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Abstract

Electrical machines in electrified vehicles are subjected to dynamic loadings
at different driving conditions, which results in dynamic temperatures. The aging
of the Electrical Insulation System (EIS) in electrical machines is caused by these
dynamic temperatures, namely high average temperatures and temperature cycles.
In addition, the degradation of EIS affects the lifetime of the electrical machine.

In this thesis, three cornerstones for lifetime estimationof electrical machines
in electrified vehicles are identified and studied, which arethe usage, the degrada-
tion mechanisms and the lifetime model. A combination of computational simu-
lation and lab testing is required to design a comprehensivemodel. Furthermore,
the indicators of EIS degradations and the diagnostic methods of stator segments
(or motorettes) and electrical machines with aged insulations are studied.

A system thermal model, including a drivetrain model of vehicles, a loss and
cooling model and a thermal model of electrical machines, isproposed to predict
the temperature distribution inside the electrical machine of an electrified vehicle.
The estimated dynamic temperature at the hotspot is one of the inputs to a lifetime
model of the electrical machines.

To identify the degradation mechanisms of the EIS under the dynamic temper-
atures, both enameled wires and motorette specimens are tested with accelerated
degradation tests. It is found that the aging of the EIS of an electrical machine sub-
jected to the dynamic temperature is not only caused by oxidation of insulations
with high average temperature, but also caused by the fatigue of insulations due
to thermal-mechanical stress induced by the temperature orthermal cycles. A re-
vised lifetime model of electrical machines is proposed, which covers both aging
mechanisms mentioned above. Another input to the lifetime model, the thermal-
mechanical stress is estimated by Finite Element Analysis (FEA) using Ansys
Structure simulation.

The condition monitoring approaches are simulated by both electrostatic FEA
model and analytical model and implemented during the accelerated degradation
testings. These approaches assess the State of Health of theEIS of motorette spec-
imens . Insulation capacitance shows more consistent trends during aging at dif-
ferent stress levels compared to insulation resistance. Insulation capacitance re-
duction of 4 to 6% and 11 to 12% are found between winding and winding and
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between winding and ground, respectively. A diagnostic method is proposed for
measuring the high frequency current with a voltage pulse simply set by the drive
of an electrical machine. The migration of both amplitude and frequency of the
current detected are indications of aging of the insulationsystem of an electrical
machine due to the decrease of the insulation capacitance.

Index Terms: thermal degradation, thermal cycle, dynamic temperature,thermal-
mechanical, fatigue, electrical insulation system, accelerated testing, condition
monitoring, electrical machine, electrified vehicle.
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Chapter 1

Introduction

1.1 Background

The development of Electrified Vehicles (EV) is booming in recent years. In the
development phase, much effort is put into the functionality of the electrified vehi-
cles and many automotive companies develop their own electrification solutions.
As one of the key components of EV, the electrical machine is usually pushed
to its ’boundaries’ to achieve maximum torque and power density within a lim-
ited volume. This challenge is usually tackled by improvingthe electromagnetic
design and the heat transfer design to increase the specific magnetic loading and
specific electric loading, respectively.

With the gradually increased maturity of the functionality, the reliability and
durability of the electric traction system becomes more relevant and important,
in order to decrease the cost in terms of material and maintenance and increase
the safety level. Under-dimensioning of the electrical machine results in a shorter
component lifetime than the rest of the system, leading to safety issues and in-
creased cost of the aftermarket. However, over-dimensioning of the electrical
traction machine leads to overly long lifetime of the component, thereby over-
dimensioned system, including the power electronics controllers and batteries. It
is therefore important to design the electrical machine fortraction purpose with
an optimal lifetime.

1



Chapter 1. Introduction

1.2 Scope and objectives

There are several critical questions that to be addressed inorder to provide a
proper and precise answer to the lifetime estimation of electrical machines.

Firstly , what are the major causes for degradation and failure that reduces the
lifetime of an electrical machine?

The lifetime of an electrical machine is strongly related tothe stresses it is
exposed to, such as the TEAM stresses (Thermal, Electrical,Ambient and Me-
chanical stresses) [1]. Regarding to electrical machines for traction purpose, it is
important to study the distribution of these stresses during the usage of vehicles
in different driving conditions by various types of simulations (thermal, electrical,
mechanical, acoustic etc.).

Among all the previous mentioned stresses, thermal stress is considered as
one of the most critical stresses for traction electrical machines, since traction
machine designs are always pushed towards the limit of theirthermal capabilities.
The thermal stress, in terms of temperatures are very dynamic, and it includes
different levels of average temperature and a spectrum of temperature cycles.

The research reported in this thesis provides a system thermal model to under-
stand the temperature distribution based on usage of the electrical machine while
the vehicle is driving. As a result of the high and dynamic thermal stress, the stator
electrical insulation systems (EIS), such as winding to winding (including turn to
turn and phase to phase) and winding to ground insulations, degradate and fail.
This type of degradations and failures occupies a large proportion of the different
failure modes of electrical machines.

Secondly, what are the definitions and mechanisms of electrical machine degra-
dation and failure?

The peak operation range or over-loading capacity of an electrical machine is
usually linked to or limited by the drive of the machine. The optimal design of an
electrical machine allows the maximum current and voltage set by the drive, with-
out over-stressing the machine. Some over-stresses, such as over-heat of magnets,
will immediately decrease the performance. Some over-stresses, such as overly
high mechanical stress of the rotor at immoderate speed, could lead to immedi-
ate failure. But an accumulating degradation, such as the degradation caused by
thermal stress, can gradually degrade the electrical machine and eventually lead
to failure after long exposure. The electrical machine and its drive system needs
to be designed in a manner which allows it to run normal operations (including
instances of peak performances or over-loading operations), whilst withstanding

2



1.2. Scope and objectives

the stress levels which lead to degradation, and ultimatelyprovide the required
lifetime. The thermal stress degradation and accumulated degradation to failure
is studied in this thesis. Both tests and simulations are used to identify the mech-
anisms of degradation of stator EIS caused by thermal stresses, including high
average and cyclic thermal stresses.

Identification of the root causes and understanding of the process for degrada-
tion and failure is one of the essential prerequisites in designing a more reliable
product. For example, the notion that ’the reliability of traction machines and
drives will be improved by improving the cooling systems’ isbased on the as-
sumption that temperature stress is the root cause of degradation. In other words,
a correct identification of root causes could therefore be animportant factor to en-
able design of highly reliable components and system in a short time perspective,
and to decide the direction of technical development in a long time perspective.
Furthermore, understanding the degradation mechanisms will permit different ap-
proaches for condition monitoring, thereby increasing theaccuracy for the quan-
tification of reliability and lifetime of the design.

Two methods are commonly used to identify the root causes fordegradations
and failures, namely the ’passive way’ and the ’active way’.A ’passive way’
is based on feedback or failure reports from the field after products have been
launched. The advantage of this method is that the failure modes and targets can
be relatively clear. However, the vehicle’s life cycle is usually very long, which
can delay the feedback, especially for failures caused by normal usage. Also, no
failure reports would arise from over-sized components when the lifetime of the
system has been reached. As shown in [2] and [3], the requiredlifetime of a rail
traction motor is approximately 30 years and of a motor for electrical buses or
trucks is approximately 60,000 hours. From the customer’s perspective, failure
of traction units of vehicles can lead to high costs, if normal working schedules
cannot be met. The ’active way’ is based on previous statistical data, usage of
products and knowledge of degradation mechanisms. From these parameters an
’educated guess’ of the root cause can be postulated and subsequent design im-
provement can eliminate possible failures at an early stage. The research presented
in this thesis will be using the ’active way’.

In this work we test the degradation of EIS caused by cycled temperatures.
Thereafter, we examine the degradation process of the EIS via the measured insu-
lation parameters, such as insulation resistance and capacitance. The relationship
between the global EIS and the local individual electrical insulation (EI) mate-

3



Chapter 1. Introduction

rials, is reviewed by the electrical simulations with the known geometries and
materials of the studied objects. Another method, to study degradation and failure
of the electrical machine, is to treat it as a ’black box’. Deviations from normally
expected behavior of an electrical machine are classified as’symptoms’. With this
approach, condition monitoring is carried out through accessible signals, such as
current, power, vibration and so on. Measurements can be acquired either from al-
ready implemented sensors on-board or by additional sensors and logging devices.
One of the challenges of this ’black box’ approach is that a particular change of a
signal could represent multiple degradation and failure locations/modes. Another
drawback is that the acquired knowledge from the measurements is hardly used
to improve the design of the studied object, because of the limited information
inside the ’black box’.

The scope and objectives of this research work are

1. Understanding of the usage of the electrical machines fortraction purpose
by system thermal simulations;

2. Identification of the degradation mechanisms and estimation of lifetime by
accelerated aging tests and simulations;

3. Development and application of off-board condition monitoring measure-
ments for further development of on-board condition monitoring and Residue
Useful Life (RUL) prediction of traction electric machines.

1.3 Disposition of the thesis

This thesis contains the following 8 chapters.
Chapter 1 is the introduction chapter, which includes background, scope and

objectives of the research. Contributions of the research and publications are
listed.

Chapter 2 contains the literature review. The statistics ofelectrical machine
failures, definition of EI and EIS, accelerated tests and condition monitoring meth-
ods are discussed.

Chapter 3 contains the modeling and simulations of the insulations of mo-
torette samples for condition monitoring. Both Finite Element Analysis (FEA)
and analytical models are utilized to estimate the measurement ranges.

Chapter 4 contains the modeling and simulations of the insulations of mo-
torette samples for mechanical stress induced by thermal stress.

4



1.4. Contributions

Chapter 5 demonstrates the system simulation with consideration of the usage
of vehicles and the lifetime estimation models with consideration of two degrada-
tion mechanisms.

Chapter 6 describes the selection of relevant tests, explain the test procedures
and measurement techniques, define the test setup and control strategies. The tests
are carried out on different types of specimens including enameled wire, motorette
and electrical machine.

Chapter 7 concludes and compares the results from differenttypes of experi-
ments and simulations.

Chapter 8 contains the conclusions of the current studies and discusses the
future work.

1.4 Contributions

The approaches and contributions of the research are described as following.
Firstly , the system thermal model is built. With inputs of vehicle driving cy-

cles, vehicle data, the required torques and speeds of the electrical machine are
obtained, thereby the dynamic temperatures and the resulted lifetime of the EIS
are estimated. Through this type of simulation we can understand the traction ma-
chine usage. The approach is generic and could be utilized byother drivetrain
systems or traction electrical machines.

The thermal-mechanical stress analysis of the primary electrical insulation,
i.e. winding coating, followed by a fatigue life estimationbased on Inverse power
law and Miner’s rule (refer to Table 2.2) is proposed. This simulation together
with the lifetime estimation based on Arrhenius law (refer to Table 2.2) repre-
sents the degradation caused by cycled temperature and average high temperature,
respectively. The dominating degradation mechanism amongthe two above men-
tioned factors is defined as the one that results in a shorter lifetime, despite the
linked degradation effects between these two.

Secondly, the high average thermal and thermal cycle degradation of insula-
tion and EIS are studied by means of both tests and simulations. Thermal degra-
dation at constant temperatures is widely studied on individual materials or single
wires. Thermal index or thermal class for insulation materials or wires are de-
fined in this manner. However, little is known regarding degradation of insulation
systems exposed to cycled temperatures, especially for random-wound windings
of electrical machines for traction applications. The accelerated aging tests are
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Chapter 1. Introduction

carried out as shown in Fig. 1.1.

Fig. 1.1 Flowchart of the research steps for high average thermal and thermal cycle impact
on EIS of traction electrical machines.

Test specimens/motorettes are designed and produced for accelerated aging
test purpose. The experience accumulated during the production process will as-
sist similar studies in the future

Also, a test rig is built to create the desired thermal cycles, using current con-
trol and forced water cooling control, for accelerated aging tests. Compared to
the thermal stress provided by an oven, the in-house test rigprovides temperature
distribution, which more closely reflects the that of electrical machine stators in
real application.

Both DC and AC measurements are applied for condition monitoring tests.
The irreversible changes of insulation properties of tested motorettes are identi-
fied during the degradation tests and are used either as indicators for degradation
or failure. Similarly, electrical models and thermal-mechanical models are also
built for motorettes which links the changes of an individual insulation (i.e. lo-
cal property) with the changes of the EIS (i.e. global property). The simulations
provide the insights to understand the collected data from test.

Thirdly , based on the understanding from offline tests, an online measure-
ment method for electrical machine diagnostics by high frequency current analy-
sis is investigated in depth through a master thesis study within the project. A new
impregnation epoxy is proposed to improve thermal behavior(verified by sim-
ulations and tests) and reduce thermal mechanical stress during thermal cycles
(verified by simulations).

From a simulation perspective, steady state and transient thermal simulations,
electrical simulations and thermal-mechanical simulations are implemented with

6



1.4. Contributions

the purpose to estimate dynamic temperatures, ranges of State of Health (SoH)
or condition monitoring measurements and thermal induced mechanical stresses,
respectively. From a test perspective, accelerated test methods, designing and pro-
ducing of test specimens and implementation of offline and online SoH measure-
ments are studied and applied. This project contributes to the in-depth knowledge
of thermal cycle degradation, lifetime estimation throughsimulations and tests for
insulation systems of electrical machines.
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Chapter 1. Introduction

1.5 Publications
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Chapter 2

Review of degradation and
failure of electrical machine

2.1 Electrical machine failures

In [4], Tavner summarizes the fault distribution (Table 2.1) in different parts of
induction machines based on previous publications [5–8]. Ageneral conclusion
from the review is that bearing failure is dominant for smalland medium low
voltage (LV) induction machines. In medium and high voltage(MV and HV) in-
duction machines, stator failure is as common as bearing failure. However, no
similar survey or literature review is found for electricalmachines used in Elec-
trified Vehicles (EV).

The common types of electrical machines in EV are reviewed in[9, 10]. As
shown in Fig. 2.1, except for induction machine (IM), switched reluctance ma-
chine (SRM), reluctance machine (RM) and especially permanent magnet ma-
chine (PMM) are often used machine topologies for traction purpose. Therefore,
comparing types of electrical machines for which degradation studies are avail-
able with the electrical machines used in EV there is a clear gap between the
research and the market need.

Without sufficient support from the literature, a logic prediction of failure
modes for traction electrical machines could be that the stator failure and bear-
ing failure are equally significant, similarly to MV and HV induction machines
(Table. 2.1). Our conclusions are as based on the following facts:
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Chapter 2. Review of degradation and failure of electrical machine

1. The requirements of traction electrical machines are tend to be high power
density, over loadings to accommodate vehicle acceleration requirements
and dynamic loadings because of the driving conditions. Therefore, stators
of the machines are exposed to higher thermal stress, in terms of high
average temperature and more cyclic temperature, in comparison to the
stators of electrical machines for industry use;

2. With the trend of developing high frequency power electronics, issues such
as highdv/dt and high stray electrical field on bearings arise, thereby in-
creasing the probability of bearing failures. Also, the trend of developing
high speed electrical machines increase the likelihood of bearing failure.

