, we can also clearly see 

that the surface of the insulation that was exposed to the thermal endurance 

test has become less soft and more brittle. If this would continue for a longer 

period of time, it could eventually cause delamination of the insulation, due 

to less adhesive to the copper conductor. It is also likely that this could 

make the material less responsive to the thermal expansion of the copper 

and furthermore make it more sensitive to the thermomechanical stress.  
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7 Conclusions 

The main goals with the project have been fulfilled and new stress test 

methods have been developed. The test method for comparing air cooling to 

direct oil cooling looks promising, since the test setup works in a realistic 

way, as I planned and hoped in the beginning of the project. We have also 

seen visual effects on the insulation from the thermal stress and the 

thermomechanical stress in terms of oxidation and cracks in the insulating 

materials.  

The results of the two tests with power cycling and electrical heating are 

also good in the way that they give very low thermal deterioration, in form 

of oxidation, compared to the temperature shock test. They do, yet, show the 

same signs of thermomechanical deterioration and could therefore be 

considered as more pure thermomechanical stress tests with a higher rate of 

impact than the temperature shock test. 

Even though the results from the diagnosis tests shows that the electrical 

properties of the stator changes when it is exposed to the direct oil cooling, 

we cannot see any clear difference in deterioration between the two types of 

cooling in the power cycling tests.  

Since none of the power cycling tests did show any clear signs of changing 

the material compound in the FTIR, we cannot draw any other conclusion 

than that this type of oil has not reacted with the insulating material in any 

drastic way. The only clear effect from the thermomechanical stress in the 

thermal shock test and the power cycling tests is cracks in the insulation that 

could be seen in the light microscopy. 
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8 Outlook 

For future work on this subject it is important to run all of the stress tests for 

a much longer time, in order to see more strong and clear deterioration on 

the insulation, and furthermore breakdowns. An alternator like the one used 

in the project is expected to have a lifetime of approximately 20 years and it 

is therefore hard to break it down in the time of this thesis work. The tests 

could also be carried out with different setup values, such as a higher 

temperature difference in the temperature shock test or by applying a higher 

current for the electrical heating for faster heating and short cycle. This will 

further increase the impact of the thermomechanical stress and decrease the 

test time. By trying different setups like this it could also be easier to 

estimate how the insulating system will last under normal circumstances.   

 

It should also be interesting to look into other types of diagnosis tests, with 

the aim of making the identification of the deterioration more efficient and 

sensitive. For example, it would be interesting to use a method that could 

identify when the cracks in the insulation occurs. This could especially be 

useful when investigating the impact of the chemical stress from the direct 

oil cooling compared to the air cooling. There are existing methods for this 

purpose, such as High-voltage DC tests [34]. 

 

A thing that could be improved with the test method for oil cooling is how 

to control the temperature of the oil. In this project the setup was placed in a 

temperature chamber, but since the oil container were made of plastic and 

completely sealed, the temperature in the chamber needed to be -50 °C 

during the test. If the container used was made of metallic material, such as 

stainless steel the controlling of the oil temperature could be much more 

efficient, since it has a much higher thermal conductivity than the plastic.  

 

A complication with the setup was to install and remove the stator in the 

fixture. Since it needs to be sealed from the surrounding to not spray the 

whole chamber with oil and still be able to do the diagnosis test several 

times, it needs to be easy to do this. As it is now, it is time consuming. One 

possibility could be to include the diagnosis tests in the test setup and make 

it possible to perform them while the stator is still placed in the test fixture. 

 

How the higher temperature of the cycle should be controlled in the best 

way is also a thing to consider.  In this case the thermocouples were 

calibrated to a theoretically calculated temperature of the winding based on 

the temperature dependence of the initial resistance in the winding. An idea 

in the beginning was to control the cycle directly to this resistance, but since 
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the winding resistance test is made to detect changes in the resistance a 

technique that is unaffected of this was needed. However, the results from 

the conductivity test showed that there was no change in resistance during 

the stress test and it could therefore be more accurate to just control the 

cycle directly from the resistance. This is however just a simple change in 

the LabVIEW program and could be tried in future work on the subject. 
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9 Appendix 
A.1 Labview program 
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A.2 Additional results from the conductivity test and 

the capacitance test 

A.2.1 Stators exposed to the thermal endurance test 
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A.2.2 Stators exposed to the temperature shock test 
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