Based on literature review above, this research focuses on the degradation and
failure of the machine stator, particularly the electricalinsulation system (EIS),
one of the key failure locations of traction electrical machines. Also, we focus on
the thermal degradation caused by high average thermal and thermal cycle as its
root cause of degradation and failure.

Fig. 2.1 Main traction machine technologies [9]
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2.1. Electrical machine failures

Table 2.1: Fault distribution in different parts of electrical machines from literature
[4]

Predicted
by
an OEM
through
FMEA
techniques,
1995-7

MOD
survey,
1999 [8]

IEEE
large
motor
survey,
1985 [6]

Motors in
Utility,
Applications
1995 [7]

Motor
Survey
offshore
and
petro-
chemical
1995 [5]

types of
electrical
machine

small to
medium LV
motors and
generators
<150kW,
generally
squirrel
cage
induction
motors

small LV
motors and
generators
<750kW,
generally
squirrel
cage
induction
motors

motors
>150kW,
generally
MV
and HV
induction
motors

motors
>75kW,
generally
MV
and HV
induction
motors

motors
>11kW,
generally
MV
and HV
induction
motors

bearing 75% 95% 41% 41% 47%
stator 9% 2% 37% 36% 13%
rotor 6% 1% 10% 9% 8%
others 10% 2% 12% 14% 38%
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Chapter 2. Review of degradation and failure of electrical machine

2.2 Electrical insulation material and system

2.2.1 Electrical insulation (EI)

Electrical and electronic insulating (EI) materials, alsocalled dielectric materials,
are essential for proper operation of all electrical and electronic equipment [11]. In
fact, equipment size and operating limitations are dictated by the type and amount
of material required for insulation. Shugg [11, p. 1-9] discusses the development
of different types of insulation material, from the early time when engineers had
to adapt wood-finishing varnish, natural resins, coal tars and petroleum asphalt,
to nowadays that the high-temperature polymers such as polyamideimide (PAI)
and polyetherimide (PEI). The electrical insulation materials have developed in
parallel with the electrical equipment and more and more synthetic materials are
available. Several characteristics are defined for electrical insulation materials as
stated in [12] and [13], such as dielectric strength, resistivity, dielectric constant
or relative permittivity and dielectric power loss, etc.

2.2.2 Electrical insulation systems (EIS)

More than one electrical insulation material is used in one electrical machine and
the combination of insulation materials is called as Electrical Insulation System
(EIS). The combinations differ according to application requirements, in terms of
electrical, thermal, mechanical strength, etc. The electrical machine stator insu-
lation system contains several different components and features, which together
ensure that electrical short-circuits do not occur, that the heat from the conductor
losses are transmitted to a heat sink or cooling media, and that the conductors do
not vibrate in spite of the magnetic forces [1, p. 12,14].

The basic stator insulation system consists of four components: strand (or sub-
conductor) insulation, turn insulation, groundwall (or ground or earth) insulation
and phase insulation. The EIS of a random wound slot is shown in Fig. 2.2.

Apart from the insulation materials shown in Fig. 2.2, impregnating varnish
or resins are often used to increase the electrical insulating strength, mechani-
cal strength, and insulate the stator windings from environmental exposure, such
as moisture, dust. Furthermore, with the high torque and power density required
by traction machines of EV, more electrical machines are completely impregnated
by epoxy or silicon materials with higher thermal conductivities than that of tradi-
tional resins. Vacuum and pressure impregnation (VPI) method is usually applied
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for the complete encapsulation and results in good penetration of the resins into
the small gaps between windings and between windings and slots.

However, the VPI method is more complicated and time-consuming in com-
parison with other impregnation methods, such as dipping and trickling process.
As a result, it is more challenging for high volume productions. The detailed pro-
cesses for the dipping, trickling and VPI impregnation methods are explained
in [14]. In our studies, we simulated and tested the motorettes with complete en-
capsulation with VPI method.

Fig. 2.2 Cross section of a random stator winding slot [1]

2.3 Accelerated test

Accelerated test is divided into two types, namely accelerated degradation/ quali-
tative accelerated test and accelerated life/quantitative accelerated test [1,15,16].

Using accelerated test as a qualitative tool can be very effective [15]. The qual-
itative accelerated test is primarily used to identify failures and failure modes. It
could be used to evaluate a ’candidate’ system by comparing it to a ’proven’/
’reference’ material or system under the same accelerated test conditions. The
comparison of results between different materials/systems is the usual way aging
tests are evaluated in standards [1, p. 50]. Compared to the qualitative accelerated
test, the quantitative accelerated test is used to make predictions about a product’s
life characteristics (such as L50 life) under normal use conditions [15]. However,
to correlate the data from accelerated tests with the actualuse is extremely diffi-
cult, and some of the failure modes exposed to the accelerated testings may not
occur during the normal operations [1,15,16].

In general, the purpose of the accelerated test is to save thetime and resources
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Chapter 2. Review of degradation and failure of electrical machine

when evaluating the strength of the products or systems, in comparison to the
their actual lifetime. However, the cost of accelerated test, in terms of time and
resources, could still be significant compared to other types of test. Therefore it is
important that the parties involved, such as manufacturers, users/purchasers and
testing facilities, agree upon the testing parameters, from ’definition of pass/fail
criteria’ to ’requirements of test reports’ (in total 21 terms), prior to the com-
mencement of the tests, as stated in [17, p. 18].

2.3.1 Accelerated lifetime models

The commonly used lifetime models are listed in Table 2.2 andTable 2.3 [15].
Additions to the Inverse Power Law in Table 2.2, Equation 2.1and 2.2 [18] are
also often used to describe the lifetime of insulations exposed to constant electric
stresses. The Arrhenius model and Miner’s rule are applied in later studies and
explained in detail in Chapter 5.

Life = kV −n (2.1)

logL = logk − nlogV (2.2)

whereV is the applied voltage,k andn are constants to be determined.
Apart from the models described in Table 2.2 and 2.3, Design of Experi-

ment (DoE) models are also used utilized for accelerated tests to study the EI
or EIS degradations caused by multiple stresses. Research groups from Univesity
of Toulouse and Laboratory for PLAsma and Conversion of Energy (LAPLACE),
Toulouse, France, have published on several interesting studies on this subjet. One
example, showing the relationship between the lifetime of an insulation material
with multiple stresses, by means of DoE, is shown in Equation2.3 [19].

Log(L) ∼ M + EV · log(V ) + EF · log(F )

+ET · exp(−bT ) + EFV · log(V ) · log(F )

+EV T · log(V ) · exp(−bT ) + EFT · log(F ) · exp(−bT )

+EV FT · log(V ) · log(F ) · exp(−bT )

(2.3)

where V, F, T are the voltage, frequency and temperature stresses applied during
test, respectively.M , b, EV , EF , ET , EFV , EV T , EFT andEV FT are the coef-
ficients decided by the tests, which are the impact factors oflifetime determined
by each stress and by each two stresses and by all three stresses.
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2.3.2 Statistics

The lifetime data collected from field or tests on number of specimens is usu-
ally scattering. Hence, statistics method is applied to process data with such an
attribute, which includes the distribution model and the curve fitting/regression
analysis. The distribution model is to quantify the normal amount of variation in
an outcome, and the regression analysis is to derive an equation based on aging
tests at a few stress levels, that can be used to predict the outcome of a test at
a different stress level, respectively [1]. Furthermore, the lognormal and Weibull
distribution are the two often used distribution models andthe latter one is used
in our studies and discussed further in Chapter 5.7. Regression analysis, including
parameters identification and confidence limits calculation of a statistical distri-
bution, is often carried out by programs such as ’Weibull ++’.

2.4 Standards of constant thermal and thermal cy-
cle tests

In this section, the often used standards related to thermaldegradation, namely
the degradation caused by constant temperature and that caused by cyclic tem-
perature, of Electrical Insulation (EI) and Electrical Insulation System (EIS) in
electrical machines are reviewed and summarized in Table 2.4.

Apart from the standards from IEC and IEEE listed in the table, ASTM has a
large collection of standards to test different types of EI as presented in [1, p. 68]
and [20]. Other relevant IEEE standards can also be found in [1, p. 59].

By standards review, it is observed that many standards are focused on the
thermal degradation caused by constant temperature. However, fewer of them em-
phasize on the thermal degradation caused by cyclic temperature, among which
form-wound stators of large electrical machines are focused. There is a clear gap
between the existing and the needs of thermal degradation standards of electrical
machines for electrified vehicles application.
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Table 2.2: Accelerated lifetime models [15]
Model
Name

Description
/Parameters

Application
Examples

Model Equation

Arrhe-
nius
accele-
ration
model

Time to
Failure as
a function
of Relative
Humidity
and Tem-
perature

Electrical Insu-
lation
and Dielectrics,
Solid State
and Semi-
conductors,
Intermetallic
Diffusion,
Battery Cells,
Lubricants
Greases, Plas-
tics, Incan-
descent Lamp
Filaments

Life = A0e
−Ea/kT

where:
Life = median life of a popula-
tion
A0 = scale factor determined by
experiment
e = base of natural logarithms
Ea = Active Energy Unique for
each failure mechanisms
k = Boltzmann’s constant
= 8.2× 10−5ev/K
T = Temperature(degrees
Kelvin)

Inverse
power
law

Life as a
function of
any given
stress

Electrical in-
sulation and
dielectrics
(voltage en-
durance), ball
and roller
bearings, incan-
descent lamp
filaments, flash
lamps

Lifenorm

Lifeacc
= ( Stressacc

Stressnorm
)
N

where:
Life norm = 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
where:
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

18



2.4. Standards of constant thermal and thermal cycle tests

Table 2.3: Accelerated lifetime models - continued [15]
Model
Name

Description
/Parameters

Application
Examples

Model Equation

Coffin-
Manson

Fatigue life
of metals
(ductile
materials)
due to
thermal cy-
cling and/or
thermal
shock

Solder joints
and other
connections

Life = A
∆TB

where:
Life = Cycles to failure
A = scale factor determined by
experiments
B = scale factor determined by
experiments
∆T = temperature change

Thermo-
mech-
anical
stress

Time to
failure as a
function of
change in
temperature

Stress gen-
erated by
differing ther-
mal expansion
rates

TF = B0(T0 − T )−ne
Ea
kT

where:
TF = Time-to-Failure
B0 = scale factor determined by
experiment
T0 = stress free temperature
n = 2 - 3
Ea = 0.5 - 0.6 eV for grain-
boundary diffusion, approx. 1
eV for intra-grain diffusion
k = Boltzmann’s constant
= 8.2× 10−5ev/K
T = temperature (degrees
Kelvin)
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Table 2.4: Reviewed standards related to constant thermal and thermal cycles
degradation of insulation material, enameled wires and insulation systems of ro-
tating electrical machines.

Standard
No.

Applied
thermal

Type of
speci-
men

Description

IEC
60085
[21]

constant
thermal

insulation
material

Thermal classification of electri-
cal insulation material/materials

IEC
60216
[22–24]

constant
thermal

insulation
material

Thermal classification of electri-
cal insulation material/materials

IEC
60851-
6 [25]

constant
thermal

enameled
wire

Winding thermal property

IEC
60172
[26]

constant
thermal

enameled
wire

Temperature Index of Enameled
Winding Wires

IEC
61857
[27,28]

constant
thermal

EIS of
random-
wound
windings

Electrical insulation systems
thermal evaluation

IEC
60034-18
[29,30]

constant
thermal
(part 31)
and
thermal
cycle
(part 34)

EIS of
form-
wound
windings

Test procedures and thermal
evaluation for form-wound
windings

IEEE
1776 [31]

constant
thermal

EIS of
form-
wound
windings

Thermal evaluation of unsealed
or sealed insulation systems for
AC electric machinery employ-
ing

IEEE
1310-
2012 [17]

thermal
cycle

EIS of
form-
wound
windings

Thermal Cycle Testing of Form-
Wound Stator Bars and Coils for
Large Generators

UL 1446 constant
thermal

EIS of
random-
wound
windings

Evaluates small- and medium-
sized random-wound, low-
voltage applications
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2.5. Condition monitoring methods

2.5 Condition monitoring methods

Condition monitoring measurements are carried out to diagnose the State of Health
(SoH) of the EI or EIS of electrical machines. The measurements can be divided
into non-destructive (such as surge test) and destructive type (such as breakdown
voltage test). Another way to categorize the measurements is in accordance with
the usage of the machines when the tests are performed. The on-line and the off-
line measurements correspond to the tests carried out when the electrical machines
are in and not in operations, respectively. Besides, the on-board measurement is
the one carried out at the location where the electrical machine serves, and the op-
position of it is the off-board measurement. The often used condition monitoring
methods are summarized as follows.

AC measurement
The AC measurements are usually to measure the resulting current after ap-

plying an AC voltage across the specimen. Depending on whether the amplitudes
or the angles of the AC currents are analyzed, AC measurements differ slightly.

For the measurement that the amplitude of current is of interest, exceeding a
certain level of current, i.e. a threshold, is considered asa failure of the specimen.
This method is referred by the standards [25,26,28], which correspond to different
test objects, insulation materials, enameled wires and insulation systems, and dif-
ferent threshold currents, 5mA, 10mA and 40mA are identified, respectively. The
recommended voltage frequencies of the tests are between 48Hz and 62 Hz in the
above standards. However the voltage amplitudes are not clearly defined, which
determined by the voltage levels that the specimens exposedto in operation.

The dissipation factor ortan δ of the specimen could be obtained from AC
measurements, whereδ is the dielectric loss angle. An increase of thetan δ indi-
cates the degradation of the measured dielectric material.By other means of data
post-processing, insulation capacitance (IC) and dielectric constant are obtained.

DC measurement
The DC measurements are also referred to as Hipot (high potential) tests due

to the high voltages that specimens are exposed to in such tests. The amplitude
of leakage current is measured. These measurements could bedestructive or non-
destructive depending on the amplitudes of the excitation voltages.

With different post-processing of the measured current, various parameters are
obtained, for instance the insulation resistance (IR). Polarization index (PI) and
dielectric absorption ratio (DAR) are defined by Equation 2.4. Table 2.5 reviews
the typical values of PI and DAR and their corresponding health status.
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PI =
IR10min

IR1min
(2.4)

DAR =
IR1min

IR30sec
(2.5)

whereIR is the insulation resistance and the subscript represents the time that the
measurement is carried out.

Table 2.5: Typical values of PI and DAR and health status of insulations and
insulation systems [32]

Insulation resistance
condition

DAR PI

Dangerous 0-1.0 0-1
Poor 1.0-1.3 1-2
Good 1.3-1.6 2-4
Excellent 1.6 and above 4 and above

Surge test
A sudden change of a current in a coil builds up a voltage because of the nature

of inductance. For a winding coil, the inductance is a sum of self inductance of
each individual loop, and mutual inductance between every two individual loops.
If the insulations of the adjacent coils are weak, meanwhilethe induced voltage is
higher than the dielectric strength of the weakened insulation, an arc will form be-
tween the conductors of the coils [33]. Surge test is designed to create the voltage
between the adjacent coils and detect the arcing due to the weakened or failing
insulations.

The above mentioned condition monitoring approaches are off-line measure-
ments. The examples of online condition monitoring approaches are discussed
below.

Partial discharge
The fast rise time of impulses at motor terminals induces high wire-to-wire

voltages in the first coils of each phase, thereby an early breakdown between
wires [34]. The upper limited level, at which this over-voltage stress becomes
harmful for insulations, is the Partial Discharge Inception Voltage (PDIV) or
Corona Inception Voltage (CIV) [34–36]. This is the voltagelevel that partial
discharges begin to occur.
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Electrical machines could be categorized into type I and type II machines, in
which the existence of partial discharges is not permitted or permitted, respec-
tively [37, 38]. The PD resistant materials are required fortype II machines. The
electrical machines with rated voltages≤ 700 V r.m.s. are usually of Type I, but
could also be Type II. The electrical machines rated above 700 V r.m.s. are usu-
ally of Type II. For the Type I machines, the existence of PD indicates failures
of the EIS. However, keeping track of the levels of PD, in terms of PDIV, could
be used to evaluate the SoH of a type II machine. A decreased PDIV indicates an
aged EI or EIS of the machine. However, this measurement is temperature depen-
dent [34]. Typically, PDIV decreases by 30% when winding temperature increases
from 25◦C to 155◦C.

Motor current signature analysis (MCSA)
MCSA is by far the most preferred technique to diagnose faults of electrical

machines [39, 40]. It is used as on-line condition monitoring for stators, rotors
and bearings. Theoretical analysis and modeling of machinefaults are necessary
to distinguish the relevant frequency components from the others that may be
present due to time harmonics, machine saturation, etc [39].

Vibration analysis
Vibration analysis is a powerful tool to detect bearing related faults of ro-

tational machines [41–43]. Also, a study by Joachim Härsj̈o [44] reveals that the
vibration analysis is useful to detect the turn-to-turn fault in the stator of a PMSM.
Similarly to the MCSA approach, vibration analysis is demanding for data analy-
sis.

Other condition monitoring methods
Other measurement methods, temperature monitoring, electromagnetic field

monitoring, infrared recognition, radio-frequency (RF) emission monitoring, etc.,
are also used for condition monitoring purposes [39].

2.6 Overview of studied machines

For the convenience of discussion, an overview of the studied machines in this
thesis are presented below. Table. 2.6 summarizes the vehicle applications and the
types and winding specifications of the studied machines. Table. 2.7 gives a short
overview of the simulations and experiments carried out forthe machines.

23



Chapter 2. Review of degradation and failure of electrical machine

Application
Traction machine for
wheel loader

Traction machine for rear
wheel drive hybrid car

Traction machine for hy-
brid heavy vehicles

Machines
16-pole surface mounted
PMSM

8-pole interior PMSM 6-pole interior PMSM

Windings
Concentrated winding Double layer distributed

winding (phase divider
inside the slot is shown)

Single layer distributed
winding

Table 2.6: Traction machines referred by this thesis
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Simulations and experiments

1. The motorettes used
in the accelerated tests
are based on this ma-
chine;

2. Simulation and tests of
the off-board condition
monitoring;

3. Thermal-mechanical
simulations;

4. Finite Element Anal-
ysis (FEA) thermal
model;

5. System simulation
with driving cycles.

1. Lumped Parame-
ter Analysis (LPA)
thermal model;

2. System simulation
with driving cycles;

3. Validation and sensi-
tivity studies of the
on-board diagnostics
method.

1. Sensitivity studies on
temperature depen-
dence of the on-board
diagnostics method.

Table 2.7: Traction machines referred by this thesis (continued)
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Chapter 3

Modeling and simulation for
condition monitoring

In this chapter, electrical fields and parameters of the insulation systems of the
motorette structure are calculated. The modelings and simulations in this chapter
are used to predict the ranges of the off-board condition motioning measurements
applied during accelerated degradation tests, which are discussed in later chapters.
A motorette structure is a segmented stator with windings and all electrical insu-
lations included and it represents the full-scale tractionmachine stator. Fig. 3.1
shows the motorette sample used for this study before epoxy impregnation is ap-
plied. More information about the motorette is described inChapter 6.2.1.

As discussed in Chapter 2.2.2, the insulation system of the electrical machine
stator is built up by wire coating, slot liner, impregnationand winding-to-winding
insulation. When electric excitation is applied across electrical insulations, po-
larization occurs and leakage current is generated, thereby forming an electric
networks with capacitive and resistive components. Fig. 3.2 shows the simplified
equivalent network when electric excitation is applied between windings (left)
and between windings and ground (right), separately. Theoretically, the State of
Health (SoH) of the insulation system can be assessed, by identifying and track-
ing the changes of values of winding-to-winding capacitance (Cww), conductance
(Gww) or resistance (Rww) and winding-to-ground capacitance (Cwg), conduc-
tance (Gwg) or resistance (Rwg). Breakdown could be formed during the degra-
dation, which is an irreversible process whereby the systemendurance is weak-
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Fig. 3.1 Stator segment motorette sample before epoxy impregnation

ened. The stochastic nature of breakdown distribution and deterioration can be
described mathematically through statistics. However, itis also important to un-
derstand the loads resulting in the degradation and the process of the degradation
and to estimate the level of degradation of the insulation system [45] by the con-
dition monitoring or SoH measurements described above.

Fig. 3.2 Simplified equivalent network of insulation system: between windings (left)and
between winding and ground (right)

Compared to the modeling of the insulation properties between the winding
and the core, it is more challenging to model the insulation properties between
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randomly grouped parallel strands. In this chapter, both the Finite Element Anal-
ysis (FEA) method and the analytical method are utilized to calculate the ranges of
insulation resistance (Rww) and insulation capacitance (Cww) between randomly
grouped parallel strands. It is expected that FEA of thermaland electrical loads
would become a useful tool for visualizing the load distribution on the winding,
hence estimating the winding parameters. However, compared to the FEA model,
the analytical model provides the convenience of performing sensitivity studies
with geometrical property and material physical property changes due to aging.
Besides, the analytical model builds the link between the measured global prop-
erties of Electrical Insulation System (EIS) and the average local dimensionless
values of individual electrical insulation (EI) material (such as the volume resis-
tivity and dielectric constant) [46]. The dimensionless values can be adapted by
other studies.

3.1 Geometry

As shown in Table 2.6 and Fig. 3.1, the stator segment under test consists of a
winding structure of 7 turns and 29 parallel strands, which are rather arbitrarily
placed into the slot of the reference machine or wound aroundthe teeth of the test
sample. Compared to a well-defined or simplified test object with a perfect con-
ductor and insulation arrangement, this specimen structure is chosen to represent
the actual electrical machine.

However, the structure of a motorette brings a challenge to simulation since
neither the geometric arrangement, nor the material distribution of the coil and the
insulation system can be perfectly known, due to the randomness of the distribu-
tion of the wires in one slot. However, by dividing the parallel strands of 29 wires
into two groups of 14 and 15 strands randomly, it provides a great advantage that
the winding insulation state of health and degradation can be estimated between
these two groups and along the whole length of the windings.

A perfect conductor distribution is assumed in a machine slot as shown in Fig.
3.3. The seven turns are shown with different colors and the two groups of strands
are shown with or without a dot in a conductor. These equally located hexagonal
placements of conductors are defined level by level startingfrom the stator tooth
because the coils of test samples are wound around the tooth.In practice, the coil
of 29 strands can have a fairly similar appearance except forthe regions between
the turns. The geometrically perfect winding is defined so that the thickness of the
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coating film is 6% of the conductor diameter and the additional spacing between
the coated wires is 10% of the conductor diameter. [47]

Fig. 3.3 7-turn 29-strand conductor distribution inside the slot by considering the ideal
packing between the wires. The groupings of parallel strands are distributed in
the upper half and concentrated in the lower half. [47]

It is not only the distance between the conductors and the properties of insu-
lating material, but also the way of grouping the strands, that define the measured
parameters of the EIS for the above condition monitoring method. As an outcome
the parameters for the insulation system can vary cross a certain range that is due
to geometry, material properties and location of the selected strands.

3.2 Materials

Table. 3.1 shows the material properties for both FEA and analytical simulations.

Table 3.1: Materials properties
Component Material Electric resis-

tivity ρ [Ωm]
Dielectric con-
stant ε

[-]

Conductor wire copper 1.7 · 10−9 -
Coating film PAI 2 · 1015 [48] 4.0
Slot impregnation epoxy 8 · 1012 [49] 3.6 [49]
Slot liner paper 8 · 1012 3.0
Stator core iron 5.5 · 10−9 -
- air 1.3·1016 to

3.3·1016 [50]
1
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3.3 Electrostatic Finite Element Analysis (FEA)

Electrostatic or electric current modeling is made using Finite Element (FE) anal-
ysis, in order to study the E-field and load distribution and identify the electrical
parameters for insulation systems. Two FEA tools, which areFEMM and Ansys
Maxwell, are utilized to verify the analytical calculations made in the following
sections, with identical materials and boundary conditions.

Fig. 3.4 shows one example of a distribution of the electric field intensity,
which is the outcome from the situation where 1.2kV is applied across the two
groups of strands. Corresponding to Fig.3.3, the electric field distribution is demon-
strated in two different cases, which are for the distributed windings group (upper)
and concentrated winding group (lower). Leakage current and insulation capaci-
tance are post-processed between the groups of strands.

Fig. 3.4 E-field distribution (below) at 1.2 kV across the two groups of parallel strands: 1)
concentrated (lower half), and 2) distributed (upper half of the slot) [47]

3.4 Analytical calculation

This part explains the method of building up the analytical model for off-board
off-line condition monitoring measurements for the motorette insulation system,
to estimate the parameters of leakage current or insulationresistance and insula-
tion capacitance. Compared to the FEA electrostatic model,the analytical model
provides the convenience to perform sensitivity studies with geometrical property
differences or physical property changes due to aging.
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3.4.1 Winding patterns

As mentioned above, neither the geometric arrangement nor the material distribu-
tion of the coil can be perfectly known. Fig. 3.5 [51] shows three types of com-
monly used winding configurations, namely orthocyclic winding, layer winding
and random winding, respectively, which result in different slot fill-factorsPD.
The highest fill-factor is obtained with orthocyclic winding distribution. With the
segmented stator technique used for making the test specimens, the highest fill
factor could be achieved, therefore the orthocyclic winding distribution is chosen
for further modeling. The analytical modeling to estimate the insulation resistance
and capacitance between two randomly selected groups of strands is demonstrated
step by step below.

Fig. 3.5 Winding configurations [51]

3.4.2 Assembling of unified resistance and capacitance

With the orthocyclic winding configuration, except for the windings close to the
slot edges, each winding shares 1/6th of its coating and its impregnation mate-
rial with the neighboring windings. Therefore, the minimumunit of insulation
between each two wires is identified as shown in Fig. 3.6. Equations 3.1 to 3.4
show the calculations of insulation capacitanceCunit and resistanceRunit of the
insulation unit.
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Fig. 3.6 Insulation unit between windings [46]

Cunit =
1

1

ε0 · εco ·A

d1

+
1

ε0 · εep ·A

d2

+
1

ε0 · εco ·A

d3

(3.1)

=
1

1

ε0 · εco · w · L

d1

+
1

ε0 · εep · w · L

d2

+
1

ε0 · εco · w · L

d3

Runit =
ρco · d1

A
+

ρep · d1
A

+
ρco · d1

A
(3.2)

=
ρco · d1
w · L

+
ρep · d1
w · L

+
ρco · d1
w · L

d1 = d3 = (Dwire −Dcu)/2 (3.3)

w =
(Dwire + d2)/2

sin
π

3

(3.4)

whereε0 is the dielectric constant of air,εco andεep are the relative dielectric
constant of coating and epoxy, separately.ρco andρep are the volume resistivity
of coating and epoxy, separately.A andw are the cross section area and width
of the insulation unit, separately.L is the axial length of the winding.Dwire and

33



Chapter 3. Modeling and simulation for condition monitoring

Dcu are the diameter of enameled wire and copper, separately.d1 andd3 are the
thicknesses of the coatings andd2 is the thickness of the epoxy.

Fig. 3.7 Two possible polarity distribution for the proposed conditioning monitoring
method [46]

Fig. 3.7 shows two possible idealized polarity distribution for the proposed
conditioning monitoring method. Assuming that the two paralleled strands are
randomly selected and the electrical field is evenly distributed, each wire is ex-
posed to four other wires with opposite potential as shown inFig. 3.7. This in-
creases the total cross-sectional area of the global insulation by four times com-
pared to the cross-sectional area of the insulation unit defined in Fig. 3.6. Also,
the total cross-sectional area of the global insulation in conditioning measure-
ment is also increased by having the number of turns and strands. As a result, the
global insulation capacitanceCtot is increased but the insulation resistanceRtot

is decreased. Finally, each insulation unit in Fig. 3.6 is shared by two neighboring
wires, which result in a division by two. The final derivationfrom the dielectric
properties of an insulation unit to the measurable global properties are presented
by Equation 3.5 and 3.6.

Ctot = Cunit · 4 · (Nturn ·Nstrand)/2 (3.5)

Rtot = Runit/4/(Nturn ·Nstrand)/2 (3.6)

whereNturn is number of turns in series andNstrand is the number of strands in
parallel.

3.5 Simulation examples

With the analytical model proposed in 3.4, simulations are carried out and com-
pared to the FEA model proposed in 3.3. Furthermore the sensitivity studies are
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made using the verified analytical model. One purpose of the sensitivity study is to
understand the relationship between the changes of the global insulation system
properties, which can be measured directly on the motorettes or electrical ma-
chines, and the changes of local insulation properties of single materials, which
cannot be easily measured in an insulation system. Another purpose of the study
is to identify the primary electrical insulation material between the windings of
an insulation system with complete encapsulation (defined in Chapter 2.2.2).

3.5.1 FEA simulation results

Based on the geometric data and volumetric resistivity thatare presented in Chap-
ter 3.1 and 3.2, FEA simulations by Ansys Maxwell show that the expected insu-
lation resistance of the motorette with complete encapsulation is 640 GΩ or 2,000
GΩ and the insulation capacitance is 5.4 nF or 1.48 nF dependingon whether the
groups of parallel strands are distributed or concentrated, respectively (Fig. 3.3
and Fig. 3.4). For the same FEA model, if the distance betweenevery two wires
is decreased by half with the distributed winding configuration (upper half of 3.4)
compared to the one defined above, the insulation capacitance will be increased
to approx. 11 nF and the resistance will fall to 320 GΩ.

3.5.2 Analytical simulations and sensitivity studies

The same materials used for FEA simulations above are applied for the analytical
simulations. According to the data-sheet of the enameled wire [52], the diame-
ter of the wire and copper is approx. 0.9 mm and approx. 0.85 mm, respectively,
which leads to the total coating thickness being approx. 25µm. Therefore, a sensi-
tivity study using coating thickness reasonably assumed tobe between 15µm and
45µm is carried out. Similarly, the sensitivity study with varied epoxy thickness
between 1.5µm (10% of the coating thickness 15µm) and 1.5 mm (100 times the
coating thickness 15µm) is carried out. The axial length of windings is L, 220
mm.

Figs. 3.8 and 3.9 show the expected ranges of insulation capacitance (IC) and
insulation resistance (IR) with varied thickness of coating and impregnation for
the proposed condition monitoring, based on the analyticalmodel.

As shown in Fig. 3.8, the global IC of the EIS, which is measured on mo-
torettes between paralleled strands, is heavily influencedby the average local
thicknesses of both impregnation material and coating material. This also means
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Fig. 3.8 Expected range of insulation capacitance with varied thicknesses of coating and
impregnation for the proposed condition monitoring method [46]

that the average local thicknesses of the two materials playimportant roles in
determining the global parasitic capacitance of electrical machines.

However, as shown in Fig. 3.9, the insulation resistance between winding
strands of the motorette insulation system is mainly due to the coating material.
For example, with local average thickness of the impregnation material increased
from 15µm to 1.5 mm (a factor of 100), the global insulation resistance changes
from approx. 200 GΩ to approx. 600 GΩ. While with local average thickness
of the coating material increased from 15µm to 45µm (a factor of 3), the global
insulation resistance changes from approx. 200 GΩ to approx. 1,200 GΩ. The rea-
son is that the local volume resistivity of the primary EI (such as coating material)
is much higher than this of the secondary EI (such as epoxy material) in gen-
eral. From this perspective, the winding coating is the major electrical insulation
media between strands. In other words, the impregnation matrix material used to
increase thermal conductivity, i.e. the heat transfer performance, does not enhance
the electrical insulation resistance between strands. However, compared to the di-
electric strength or breakdown field strength of air (approx. 3 MV/m [53]), the
epoxy matrix material has a much higher breakdown field strength (approx. 19 or
21 MV/m [49]). Therefore, using impregnation improves the electrical insulation
quality of the insulation system from this perspective.
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Fig. 3.9 Expected range of insulation resistance with varied thicknesses of coatingand
impregnation for the proposed condition monitoring method [46]
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Chapter 4

Modeling and simulation for
Thermal-Mechanical stress

This chapter covers the estimation of the level of mechanical stress induced by
temperature and thermal expansions. The results from the thermal-mechanical
simulations are used in mechanical fatigue simulations to furthermore estimate
the lifetime caused by cyclic temperatures. The Finite Element Analysis (FEA)
tool is used for this modeling.

Degradation caused by high temperature fields is not only dueto the accel-
erated thermal oxidization of winding coating polymers. Inorder to improve the
heat transfer behaviors of traction motors within the limited space of a vehicle,
traction motors apply different types of epoxy impregnation, which have much
higher thermal conductivities than air and varnish. The application of epoxy im-
pregnation, on one hand prevents the winding coating from direct contact with air,
therefore preventing thermal oxidization. On the other hand, the different thermal
expansion ratios and the different temperature distribution between epoxy and
winding coating and winding copper cause thermally inducedmechanical stress.
If the induced mechanical stress reaches the yield stress orultimate tensile stress
of a specific material (depending on the different definitions of material failure),
material failure will occur. In addition, if the induced mechanical stress is below
the level of the stress limitation, the cyclic mechanical stress will gradually de-
grade the materials and mechanical fatigue will occur. If the primary insulation
of the electrical machine, for instance the polymer coatingof the enameled wires,
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cracks due to mechanical fatigue, failure of the electricalmachine take place. Arti-
cles [54,55] discuss in detail the physical aging phenomenon of polymers, except
for the chemical oxidization aging, which provides an insight into how mechani-
cal stress could age materials.

4.1 Background

4.1.1 Fatigue caused by thermal-mechanical stress

Thermally induced mechanical stress due to the difference between thermal ex-
pansion coefficients and mechanical stress related cycle life is studied widely in
many fields and applications.

[56–59] discuss the influences of thermal induced mechanical stresses on
LED (Light Emitting Diode), IGBT (Insulated-Gate Bipolar Transistor), PBGA
(Plastic Ball Grid Array) and FPGA (Field Programmable GateArray), respec-
tively. [60] presents both analytical and numerical simulations in 2D on thermal
induced stress of two-phase composites. [61, 62] also present the 2D numerical
simulation results on the thermal induced stress and the associated cracking ef-
fects of the two-phase cement-based material. [63] discusses thermal-mechanical
modeling of laminates with fire protection coating. In the case of the automotive
industry, thermal induced mechanical stress and fatigue analyzes are carried out
on brake discs, engine cylinder heads and after treatment systems as discussed
in [64,65].

Furthermore, some studies such as in [66, 67] are carried outto characterize
the stress-strain relationships of polymeric materials and other studies such as
[68–70] focus on the stress versus cycle life, i.e. S-N curve. All these studies
are valuable inputs to estimate thermal induced mechanicalstress and its induced
cycle life.

In conclusion, the mechanical stress induced by thermal stress and the re-
sulting degradation is studied in many different fields but not enough for traction
electrical machines. One of the reasons is that the thermal-mechanical stresses are
less severe when electrical machines run with constant loadfor industrial usage
than cyclic load, to which traction motors are exposed. Thisproblem is also over-
looked when varnish is used for machine impregnation due to the similarity of
thermal expansion ratios between varnish and winding. However, with the devel-
opment of material technology that facilitates the high power density designs and
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improves the heat transfer performance, the issue of mechanical stress induced by
thermal expansion is another challenge to be investigated by electrical machine
designers.

4.1.2 Static and transient structural models

As mentioned at the beginning of this chapter, the results from the thermal - me-
chanical simulations are used in mechanical fatigue simulations to furthermore
estimate the lifetime caused by the cyclic temperatures. After obtaining the cyclic
temperature load, there are two methods for the continued structural simulations.
One approach is to perform a transient structural simulation directly, using the
simulated temperature-time history (method 1 in Fig. 5.1).Another approach is to
perform a static structural simulation after obtaining thediscrete thermal cycles
from a cycle counter, which contains all the information of each representative
thermal cycle (method 2 in Fig. 5.1). As mentioned in [71–73], the distinction
between the static and transient structural simulation types is whether the ap-
plied action has enough acceleration when compared to the structure’s natural
frequency. If a load is applied sufficiently slowly, the inertia forces can be ignored
and the analysis can be simplified as static analysis and quasi-static analysis could
be performed instead of real dynamic analysis. In comparison to the natural fre-
quency of the electrical machine, the frequency of the temperature load is much
slower. Therefore the thermal-mechanical simulations in this work are carried out
by static simulations.

4.2 Analytical equations

This section derives the analytical equations of thermal induced stress for a single
bar geometry and the geometry with two layers of bonded material. The analytical
equations reveal the relationships between the thermal-mechanical stresses and
various affecting parameters.

4.2.1 Thermal-mechanical stress of a single bar

A change in the temperature of an object corresponds to a change in its dimen-
sions [74]. If the temperature of the object is uniformly distributed, the material
will undergo a uniform thermal strainεt which can be expressed by Equation 4.1.
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εt = α∆T (4.1)

in which α is the coefficient of thermal expansion (CTE) with unit 1/K or1/◦C
and∆T is the increase in temperature with unit K or◦C. A positiveεt means the
object is expanded and a negativeεt means the object is compressed.

However, if the bar has both ends fixed as shown in Fig. 4.1 and is exposed to
uniform temperature increase∆T , reactionR will be developed over the bar and
the bar will be subjected to compressive stresses. However,the thermal expansion
in the transverse direction does not produce any stress as there are no constraints
or supports applied. Therefore, the problem can be simplified to a 1D problem in
the axial direction. From another point of view, assuming that the fixed support
at the right end in Figure 4.1 is removed and the same uniform temperature is ap-
plied, with forceR applied from the right support pointing to the left, the bar will
still keep its original lengthL in the axial direction. The displacement produced
by forceR on the bar is

δR =
RL

EA
(4.2)

whereE is the modulus of elasticity or tensile modulus of the material with unit
Pa andA is the cross-sectional area of the bar.

Fig. 4.1 Bar with both ends fixed [75]

Besides, the displacement induced by thermal expansion is equal to the force
R induced displacement as shown by Equation 4.3. As a result, the expression for
the force R is derived as Equation 4.4.

δR − δt =
RL

EA
− α∆TL = 0 (4.3)

R = EAα∆T (4.4)

Therefore, the induced stress in the bar is

σ =
R

A
= Eα∆T = Eεt (4.5)
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As shown in Equation 4.5, the thermal induced stress over a single bar is
proportional to its tensile modulus, thermal expansion coefficient and change in
temperature, but not related to the total length.

4.2.2 Thermal-mechanical stress of bonded layers

If materials with different CTE are bonded, for instance, anenameled wire with
copper and coating and bonded with epoxy, thermal mechanical stress will be de-
veloped even if all the materials are heated uniformly. Chenand Nelson proposed
in [76] the analytical model estimating the stress distribution in bonded materials
influenced by differential expansion or contraction of the materials, in 1979. For
the convenience of discussion of the analytical calculations, the parameters and
their corresponding meanings are shown in Table 4.1.

Table 4.1: Parameters and SI units for the thermal induced stress calculation of
two layers joined by one bonded joint

σ Pa shear stress
α ppm/◦C CTE
t m thickness of the two side layers
L m total axial length
η m thickness of joint layer
E Pa tensile/elastic modulus
G Pa shear modulus
∆T K or ◦C temperature change

Fig. 4.2 is a sketch showing 3 layers (layer 1, layer 2 and the joint layer) of
different materials bonded together. It could be analogousto an enameled wire
with copper (layer 1 if the top boundary is symmetrical) and coating (joint layer)
bonded with epoxy (layer 2).

Fig. 4.2 Bonded multi-layers
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Equation 4.6 shows the thermal induced shear stress in thex-axis (Fig. 4.2)
direction.

σ =
(α1 − α2)∆TG sinhβx

βη coshβL
(4.6)

where

β2 =
G

η
(

1

E1t1
+

1

E2t2
) (4.7)

According to [76], physically the shear stress is zero at thecenter (marked by
a dashed-line in Fig. 4.2), and increases gradually to a maximum at the free edge.
The value of this maximum stress is obtained whenx = L and is expressed by
Equation 4.8.

σmax =
(α1 − α2)∆TG tanh βL

βη
(4.8)

Often it may be sufficient to taketanh ∼ 1 and use the estimate

σmax =
(α1 − α2)∆TG

βη
(4.9)

Equation 4.9 shows that the thermal induced stress in the joint layer is propor-
tional to the CTE differences between the two layers bonded to it and the temper-
ature change. The reference point of the ’temperature change’ is the temperature
at which the material has zero compression or elongation stress. The thermal in-
duced stress in the joint layer also increases if the thickness or the tensile modulus
of layer 1 and 2 (Fig. 4.2) are increased, or the thickness of the joint layer itself is
decreased. Furthermore, it shows that even though the maximum shear stress of
the joint layer is obtained whenx = L, the maximum stress level is not related to
the total axial lengthL.

4.3 Single wire Finite Element Analysis

In the previous section, the thermal-mechanical stresses are derived in a simpli-
fied one-dimensional (1D) manner, which helps to define the physics of the prob-
lem. However, in the real case of an epoxy impregnated traction motor stator,
the thermally induced stresses are generated not only in 1D but in multiple di-
mensions and multiple materials. In order to capture more accurately the thermal-
mechanical stresses, an Ansys 3D Static Structural simulation package within An-
sys workbench is used to simulate the thermal induced mechanical stress.
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4.3.1 Stress vector and Von Mises stress

The stress vectors of an infinitesimal cube in a structure Finite Element Analysis
(FEA) is shown in Fig. 4.3.σx,σy andσz are the tensile stresses which act along
the axes, andσxy,σyz andσxz are the shear stresses which act within planes.
Similarly to a 1D problem described by Equation. 4.5, the stress and strain relation
in the 3D structure FEA is shown in Equation. 4.10.

Fig. 4.3 Stress vectors of an infinitesimal cube [77]

{

σ
}

=
[

E
]{

εel
}

(4.10)

where:
{

σ
}

= stress vector =
[

σx, σy, σz, σxy, σyz, σxz

]T

[

E
]

= tensile/elastic modulus matrix
{

εel
}

= elastic strain vector
Testing of the fatigue and yield stress is usually carried out on specimens with

uni-axial direction forces, however the stresses calculated from FEA simulations
are in 6 directions as shown in Fig. 4.3. In structure FEA simulations, Von-Mises
stress is introduced to evaluate the total state of all the stresses as a scalar for the
convenience of comparison between the tested stresses and simulated stresses.
The Von-Mises stress (σvm) is defined by Equation. 4.11 [77,78].

σvm = (
1

2
[(σx − σy)

2 + (σy − σz)
2 + (σz − σx)

2 + 6(σxy
2 + σyz

2 + σxz
2)])

1

2

(4.11)
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4.3.2 Simplified geometry

Fig. 3.5 [51] shows a simplified sketch of three types of commonly used winding
configurations. Fig. 4.4 (left) shows the distribution of the wires in a full stator
slot, assuming perfect distribution with a constant distance between each pair of
strands. In comparison to the total axial length, 220 mm of the windings, which
includes an active winding length of 200 mm and end winding length of 10 mm at
each side, the dimension of each wire (Table 4.2) is relatively small. Therefore, if
the stresses in the thin layer of coating are of interest, a 3Dsimulation of the full
geometry as shown in Fig. 4.4 (left) will hardly develop a good quality mesh, and
provide accurate results.

A simplified geometry is proposed as shown at the right of Fig.4.4, which is
the top to bottom view of a 3D sketch of the simulated geometry. The sketch of the
simplified simulation geometry shows one quarter of an enameled wire (DAMID
200) with surrounding epoxy, and its boundary conditions. In the axial direction
a part of the axial length is simulated. According to Equation 4.9, the maximum
shear stress is not related to the axial length, though the stress generated in the
transverse direction could be slightly influenced by the axial length in terms of
total cross-sectional area. However, too short a simulatedaxial length also influ-
ences the stress distribution. Taking these factors into consideration, a suitable
simulated axial length is chosen to be at least two times longer than the maximum
modeled radial section.

Fig. 4.4 2D view of the wire distribution in one slot (left); simplified geometry of one
quarter of a winding with surrounding epoxy (top to bottom view of a 3D sketch)
(right)
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Table 4.2: Dimensions of enameled wire (DAMID 200)
copper wire radius coating thickness

[mm] 0.425 0.025

4.3.3 Materials

The material properties used in the simulations are presented in Table 4.3. Ac-
cording to [79], the Poisson’s ratioν defines the relation between lateral strain
and the longitudinal strain and it also defines the relation between the Young’s
modulusE, shear modulusG and bulk modulusK as shown in Equation 4.12
and 4.13.

G =
E

2(1 + ν)
(4.12)

K =
E

3(1− 2ν)
(4.13)

Table 4.3: Material data used for thermal-mechanical simulation
Epoxy
4260

Epoxy
LORD

PAI
coating

Copper Steel Alum-
inum

Young’s
modulus[Pa]

3.5E9 15.2E9 7.4E9 1.1E11 2E11 7.1E10

Poisson’s
ratio

0.44 0.44 0.42 0.34 0.3 0.33

Yield
strength [MPa]

- - 25 280 2.5E8 2.8E8

Tensile
strength [MPa]

65 - 250 430 4.6E8 3.1E8

CTE [ppm/◦C] 70 or 155 14 16 18 12 23
Thermal
conductivity
[W/(m·K)]

0.5 - 0.2 400 26.9 255

4.3.4 Boundary conditions

The simplified 2D sketch in Fig. 4.5 is used to clearly explainthe boundary condi-
tion settings for the simplified geometry. In comparison to Fig. 4.4, a slot divider
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and detailed slot opening are not included and only a smallernumber of wires
(yellow) in a symbolic slot (gray) are shown in this magnifiedfigure to emphasize
the middle wire, which is marked within the black box. Due to the symmetric
nature of the middle wire, only one quarter of the wire (red region) is analyzed.

Fig. 4.5 Simplified sketch of windings and slot

The boundaries at the top and bottom surfaces (along thez direction) of the 3D
simulation are ’free to move’ and ’symmetrical’, respectively, although these can-
not be shown in the 2D sketch. With the winding configuration shown in Fig. 4.5,
boundaries 1 and 2 are set to be symmetrical along they andx direction, respec-
tively.

Boundary 3 and its movement along the y direction is interesting to analyze,
becasue the stator inner surface and slot opening are not mechanically restricted
and can induce thermal expansion and displacement towards the+y and−y di-
rection, respectively. As a result, boundary 3 is allowed tohave a certain degree
of free expansion until it reaches the displacement restriction set by the thermal
expansion of the stator and slot wedge at the slot opening. ’Free expansion’ in this
context means that the body can thermally expand without further inducing addi-
tional mechanical stress in the body. One extreme scenario is that the stator inner
surface together with the slot opening side expands more than the total thermal
expansion as required by the windings and their impregnation. Hence, boundary
3 can be assumed as a ’free to move’ boundary, which induces the lowest mechan-
ical stress due to thermal expansion compared to other settings at this boundary.
Another extreme scenario is that if an infinite number of wires along they direc-
tion is assumed, boundary 3 is locked, i.e. free expansion isnot permitted. This
induces the highest thermal-mechanical stress in comparison to other settings of
boundary 3.
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(a) epoxy CTE 70 ppm/◦C (b) epoxy CTE 155 ppm/◦C

Figure 4.6: Maximum stress of coating at height 2.9 mm with wire temperature
140◦C and epoxy thickness 0.05 mm

In comparison to the large industrial machines, electricalmachines used for
traction have relatively smaller diameters and a rather high number of wires along
they direction (Fig. 4.5 and Fig. 4.4). Hence, in the traction machine, the permit-
ted displacement for free expansion of each wire is smaller,thereby inducing a
higher level of thermal-mechanical stress, although the thickness of epoxy bonded
to each wire is bigger for larger machines.

Settings of boundary 4 could also be different due to different winding filling
factors and the thermal expansion of stator teeth. Similarly to boundary 3, the
higher the filling factor of windings in a slot, the lower the exposed degree of
freedom for boundary 4.

A sensitivity study is carried out with varied maximum allowed displacement
for boundary 3 and with boundary 4 either ’free to move’ or ’locked’. The sim-
ulated length (in thez direction) is 3 mm, the thickness of epoxy is 0.05 mm
and the wire temperature is 140◦C. The results with two different values of CTE
of epoxy are presented in Fig. 4.6(a) and Fig. 4.6(b), which are 70 ppm/◦C and
155 ppm/◦C, representing the epoxy before and after glass transition, respectively.
The plotted stress is the maximum Von-Mises stress inside the coating layer. As a
clearer comparison, Table 4.4 illustrates the maximum thermal-mechanical stress
of wire coating in four extreme cases.

As shown in Fig. 4.6 and Table 4.4, in comparison to the case where bound-
aries 3 and 4 are both ’free to move’, the thermal-mechanicalstress level of wire
coating increases approximately 6 to 7 times for the case where both boundaries
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Table 4.4: Maximum stress [MPa] with wire temperature 140◦C and epoxy thick-
ness 0.05 mm

epoxy CTE 70 ppm/◦C
Boundary 4 Boundary 3

Free to move Locked
Free to move 27 104
Locked 104 166

epoxy CTE 155 ppm/◦C
Boundary 4 Boundary 3

Free to move Locked
Free to move 41 148
Locked 148 270

are fully ’locked’. It also shows that the induced mechanical stress on the coating
is increased by approx. 1.5 times, if the CTE of epoxy is increased from 70ppm/◦C
to 155ppm/◦C, which is caused by the glass transition of the epoxy 4260.

As shown above, an increased winding filling factor will change the boundary
conditions of boundaries 3 and 4 from ’free to move’ to ’locked’, which shifts the
thermal induced mechanical stress level in the coating, as shown in Fig. 4.6, from
the right bottom corner to the left top corner, when other conditions are the same.
However, a higher filling factor may also mean a thinner average thickness of
impregnation material, which could decrease the level of the thermal-mechanical
stress. Besides, some educated guesses are discussed as below, and the verifica-
tion of them could be interesting future work. If the machinestator temperature
is fixed, i.e. the maximum permitted total displacement is known, an optimum
winding filling factor may exist to minimize the mechanical stress induced by
thermal stress. From another perspective, with a known winding filling factor of
a slot, there may be an optimum temperature difference between the stator and
windings, so that the stator does not restrict the thermal expansion of the wind-
ings and their impregnation, and therefore the thermal induced mechanical stress
of coating is kept to the lowest stress level (right bottom corner in Fig. 4.6(a) and
Fig. 4.6(b)).
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4.3.5 Simulation examples

This part shows some sensitivity study examples of the simulation model dis-
cussed above.

Sensitivity study - axial length

In order to study the axial length effect on the stress level for different bonded lay-
ers, a sensitivity study is carried out with varied axial lengths but with the remak-
ing geometrical, material properties and the boundary conditions being identical.
The temperature is set to 100◦C in all the simulated cases with boundaries 3 and
4 ’locked’, epoxy thickness 0.05 mm and CTE 70 ppm/◦C. The thermal induced
mechanical stress ranges across the total volume of different materials are shown
in Table 4.5.

The simulation results show that the ranges of the induced stress over different
bonded layers are not influenced by the length changes if the simulated length is
not too short. Meanwhile, the times for meshing and computing of the simulations
are increased noticeably with the increased axial length from 4 mm to 40 mm.
Mesh problems start to show up when the axial length of the model is greater than
40 mm, which is approx. 80 times the maximum dimension in thex − y plane
(Fig.4.4). Therefore, a suitable simulated axial length ischosen to be at least two
times larger than the maximum dimension of thex − y plane (Fig.4.4), to avoid
distortion of the stress distribution and the unnecessary meshing and computing
time.

The results from this study also agree with the conclusion derived by analyti-
cal equations (Equation 4.9) that the shear stress is zero atthe center (marked by
a dashed-line in Fig. 4.2), and increases gradually to a maximum at the free edge.
The value of this maximum stress is obtained whenx = L.

Sensitivity study - epoxy thickness

A uniform temperature of 230◦C is applied in the following single wire simula-
tion. The simulated axial length is 3 mm and the CTE of epoxy is70 ppm/◦C with
the boundaries 3 and 4 set to be ’locked’.

As shown in Fig. 6.8, in practice the winding is randomly distributed in a slot
and the thickness of epoxy is not the same between every two wires. The following
compares the thermal-mechanical stresses in two simulation cases to demonstrate
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Table 4.5: Sensitivity study of axial length influences on induced thermal-
mechanical stress

Spatial evenly distributed temperature 100◦C
Axial length [mm] Copper [MPa] Coating [MPa] Epoxy [MPa]
40 7.2241-330.46 44.456-143.25 7.2241-92.973
20 7.2241-331.69 44.456-143.48 7.2241-92.974
10 7.2241-331.81 44.456-141.78 7.2241-92.972
4 7.2241-330.74 44.456-143.4 7.2241-92.974
0.5 7.7693 -330.57 45.85-142.68 7.7693-92.976

the influences of epoxy thickness. In one case with the epoxy thickness is 0.05
mm and the in other case it is 0.45 mm.

Due to the fact that the stress is a derivative value of force over area, FEM
mechanical simulation induces quite a large error at the free to move edge, i.e.
the top edge in the simulations, which leads to a great stressincrease as shown in
the left sides of Fig. 4.7 and Fig. 4.8. Therefore, the stressintegration over a line
excluding the first few layers of cells close to the top edge isobtained as shown
in the right sides of figure of Fig. 4.7 and Fig. 4.8.

In most part of the coating, Fig. 4.7 (thin layer of epoxy) andFig. 4.8 (thick
layer of epoxy) show the induced stress of 104 MPa and 130 MPa,respectively.
Also, the maximum stress induced in coating is higher when bonded with thicker
epoxy which agrees with the analytical Equation 4.9.

Sensitivity study - material

If the above-mentioned epoxy 4260 is replaced by the LORD epoxy, the maximum
Von-Mises stress in coating decreases to almost one third asillustrated in Fig. 4.9
in comparison to Fig. 4.8. The decrease of mechanical stressmainly because of the
smaller difference of CTE between the LORD epoxy, the coating and the copper,
even though the Young’s modulus of this epoxy is greater thanthat of epoxy 4260.

4.3.6 Limitations

There are limitations to the use of the single wire thermal-mechanical model to
estimate the highest mechanical stress of winding coatingsinside a slot, because
it only simulates the thermal-mechanical stress induced onwinding coatings that
appear at the hot spot region inside a slot, which is usually in the middle of a
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Fig. 4.7 Von-Mises stress over the volume of coating (0-3mm) (left); Von-Misesstress
over one line inside the coating excluding the end effects (0-2.8mm) (right), coat-
ing thickness 0.05 mm

slot as shown in Fig. 4.10. However, the highest thermal-mechanical stress of the
winding coating could be shifted from the hot spot of the winding to the outer-
most layer of the winding, which is closest to the stator core. The reasons could
be because of the big CTE difference between coating, epoxy and steel as well
as a high average temperature in each material. Article [80]discusses this phe-
nomenon in detail by means of an 8×8 wires structure (4×4 in plots because of
the symmetrical geometry). If the maximum permitted stressis interested to fur-
ther evaluate the maximum thermal or current loading, multiple wires or a full slot
model are needed, which will estimate the stresses over the space within a slot,
thereby accurately identifying the location of the maximumstress.

However, to evaluate the fatigue lifetime caused by mechanical stress induced
by a thermal cycle, the single wire model is sufficient and convenient, for the
following reasons:

1. The fatigue lifetime is not only decided by the maximum stress level but
also by the depth of the stress cycle, which will be discussedin detail in
Chapter 5.6.2. Much deeper thermal cycles usually appear atthe hot spot
inside a slot rather than at the windings close to a slot iron,indicating that
the threshold for lifetime induced by thermal cycles and mechanical stress
cycle fatigue is set by the coating properties in the hot spotregion.
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Fig. 4.8 Von-Mises stress over the volume of coating (0-3mm) (left); Von-Misesstress
over one line inside the coating excluding the end effects(0-2.8mm) (right), coat-
ing thickness 0.45 mm

2. During the actual usage of a machine, the stator and the outermost wind-
ings close to the slot are exposed to much lower temperatures(see Fig. 7.29
and Fig. 7.34), compared to those of Fig. 4 in article [80]. Also, the temper-
ature gradient between the hot spot inside the slot and outermost layer of
the winding is steep, because of the low thermal conductivity of the wire
bundles in the radial direction, as shown in Fig. 4.10. Taking the above-
mentioned factors into account, the thermal-mechanical stresses of coat-
ings in the outermost layer of windings are dropped because of the lower
average temperature in this region, but the stresses in the middle of the slot
are increased due to the more restricted displacement for thermal expan-
sion.

The single wire model is used to estimate the lifetime due to mechanical fa-
tigue of the dynamic temperatures.
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Fig. 4.9 Von-Mises stress over the volume of coating (0-3mm) (left); Von-Misesstress
over one line inside coating exclude the end effects (0-2.8mm) (right), with LORD
epoxy and thickness 0.45 mm

Fig. 4.10 Example of 2-D temperature distribution in a slot
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Chapter 5

Modeling and simulation -
drivetrain level

5.1 System modeling overview

Apart from the simulations on component level as discussed in the previous two
chapters, the study is also extended to the system level taking into account the ap-
plications of electrical machines. This chapter presents the system modeling used
to estimate the electrical machine temperature distribution and lifetime due to
thermal and thermal-mechanical stresses with known driving cycles. The flowchart
in Fig. 5.1 shows the holistic structure and steps to performthe above-mentioned
simulation. The parts in the solid-line boxes and the dashed-line boxes in Fig. 5.1
are the models as required and the corresponding inputs/outputs of each model,
respectively.

The simulation models, which are used to build the final completed system
model are: a drivetrain model, an electromagnetic model, ananalytical cooling/
CFD model, a thermal model, a cycle counter model, a thermal degradation model,
a structural model and a mechanical fatigue model. Apart from the structural FEA
model, which is discussed in Chapter 4, the other models are presented in this
chapter in detail.

Two thermal models, a Lumped Parameter Analysis (LPA) modeland a Finite
Element Analysis (FEA) model, are studied. They are adaptedto two different in-
house designed traction electrical machines, which are applied in a passenger car
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and a four-wheel drive wheel loader, respectively. For the convenience of discus-
sion, the electrical machine for passenger car is called theRWD machineor EM1
and that used for wheel loader is called theVCE machine or EM2. Both above-
mentioned thermal models can be used to predict the machine temperature dis-
tribution from known driving cycles. However, the integration levels between the
thermal model and the drivetrain model are different. The LPA model is built in
Matlab Simulink and is easily integrated with or embedded ina drivetrain model,
which is also built in Matlab Simulink. However, due to the complexity level of
the FEA model, the drivetrain model and the FEA model are applied separately
one after another.

With the knowledge of the temperature distribution in an electrical machine,
cycle counters such as Mean edge 2 and Rainflow methods are applied to calculate
the mean/average, amplitude/range/depth, duration and the total number of each
temperature cycle. The output from the cycle counter is an important input for
the thermal degradation model to estimate the lifetime reduction of the Electrical
Insulation System (EIS) due to thermal oxidation of enameled wires.

Apart from this, with the discrete thermal cycles from a cycle counter, which
contains all the information of each representative thermal cycle, static structural
simulation to calculate the thermal-mechanical stress canbe performed (method 2
in Fig. 5.1). Another method of carrying out the structural simulation is to perform
a transient simulation directly with the simulated temperatures in relation to the
operation time (method 1 in Fig. 5.1). Compared to method 2, the transient simula-
tion results in more accurate results, although it takes up amuch longer simulation
time. In this study, method 2 is used and the resulted thermal-mechanical stress
is fed to another cycle counter followed by a mechanical fatigue model, which
covers the degradation caused by the cyclic effects of the dynamic temperatures.
The simulation results are presented and discussed in Chapter 7.
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Fig. 5.1 Flowchart of system simulation
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5.2 LPA thermal model with driving cycles

5.2.1 Drivetrain model

As shown in Fig. 5.2, the hybrid powertrain mechanics are simulated by Matlab
Simulink, which dynamically outputs the electrical machine load points as inputs
to the thermal LPA. The powertrain model contains power flow control, an internal
combustion engine (ICE) model, an electrical machine model, a brake control
model, a mechanical dynamics model and a road model.

Fig. 5.2 Top layer of the parallel hybrid model [81]

5.2.2 Driving cycle

The high speed (US06) driving cycle is studied with the RWD machine. Fig. 5.3
shows the US06 driving cycle, which contains the total driving time, speed, accel-
eration of the studied vehicle and slope of the road.

5.2.3 RWD machine parameters and thermal model

The studied motor EM1/RWD machine is designed to work with a 300V DC link
voltage, and to provide 14.3 kW continuous power and 30 kW peak power. The
field weakening ratio is 1:5 and the maximum speed of the motoris 15,000 rpm
at 150 km/h. The nominal torque is 40 Nm at 3,000 rpm and peak torque 100
Nm [81].
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Fig. 5.3 US06 driving cycle

The 8-node Lumped Parameter thermal model (model 3 in Fig.1)is presented
in Fig. 5.4 as developed in [82]. The chosen nodes are the winding active com-
ponent, the winding end component, the stator yoke, the stator teeth, the rotor
magnets, the rotor core, the rotor shaft and the bearings. The forced convection
inside the housing is considered to be the thermal resistance between node 1 and
ambient, which is not shown in Fig. 5.4. More information anddetailed settings
of the materials and boundary conditions of the thermal model of RWD machine
are presented in Chapter 5 in [81].

Fig. 5.4 Lumped Parameter Model for an electrical machine
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5.2.4 Loss maps

Losses in the simulated EM1/RWD machine are obtained by FEA simulations by
FEMM. Fig. 5.5 and 5.6 show the losses in the copper and statorcore at various
speeds and torques, respectively [3,81,82].

Fig. 5.5 Simulated copper loss in the stator

Fig. 5.6 Simulated core loss in the stator
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5.3 FEA thermal model with driving cycles

5.3.1 Driving cycles

A Short Loading Cycle (SLC), as shown in Fig 5.7, is one of the frequently used
driving cycles of wheel loaders (WL). This driving cycle starts with lifting of the
load from ground level (point 1) and moving backwards to the reversing point
(point 4) and then moving forward for several meters and avoid collision with
pallets already loaded onto the load receiver [83]. At point6 the WL stops, lowers
the load and places it on the load receiver’s deck, and then moves back to the
initial loading position (point 1) [83].

Fig. 5.7 Numbered sequence of actions in a short loading cycle, point 4 is the reversing
point, picture from [83]

5.3.2 Loss maps

Losses of the VCE machine are obtained by FEA simulations by Maxwell, Ansys.
Figs. 5.8 and 5.9 show the losses in the copper and stator coreat various speeds
and torques, respectively. The calculated loss in the rotormagnets are presented
in Appendix C.2.
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Fig. 5.8 Simulated copper loss in the stator at 120◦C of VCE machine

Fig. 5.9 Simulated core loss of VCE machine
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5.3.3 VCE machine parameter and thermal model

The EM2/VCE machine is designed to work with a 540 V DC link voltage, and to
provide 35 kW continuous power and 250 Nm continuous torque.The rated and
maximum speeds of the motor are 1335 rpm and 6000 rpm, respectively [84].

The 2D FE thermal model is a Volvo in-house developed thermalmodel based
on Gmsh as the geometry and meshing tool and Matlab as the solver and post-
processing tool. Detailed model building procedures are documented in technical
report [84]. Fig. 5.10 shows the geometry of the simulated VCE electrical ma-
chine, including the stator yoke, stator teeth, windings, winding insulation (the
thin layer between the windings and the stator teeth in Fig. 5.10) rotor magnet,
rotor iron, rotor shaft and glass fiber (the thin layer between the rotor magnet and
the air gap shown in Fig. 5.10), etc. The materials for the different parts of the
machine are listed in table 5.1. Boundary condition 1 to 4 (BC1-BC4) are set to
symmetrical and boundary conditions 5 to 8 (BC5-BC8) are setto convection.
There are six ’sensor locations’ which indicates the locations where the temper-
atures over time are of interest. Sensor 1 to sensor 6 correspond to stator tooth
opening, middle of the winding, stator yoke, shaft, rotor iron and rotor magnet,
respectively.

Fig. 5.10 Geometry, material, boundary conditions and sensor locations of the VCEelec-
trical machine thermal model
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Table 5.1: Materials list for 2-D FEA thermal simulation of VCE machine
Materials Thermal

conductivity
[W/(m·K)]

Specific heat
capacity
[J/kg/K]

Steel lamination 26.9 450
Winding 2 522
Insulation 0.2 1100
Slot wedge 0.4 1100
Epoxy 4260 0.5 1200
Carbon fiber 3.09 933
Aluminum 255 910
Magnets 5.8 460
Shaft 45 450
Air 0.03 1012

5.4 Cycle counter

Cycle counters are used to count the respective mean/average, amplitude/range/
depth, duration and total number of each cycle of a known load-time history.
The above-mentioned ’load’ could be temperatures or mechanical stresses. Ref-
erence [85] discusses 7 different cycle counting algorithms, which can be used
to decompose irregular thermal evolutions into frequencies/periods of depths and
number of temperature cycles and mean temperatures. In our study, two most of-
ten used algorithms are discussed and the resulting lifetimes are compared later.

5.4.1 Mean edge 2 cycle counter

Fig. 5.11 [86] shows an example of a temperature profile applied to either bear-
ings or windings. Based on this temperature profile, a weighted characteristic life
can be evaluated by Equation 5.1 [86] with a known steady state life at specific
temperatures. This cycle counting method (so called Mean edge 2 in [85]) counts
the small temperature cycles between every two turning points and computes the
mean of these maximum edges and minimum edges for the entire temperature
profile.
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Fig. 5.11 Example of a temperature profile

L =
h1 + h2 + h3 + · · ·+ hm

h1

L1
+

h2

L2
+

h3

L3
+ · · ·+

hm

Lm

(5.1)

where:
L is the average life time;
h1 is the time at temperatureT1;
h2 is the time to cycle from temperatureT1 to T3;
h3 is the time at temperatureT3;
hm is the time at temperatureTm;
L1 is the winding life at temperatureT1;
L2 is the winding life at temperatureT2;
T2 = T1+T3

2 andT4 = T3+T1

2 .

5.4.2 Rainflow cycle counter

Rainflow counting is another widely used method of estimating stress/strain hys-
teresis loops within the area of fatigue life estimation [85, 87, 88]. Compared to
the method discussed above, the Rainflow counting method is able to count the
deepest cycles [85] and also break down the middle depth cycles into small depth
cycles within a temperature or mechanical stress profile.

The basic Rainflow cycle counter algorithm is summarized as follows [89]:

1. Rotate the loading history 90◦ such that the time axis is vertically down-
ward.

2. Imagine a flow of rain starting at each successive extreme point.
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3. Define a loading reversal (half-cycle) by allowing each rainflow to con-
tinue to drip down these roofs until:
a. It falls opposite a larger maximum (or smaller minimum) point.
b. It meets a previous flow falling from above.
c. It falls below the roof level.

4. Identify each hysteresis loop (cycle) by pairing up the same counted rever-
sals.

With a given load-time history as shown in Fig.5.12, the rotated time load-
ing history is shown in Fig.5.13. The counted reversals and cycles are shown in
Table.5.2 and Table.5.3, respectively. Except for the cycle amplitude (range or
depth), cycle mean value, number of cycles, the cycle periodis also obtained
from Rainflow cycle counting, which is not shown in this example in Table.5.3.
With these output variables, Equation 5.1 is used to estimate the average lifetime
consumed after the machine is exposed to a certain temperature cycle.

Fig. 5.12 Example of a load-time history

Based on the basic Rainflow cycle counting technique, other improved Rain-
flow cycle counting methods are developed, such as three-point (recommend by
[88]) and four-point cycle counting methods [89].
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Fig. 5.13 Rainflow cycle counting the loading history

Table 5.2: Reversal counts based on the Rainflow counting technique [89]
No. of Reversals From To From To Range Mean

1 A D -5 4 9 -0.5
1 D A 4 -5 9 -0.5
1 B C 1 -3 4 -1
1 C B -3 1 4 -1
1 E H -4 3 7 -0.5
1 H E 3 -4 7 -0.5
1 F G 2 -1 3 0.5
1 G F -1 2 3 0.5

Table 5.3: Cycle counts based on the Rainflow counting technique [89]
No. of Cycles Path Range Mean

1 A-D 9 -0.5
1 B-C 4 -1
1 E-H 7 -0.5
1 F-G 3 0.5
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5.5 Lifetime model due to constant temperature

Electrical insulations (EI) and electrical insulation systems (EIS) are aged with
TEAM stresses, namely Thermal, Electrical, Ambient and Mechanical stresses
(Chapter 1.2). Each stress in relation to lifetime can be described by certain math-
ematical model as summarized in Tables 2.2 and 2.3. This section explains the
lifetime model resulting from constant temperatures.

5.5.1 Thermal Index and Arrhenius Law

The Arrhenius Law (also included in Table 2.2) describes therelation between the
insulation endurance and constant temperatures as shown inEquation 5.2

L = Ae(B/T ) (5.2)

where L is the insulation endurance in hours, T the absolute temperature in Kelvin,
A and B the constants for each insulation type, and e the base of natural loga-
rithms, separately.

The linear function shown in Equation 5.3 is obtained by taking logarithms at
both sides of Equation 5.2

Y = a+ bX (5.3)

where

Y = log10L

a = log10A

X = 1/T

b = (log10e)B

(5.4)

According to the standard [21, 26, 90], the temperature index (TI) N◦C of EI
or EIS is the temperature at which 50% of total population of the tested speci-
mens fail (i.e. L50), after 20,000 hours of exposure. Fig. 5.14 shows the relation-
ship between the temperatures and the logarithm of the thermal lifetime of enam-
eled wires. Four magnet wires with different coating materials, i.e. polyurethane,
polyester, polyester-imide and polyester plus polyamide-imide, are presented in
the plot, which correspond to TI of 155◦C, 180◦C, 200◦C and 220◦C, respec-
tively.
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Fig. 5.14 Steady state thermal life of magnet wires coated with different insulation mate-
rials [3]

5.6 Lifetime model due to cyclic mechanical stress

5.6.1 High cycle fatigue and low cycle fatigue

Fatigue is the weakening of a material caused by repeatedly applied loads [91].
It is the progressive and localized structural damage that occurs when a mate-
rial is subjected to cyclic loading [91]. If the loads are above a certain threshold,
microscopic cracks will begin to form at the stress concentrators [91].

There are two commonly used approaches to estimate the totallife induced by
cyclic mechanical stress of a material, which are Stress-Life approach and Strain-
Life approach. These two approaches are normally corresponding to high cycle
fatigue (HCF) and low cycle fatigue (LCF), respectively. Indetail, for LCF the
number of the cycles till failure is considerably shortenedbecause materials are
under high stress amplitudes with plastic deformations. Meanwhile, HCF refers
to fatigue which occurs above certain number of cycles whilethe materials still
work in their elastic regions.

For low cycle fatigue (LCF), Strain-Life model or Coffin-Manson equation
(5.5) is used [92] to describe the relation between the plastic strain ∆εp

2 and the
total number of cycles till failureNf .

∆εp
2

= B(Nf )
β (5.5)

whereB is the empirical constant known as the fatigue ductility coefficient, the
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failure strain for a single reversal andβ is the empirical constant known as the
fatigue ductility exponent [91].

As mentioned above, when the cyclic mechanical stress is high and the mate-
rials of interest are in their plastic deformation regions,the LCF model is valid.
However, if a material is working in its plastic deformationregion, the lifetime
of the material is much shortened. Materials show up to 1000 cycles of life if
they are in their plastic deformation region as reported in [92] and [93]. There-
fore, it is essential to design and operate machines so that materials, for instance
the insulation materials, can operate in their elastic regions. In this case, the high
cycle fatigue (HCF) model is valid. The HCF model or the Stress-Life model is
discussed in detail in the following section.

5.6.2 Stress-Life (S-N) model

Fatigue loading

In an electrified vehicle application, loadings of the electrical machines are very
dynamic. This leads to very dynamic stress-time histories which are similar to
the one shown in Fig. 5.12. Using a cycle counter proposed in Chapter 5.4 can
characterize the dynamic stress-time histories to typicalcycles and create certain
cycle spectrum as shown in Table. 5.3. Furthermore, for eachtypical cycle with
High Cycle Fatigue (HCF), the Stress-Life (S-N) relationship can be used to es-
timate the lifetime spending after the whole dynamic cycle is applied. The S-N
curves are derived from tests on samples of the material to becharacterized where
a regular sinusoidal stress is applied by a testing machine which also counts the
number of cycles to failure [91]. A typical stress load cycleis shown in Fig. 5.15.
Besides the frequency/period time, two of the parameters inTable 5.4 should be
defined to describe a cycle as expressed by Equation 5.6.

S = Smn + Sa sinωt (5.6)

S-N model of PAI coating

The tension fatigue curves of 4 different PAI insulation resins are shown in Fig. 5.16
[94]. In the later calculations, PAI 7130 is assumed to be applied as coating of
DAMID 200 wire. Typically, the stress-life (S-N) relation can be described by
the power law equation as in Equation 5.7. Furthermore, it can be derived into
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Fig. 5.15 Constant amplitude, constant frequency sinusoidal waveform

Table 5.4: Parameters used to describe fatigue spectra [92]
Maximum stress Smax

Minimum stress Smin

Stress amplitude Sa = Smax−Smin

2

Mean stress Smn = Smax+Smin

2

Stress range ∆S = Smax − Smin

Stress ratio R = Smin

Smax

Period T(sec)
Frequency f = 1

T (Hz)

Equation 5.8, which shows the linear relation between the stresses and number of
cycles to failure in a log-log scale.

N1 = N2(
S1

S2
)

1

b (5.7)

b =
logS1 − logS2

logN1 − logN2
(5.8)

The coefficient b in Equation 5.8 is found to be 0.1178 for PAI 7130 in
Fig. 5.16. Also, the fitted tension fatigue curve for PAI is shown in Fig. 5.17.

The tension fatigue curves in Fig. 5.16 and Fig. 5.17 are useful in predicting
the life of the PAI materials. However, it should be noted that the curves can
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Fig. 5.16 Tension fatigue curves of PAI insulation resins - measured

Fig. 5.17 Tension-Fatigue curve of PAI 7130 - fitted

be influenced by some factors for one specific material, for instance the types
of loading stress (Fig. 5.18). For a polished 0.3-inch-diameter steel specimen, a
lifetime of 103 cycles corresponds to 90%, 75% and 72% of the ultimate tensile
strength (Su) in bending, axial and torsion fatigue test, respectively,as shown in
Fig. 5.19 [93, p. 321].Sn

′

is the endurance stress limit of the tested steel in a
bending fatigue test.

For the stator windings, the induced thermal-mechanical stresses are a combi-
nation of axial stress and bending stress, which refers to shear stress and normal
stress on the coating layer in the FEA simulations, respectively. However, the S-N
curves in Fig. 5.16 are obtained with tension/tensile fatigue tests. Therefore, the
calculated lifetime is expected to be shorter than in the real application.
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Fig. 5.18 Different types of loading in fatigue tests [95]

Fig. 5.19 Generalized S-N curves for polished 0.3-inch-diameter steel specimens [93].

Therefore, a more comprehensive S-N fatigue map for PAI coating is needed
in order to more accurately estimate the lifetime loss due tomechanical wear. The
completed S-N fatigue map should cover the fatigue life at different combinations
of mean stress level and stress ratio (or two other parameters defined in Table 5.4),
which is similar to the one in Fig. 5.20.

Cumulative damage method

The S-N curve is applicable to constant amplitude fatigue asshown in Fig. 5.15.
However in many cases, including traction machine applications, variable ampli-
tude fatigue spectra are experienced. Therefore, a relationship between constant
amplitude fatigue with variable amplitude fatigue is needed. According to [92], a
simple method to use S-N data to predict variable amplitude fatigue is proposed
by Palmgren (1924) and further developed by Miner (1945). Miner assumed that
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Fig. 5.20 Constant life diagram for E-glass/polyester laminate based on S-N data for 13
R-values, three-parameter mean S-N model [96]

the total amount of work (W ) to cause failure in a sample, is a constant, regardless
of the amplitude of the fatigue. Therefore if the sample is subjected to a spectrum
loading consisting ofi blocks, where the work associated with each block iswi,
then:

Σwi = W (5.9)

Furthermore, Miner’s rule (also included in Table 2.2) assumes that the work
absorbed in a cycle is proportional to the number of cycles inthe block,ni, and
hence:

wi

W
=

ni

Nf
(5.10)

whereNf is the number of cycles to failure at the stress amplitude forthat particu-
lar block and can be obtained from the S-N curve. When the accumulated damage
occurs, Equation. 5.11 is met. This equation is also named Palmgren-Miner’s (P-
M) law or the linear damage accumulation model, which is usedin this study with
results presented in Chapter 7.5.3.

Σ
ni

Nf
= 1 (5.11)
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5.7 Statistics - Weibull distribution

Chapter 2.3.2 presents two different statistical models commonly used for accel-
erated life tests. This part focuses on the modeling of Weibull distribution.

A Cumulative Distribution Function (CDF) of a Weibull Distribution function
shown in Equation 5.12 [97,98] is used to calculate the relation between L10 and
L50 life (see Chapter. 5.5.1).

F (t) = 1− e−( t
η
)β (5.12)

whereβ is the shape factor, andη is the characteristic life parameter. Reference
[99] presents the database of the shape parameters for various types of equipment
and states that the value for AC and DC motors is between 0.5 and 3, with a typical
value of 1.2. Takeshi Hakamada [100] carried out break-downvoltage tests on 75
motors which had been used for 15 to 23 years and found out thatthe shape factor
for stator windings is between 1.8 and 2.8 for low failure machines. These two
sources report comparable shape factors for electrical machines. In the following
study, a shape factor of 1.2 is considered to be on the conservative side of life time
estimation, which results in an L50 life to L10 life ratio of 4.7.
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Chapter 6

Test set-up

This chapter explains the selection of relevant tests, describes the test procedures
and measurement techniques, and defines the test set-up and control strategies.
The tests are used to investigate the degradation mechanisms and understand the
degradation symptoms of the insulation material of enameled wires, the insulation
system of motorettes and insulation system of entire electrical machines. The test
results are presented in Chapter 7.

6.1 Enamel wire testing

Arrhenius Law in Table 2.2 is the most widely used rule to describe the lifetime
of an Electrical Insulation (EI) or an Electrical Insulation System (EIS) at dif-
ferent constant temperatures. In standards [21, 26, 101], the test approaches are
described in order to obtain the Temperature Index (TI) of enameled wire, insu-
lation material and polymer, respectively. In order to identify the TI of a material
or a combination of materials, several specimens of the material of interest are
tested when subjected to at least 3 elevated temperatures. Furthermore the Arrhe-
nius equation is derived to describe the thermal lifetime inrelation to different
constant temperature levels. The above-mentioned standards suggest that the test
specimens should be measured in a temperature controlled oven with good air
circulation, which exposes the specimens to an environmentat high temperature
and in the presence of oxygen. Therefore, the degradation that is measured and
concluded is mainly due to oxidation at constant high temperatures.
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As described in Chapter 2.2.2, a stator of an electrical machine in an electri-
fied vehicle is usually impregnated by trickle impregnation, dipping impregnation
or total encapsulation. The impregnation is applied to enhance the mechanical
strength, electrical insulation and thermal conductivityof the coils. However, the
application of impregnation materials prevents the exposure of the stator wind-
ings to the ambient air environment directly, thereby preventing the aging due to
oxidation of the coating of the enameled wires.

In [102, p.3] and [103, p.60], various degradation mechanisms of polymers
are reviewed. In [102], the degradation mechanisms of the thermal degradation
are compared both in the absence of oxygen and in the presenceof oxygen. Ac-
cording to [102], a pyrolysis reaction is the essential degradation reason for poly-
mers placed in a total vacuum or a completely inert and dry atmosphere. Poly-
mer pyrolysis contains three general mechanisms, namely random chain scission,
de-polymerization and side group elimination. In comparison, thermal oxidation
is the main degradation mechanism for polymer degradation in the presence of
oxygen and application of heat, which is the test atmospheredefined by the stan-
dards [21,26,101].

Therefore, the Thermal Index and Arrhenius equations of EI and EIS con-
cluded from the standard test methods are not necessarily valid to describe the
degradation of EI and EIS of electrical machines in electrified vehicles, when the
windings are exposed to no or a low content of air due to impregnation.

The tests below are carried out on enameled wires to investigate the thermal
degradation differences when the wires are aged in air atmosphere and when they
are aged in the absence of oxygen atmosphere, respectively.The study will also
suggest the necessity of introducing a new thermal aging test procedure for enam-
eled wires if they are used in absence of air condition. The tests on enameled
wires are performed together with Chemistry and Chemical Engineering depart-
ment, Chalmers University of Technology.

6.1.1 Test sample

The test object DAMID 200 enameled wire has two layers of coating, which are
polyesterimide as a base coat and polyamide-imide as a top coat [52]. This enam-
eled wire is chosen as a sample of interest due to the wide usage of its coating
materials. The wire is of 0.9 mm diameter including approximately 0.85 mm di-
ameter of copper.
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6.1.2 Thermal stress and Scanning Electron Microscopy (SEM)

Fig. 6.1 shows the schematic setup for thermal aging of enameled wires. As shown
in Fig. 6.1, a tubular furnace (Lenton, LTF14/25/180) is used for the convenience
of gas environment and flow control. One side of the furnace isconnected to a
source of gas; a tank filled with Ar or synthetic air (20% O2 + 80% N2), and the
other side is connected to an exhaust gas collector bubbled through water at room
temperature. For both tests with different gas environments, the gas flow rate is
controlled to approximately 20 ml/min. In addition, for both tests the same tem-
perature stress profile is created with a Eurotherm 2416 temperature controller: 1)
the furnace is slowly heated at the rate of 2◦C/min to 275◦C, 2) 275◦C is main-
tained for 168h and 3) the furnace is cooled down to room temperature with a
temperature change rate of 2◦C/min.

For each test, the enameled wires are cut into pieces of length 40 to 50mm. 6
pieces of enameled wires are placed in an alumina boat crucible and then placed
in the middle of the tube furnace as Fig. 6.1. After the thermal stress treatment,
the specimens are prepared for further Scanning Electron Microscopy (SEM) ob-
servations. The SEM is a type of electron microscope that produces images of a
sample by scanning it with a focused beam of electrons [104].The electrons inter-
act with atoms in the sample, producing various signals thatcontain information
about the sample’s surface topography and composition [104]. In our tests, the
SEM measurements are carried out by the Phenom ProX desktop scanning elec-
tron microscope, which utilizes the beam from a thermionic emission gun. For the
imaging mode, a 10-15 KeV beam is selected and both SecondaryElectrons (SE)
and Backscattered Electrons (BSE) detectors are applied.

Fig. 6.1 Schematic setup of thermal aging of coated sample
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6.1.3 Thermal Gravimetric Analysis (TGA)

Thermal Gravimetric Analysis (TGA) is a method of thermal analysis in which
changes in the physical and chemical properties of materials are measured as a
function of increasing temperature (with a constant heating rate), or as a function
of time (with a constant temperature and/or constant mass loss) [105]. TGA is
commonly used to determine selected characteristics of materials that exhibit ei-
ther mass loss or gain due to decomposition, oxidation, or loss of volatiles (such
as moisture) [105].

In our tests, the TGA are carried out on small pieces of new DAMID 200
enameled wires under Synthetic air (20% O2 + 80% N2) and Ar atmospheres,
respectively. Each test sample is cut into length of approximately 3 mm. In order
to subtract the contribution from the Cu oxidation, TGA is undertaken on the
same length of Cu wire without enamel from the same wire supplier. The mass
losses due to thermal stress within two different gas environments are observed
and compared thoroughly.

The TGA experiments are performed with a NETZSCH STA 409 PC instru-
ment as shown in Fig. 6.2. To ensure high accuracy for each experiment, a cali-
bration is performed before each test by subtracting the weight contribution from
the instrument, if any.

Fig. 6.2 Schematic setup for TGA measurement
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6.2 Motorette testing

In order to verify our hypothesis about the causes of EIS degradation under dy-
namic temperatures and to study the symptoms during degradation thereby im-
proving the condition monitoring methods, accelerated degradation tests are car-
ried out on segmented stators, i.e. motorette specimens. The motorette specimen
is defined in the subsequent section. The original plan was totest up to 8 mo-
torette specimens at once for each accelerated testing, so that the results could
reflect the statistical distribution. However, we start with testing a minimum of
two motorette specimens for each accelerated testing in order to learn the physics
of EIS degradation with cycled temperatures.

6.2.1 Test sample - segmented stator

The Volvo in-house designed traction machine (referred to as the VCE machine
in this document) is chosen as the study object. Four of the traction machines
are used as in-wheel propulsion for one wheel loader as shownin Fig. 6.3. The
reason for choosing this electrical machine as the further study object is that it is
a known design (geometries, materials, etc.) and that it is arelevant application.
Fig. 6.4 shows the stators in production in the Eldrivet project [106]. More in-
formation about the wheel loader driving cycles and VCE machine is included in
Chapter 5.3.

Fig. 6.3 Wheel loader with in-wheel drive traction electrical machines

For cost reasons, a minimized test object is designed. The test specimen before
impregnation with epoxy is shown in Fig. 6.5. It is part of theVCE machine that
has a concentrated winding in the stator (Fig. 6.4). The winding structure of the
specimen consists of 7 turns and 29 parallel strands, which are rather arbitrarily
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Fig. 6.4 Illustration of the VCE electrical machine stators

placed into the slot of the reference machine and are wound around the tooth of
the segmented stator. In addition, two water cooling channels are made in the iron
tooth of each specimen to simulate the cooling in the reference machine. The sin-
gle tooth test object is later on impregnated with epoxy by Vacuum and Pressure
Impregnation (VPI). The test specimen is hereafter referred to as the ’motorette’.
Fig. 6.9 shows the cross section of the motorette with epoxy impregnation.

Fig. 6.5 Stator segment motorette sample before epoxy impregnation

The figure at the left of Fig.6.6 shows one of the first designedmotorettes
which suffered from water leakage after some thermal cycle stressing. In the first
design, the cooling channels of a motorette are drilled in the back of the stator
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tooth. There are several possible reasons for the water leakage, which are listed
below to avoid similar failures in other relevant studies.

1. Mismatches between the connector (illustration at the left of Fig.6.6) and
the internal thread in the iron back. The thread in the iron back was not
easy to drill due to insufficient material thickness at iron back;

2. Missing O-rings and other sealing between the connector and the iron back
thread;

3. Thermal mechanical stress loosened the connections.

Fig. 6.6 Initial design of the test sample with water leakage (left) and the connectorsfor
cooling channels (right)

In order to avoid water leakage, the design of the cooling ducts was improved
(Fig. 6.7) by modifying the following design areas:

1. Cutting the cooling ducts at the top of the iron back;

2. Silver welding of the cooling metal tube to the cut groove to ensure good
heat transfer;

3. Moving the problematic connectors outside the impregnated motorette.

Another improvement of the second generation of motorettesis the strand
distribution inside a slot as shown in Fig. 6.8. In comparison to the 1st group
of motorettes (left side of Fig. 6.8), the improvements to the distribution of the
windings in the slots of the 2nd group of motorettes (right side of Fig. 6.8) are
made as follows:

1. The wires are concentrated into the slot by fixing the tightening plate more
firmly to the stator core (bottom illustration in Fig. 6.7);
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Fig. 6.7 Second design of the test sample with cut grooves (top) and the finalized motor-
rette before impregnation with silver welded metal tubes acting as cooling ducts
(marked in the yellow box) (bottom)

2. A slot wedge is added at the slot opening as it is used in the stator of the
real machine;

3. Piecies of insulation paper between the tightening plateand windings are
added to represent the insulation paper pieces between two winding phases
inside a slot of the VCE machine stator.

Fig. 6.8 Cross section of the 1st group (left side) and 2nd group (right side) of the designed
and produced test motorettes

The lesson that is learned from the specimen design and production is to keep
the designed specimen as simple as possible to only include the materials/parts

86



6.2. Motorette testing

of interest (stator, windings and other insulation materials, etc.) and leave the rest
outside the test specimen (cooling system and so on) to avoidunexpected fail-
ures. Also, good communication between the designer and themanufacturer and
between different departments within the manufacturing company is extremely
important.

6.2.2 Temperature sensor locations and thermal stresses

Five PT100 temperature sensors are placed inside each motorette specimen. Four
of them, as shown in Fig. 6.9, are present to capture the temperature distribution
at different locations and they are in the middle of the axialdirection. The ’wind-
ing 2’ sensor is located in the end winding and cannot be shownin this illustration.
The hot spot is identified by means of both simulation and testing, and its temper-
ature is controlled by controlling a DC current power supplyand a cooling water
pump.

Fig. 6.9 Cross-section showing temperature sensor positions

6.2.3 Test rig

The test rig for accelerated tests with motorettes is built in-house as shown in
Fig. 6.10 and Fig. 6.11. The rig is designed with a capacity totest a maximum of
8 samples simultaneously, taking into account the statistical nature of the lifetime
test. Each motorette is placed inside a thermally insulatedbox. The cycled tem-
perature is created by controlling the electrical current and forced water cooling,
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which represents the heat generation and dissipation, respectively, in a real ma-
chine. The rig could be expanded for an accelerated lifetimetest with E-field re-
lated stress, including voltage amplitude and frequency variations. Between a cer-
tain number of thermal cycles, SoH/condition monitoring measurements are made
for each specimen to keep track of the health status. Table. 6.1 lists the hardware
and software used for the Volvo in-house built test rig. The control schematics are
shown in Appendix A.

Fig. 6.10 Test rig sketch for accelerated tests
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(a) Test rig built for accelerated tests - view 1 (in-
cluding control hardware)

(b) Test rig built for accelerated tests - view 2 (ex-
cluding control hardware)

Figure 6.11: Test rig built for accelerated tests

Table 6.1: Components list of the test rig for accelerated tests on motorettes
Name Function
PSI 9000 3U, Electro-Automatik high current DC power

supply for motorette heating
Peripheral pump P, Sawa pump used for motorette cooling
ACS 150 drives, ABB speed controller for pump

electric motor
Flow divider,
in house design and produced

to divide the cooling flow
between 8 motorettes

Flow valves, Parker to adjust the flow rate
through each motorette

Swissflow 800 flow meter to measure flow
rate for each motorette

Thermocouples to measure inlet and outlet temperatures
for each motorette and water tank

Field Point (FP),
National Instrument (NI)

data logging and data conversion

Labview,
National Instrument (NI)

control software
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6.3 Electrical machine testing

During the above-mentioned accelerated degradation tests, the condition monitor-
ing measurements are carried out on motorettes and detailedset-ups are described
in Chapter 6.4.1. One of the important findings is that the insulation capacitance
shows a clear trend during the degradation. Therefore, a study of an on-board
monitoring method to utilize the capacitance changes as an indication of traction
machine degradation is carried out via a master thesis project within the doc-
torate project. The details are documented in a master thesis [107]. Two PMSM
machines of different sizes are tested with the purpose of verifying the on-board
off-line method, and the two machines are briefly described in the following sec-
tions.

6.3.1 Test object 1

The main test object for this on-board off-line measurementmethod is the RWD
electrical machine described in Table 2.6 and Chapter 5.2.3. More information
about the LTH in-house designed machine can be found in Chapter 2, Chapter 3
and Appendix A in [108]. A picture of the machine is shown in Fig.6.12.

Fig. 6.12 RWD machine/EM1 [75]
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6.3.2 Test object 2

In order to study the applicability of the prognostic methodto a larger electrical
machine for traction, the on-board off-line measurement method is also tested
on a machine which is designed for electric hybrid heavy vehicles. The studied
machine is an oil cooled, 6-pole, 80/180 kW (continuous/peak power) PMSM
with distributed windings and a V-shaped magnet arrangement utilizing reluctance
torque [109]. The base speed of the electric traction machine is 6,000 rpm and the
maximum speed is 15,000 rpm. More information about this in-house designed
machine can be found in [109]. This machine is also used for a sensitivity study
for the temperature dependency of the measurement method. For the convenience
of discussion, this machine is namedEM3. A picture of the machine inside a
temperature chamber is shown in Fig.6.13.

Fig. 6.13 EM3 placed inside a temperature insulated chamber [107]

6.4 Measurements for State of Health (SoH) and fail-
ure

The definitions of ’on/off-line’ and ’on/off-board’ condition monitoring methods
are given in Chapter 2.5. In our studies, both ’Off-board off-line’ and ’on-board
off-line’ measurements are investigated. The test set-upsare described below and
the results are presented in Chapter 7.
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6.4.1 Off-board off-line

To understand the degradation mechanisms during the accelerated degradation
testing, off-board off-line tests are applied on the motorettes.

The DC polarization current and AC impedance measurement approaches are
performed between the windings and the iron core and betweenthe randomly
grouped parallel strands of the machine windings. The above-mentioned mea-
surements can furthermore be used to perform and analyze a short series of mea-
surements: 1) initial measurement, 2) thermally loading and 3) repeated measure-
ment at initial conditions [47]. The detailed set-up and measurements results are
presented in this Chapter and in Chapter 7, respectively. The measurements be-
tween windings are performed by dividing the parallel strands of 29 wires into
two groups of 14 and 15 strands randomly and it provides a great advantage that
the winding insulation state of health and degradation can be estimated between
these two groups and along the whole length of the windings.

Fig. 6.14 shows the original plan of the test setup with the functions of 1)
heating up the sample under test to a predetermined temperature while SW1 re-
lays are on; 2) applying a DC voltage pulse and measuring the polarization current
at temperatures of interest for 300 seconds while the SW2 relay is on. The high
current power supply is a PSI 9000 3U from Elektro Automatik and the DC volt-
age is supplied by a Glassman FJ2P60, with the polarization or leakage current
measured by a Keithley 6485 picoammeter. However, the leakage current of the
relay when it is off is in a similar range to the leakage current to be measured
of the test objects. Therefore, the automatic switch between current supply and
voltage supply is not used. Manual disconnection and connection have to apply
for these measurements.

The capacitance between the two grouped strands and betweenthe winding
and ground is measured by Gamry Reference 3000 potentiostats. One open end of
each of the two strands is connected to the Gamry potentiostats and the other open
end is attached to a 50 KΩ resistance due to the measurement range limitation of
the Gamry equipment.

The inductance and resistance of winding conductors are also measured by
Gamry Reference 3000 potentiostats with the whole winding (not split as previous
case) connected in series with Gamry.
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Fig. 6.14 Circuit diagram for heating up and measuring the polarization current ofa single
tooth sample [47]

6.4.2 On-board off-line

This section explains the implementations of the on-board off-line measurement
method carried out on the entire machines (see Chapter 6.3) and mainly quotes
the master thesis [107].

First a short voltage step is applied across the phases of theelectrical machine
in the vehicle. This voltage step can be as short as 10µs. The voltage step is gen-
erated by the power converter going from the lower short circuit switching state
(0,0,0) to switching state (1,0,0) (or an equivalent switching state). This corre-
sponds to applying the DC-link voltage across the phases as depicted in Fig. 6.15.
The transient current response that occurs as a result of this voltage step is then
measured [107]. By means of data post-processing of the logged current and then
by comparing the high frequency current response at different usage times, the
current signatures are shifted at different ages of the machines, this being caused
by changes in the parasitic capacitance during degradation. The block diagram in
Fig. 6.16 shows the simplified connection for the test set-up. Table 6.2 describes
the functions of the various components needed for this typeof measurement. The
measurement results are presented in Chapter 7.
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Fig. 6.15 Equivalent circuit of electrical machine when a voltage pulse is generated by
drives

Fig. 6.16 Block diagram of the off-line on-board test set-up

Table 6.2: List of components for on-board off-line condition monitoring
Name Function
cRIO, NI machine control
Power converter machine drive
PMSM tested object
Tektronix A6303
and AM 503

current sensing and amplifying

Red Pitaya A/D converter and data logging
for high frequency current
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Chapter 7

Experiment and simulation
results

The results obtained from the tests and simulations are presented in this chapter.
The purpose is to evaluate the tests proposed in Chapter 6, identify the relations
between load, time and degradation of electrical insulation systems (EIS) and
connect the experimental results with theoretical analysis.

This chapter starts with the test results of the enameled wires. The test results
demonstrate the thermal aging difference of the coatings ofwires in the environ-
ment with and without air, respectively. The thermal aging difference observed
from the tests, indicates that the thermal aging mechanismsof the coating could
be different with and without complete encapsulation (see Chapter 2.2.2). After-
ward, the test results from the motorette testings are presented. Both the measured
data before (i.e. the initial state) and during thermal cycle aging are presented and
compared to the previous defined simulations. Next, resultsobtained from system
simulations (Fig. 5.1) are presented on both VCE machine andRWD machine
(defined in Chapter 5). In the end, results from the on-board off-line condition
monitoring is briefly discussed and the results are mainly referred to the master
thesis presented in [107].
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7.1 Results of enamel wire testing

The setups for the tests performed on enameled wires are described in Chapter 6.1.
The results from the SEM and TGA measurements are presented below.

7.1.1 Tube furnace aging and SEM results

The first visual inspection shows significant difference between the samples treated
in the two different gas conditions with 275◦C of 168 hours. As shown in Fig. 7.1,
the coating of all the air treated samples show delaminationat the end of the test.
Whereas, the coating of all the Ar treated samples becomes darker than the same
enameled wires when they are brand new, but without delamination. As a result
of the delamination, the mass loss of the air treated sample is much higher than
the Ar treated sample.

Fig. 7.1 Picture of the enameled wires after thermal stress of 275◦C for 168 hours seated
in the alumina boat crucible

In order to further investigate the surface changes of the enameled wires after
the thermal treatment with the exposure to different gases,SEM measurement is
applied.

Fig. 7.2 compares the thermally aged enameled wire surface in a low magni-
fication, where the bright part is Cu and the dark part is polymer coating. Despite
of the bottom part of Fig. 7.2 (b), which is due to the cut edge when preparing
the sample rather than aging, the comparison clearly show that the damage of the
same coating in air is much sever than it in Ar. Furthermore itindicates that the
thermal degradation rate of the coating is much faster in Airthan in inert gas.

The air aged and Ar aged samples are observed with high magnifications of 5k
times and 17-20k times and presented in Fig. 7.3 and Fig. 7.4,respectively. Due
to the combustion/oxidation of the polymer coating in air, the Cu wire is exposed
and discontinued as in Fig. 7.3 (c) and Fig. 7.4 (e). In comparison, the Ar aged
sample shows that the coating surface is continued as in Fig.7.3 (d) and Fig. 7.4
(f). However, with the highest magnification in Fig. 7.4 (f),the Ar treated sample
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shows small ’particles’ or ’bubbles’ at the left part of the picture. This might be
the early phase of coating delamination. This early phase ofdelamination could
result in sudden changes of dielectric properties, such as the insulation resistance
and capacitance, before the final failure of delamination.

Fig. 7.2 SEM images of enameled wires after thermal stress under gas stream ofair (a)
and argon (b)

Fig. 7.3 SEM images (5K times) of enameled wires after thermal stress under gasstream
of air (c) and argon (d)
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Fig. 7.4 SEM images (17-20K times) of enameled wires after thermal stress under gas
stream of air (e) and argon (f)

7.1.2 TGA test

TGA tests (see Chapter 6.1.3) are carried out on enameled wire (coating + copper)
and pure copper samples. Each type of specimens is tested in Ar or Air, separately.
The mass losses of enameled wire sample (curve 1 and 4) and pure copper sample
(curve 2 and 3) are shown in Fig. 7.5. They-axis shows the residual mass change
[%] compared to the initial mass and the temperature change [◦C] (the dotted-
line), and thex-axis shows the TGA measurement time (minute) including 2 hours
isothermal stage at 400◦C. In comparison to curve 1 which represents the mass
loss of enameled wire in Ar, curve 4 shows higher mass loss when enameled
wire is in synthetic air. However, the mass loss of pure copper occupies a large
proportion in the total mass loss of enameled wires, from theexposure to heat and
different gases (curve 2 and 3).

Fig. 7.6 compares the effective mass change [%] of the coating material in air
and inert gas. The effective mass change is calculated by subtracting the percent-
age mass loss of the pure Cu from that of the enameled wire. Thefigures at the
left and right side of Fig. 7.6 are the effective mass change of coating before and
after the 2 hours of isothermal stage, respectively. A higher coating mass loss is
observed from the exposure to air than to Ar. The values obtained from the tests
in air and Ar corresponds to 0.27% and 0.18% before the isothermal stage, and
0.18% and 1.65% after the isothermal stage, respectively, with the measurement
accuracy± 0.0003%. Fig. 7.6 also shows that the effective mass loss of coating
increases steadily first and decreases sharply at around 380◦C in Ar environment.
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Fig. 7.5 Comparison of TGA results under inert (Ar) and Air (20% O2+80% N2) atmo-
sphere of enameled wire and pure Cu wire. Percentage of mass change is indicated
for each sample. The bump under Air (on sample 3, 4 around 30 min) is artifact
from external noise

In comparison, the sharp decrease starts at a bit lower temperature around 310◦C
in synthetic air. The coating material becomes unstable at lower temperature in
the presence of oxygen than absence of oxygen.

In other words, if the high temperature oxidation is considered as the only
degradation cause of polymer coating, the complete impregnation of windings
should prevent the enameled wire coating from oxidation, thereby prolonging
its lifetime. However, from the accelerated degradation tests of motorettes with
complete impregnation, it shows that the lifetime of windings of motorettes is
shorter than the lifetime estimated by Arrhenius equation (results are presented
in table 7.5). The Arrhenius equations are obtained with standard tests and the
enameled wires are tested with constant high temperatures in the presence of air.
Whereas, the accelerated aging tests of motorettes are carried out with cycled tem-
perature and the wires and the wires are not directly exposedto air due to the com-
plete impregnation. This emphasizes the motivation to lookfor other degradation
mechanisms when the wire coatings in EIS is exposed to cycledtemperatures.

7.2 Results of motorette testing - initial state

Two different motorette designs are discussed in Chapter 6.2.1, which show dif-
ferent winding distributions (see Fig. 6.8) and requires different ways (Fig. 6.7) of
producing the cooling channels. The studies on the insulation resistance (IR) at the
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(a) Effective mass loss [%] before 2 hours of
isothermal stage

(b) Effective mass loss [%] after 2 hours of
isothermal stage

Figure 7.6: Comparison of effective mass loss [%] in inert (Ar) and Air (20%
O2+80% N2) atmosphere of enameled wire and pure Cu wire

initial state, i.e. before the exposure to the accelerated aging tests, of the motorette
specimens are carried out on one of the 1st group of specimens before impregna-
tion with epoxy. The studies of the insulation capacitance (IC) at the initial state
of the motorette specimens are carried out on eight samples of the 1st group of
specimens with complete impregnation with epoxy. The purpose of the these two
studies is to gain a deeper understanding of the condition monitoring methods
(see Chapter 6.4.1), namely the DC leakage current and the ACimpedance mea-
surement. After exposing the 1st group of specimens to the long term accelerated
aging testing, the water leakages are found, and therefore the 2nd group of spec-
imens are produced with the re-design. However, the well-understood condition
monitoring methods are still valid. Hence, the verified methods are continued to
be implemented on the 2nd group of specimens in the accelerated aging testings
in the later studies.

In short, the test results presented in Chapter 7.2 are obtained from the tests
with 1st group of specimens with and without epoxy impregnation. Theresults
presented in Chapter 7.3 are obtained from accelerated aging testings with 2nd

group of specimens with epoxy impregnation. A list of all motorette specimens
used in the studies are summarized in Appendix B.1.

In the following discussions, two terms, ’winding-to-winding’ and ’winding-
to-ground’, are often used. The IR and IC of ’winding-to-winding’ or ’between
windings’ are measured between the two randomly grouped strands (defined in
Chapter. 6.4.1). The data of ’winding-to-ground’ or ’between the windings and

100



7.2. Results of motorette testing - initial state

ground’ are obtained from the measurements between all strands inside the slot
and the ground. The simplified illustrations of these measurements are shown in
Fig. 3.2. Besides, the inductance in the following discussions is the value mea-
sured on all strands inside the slot.

7.2.1 Transient and steady state of the polarization current

Transient polarization current

The DC polarization currents and the resulted dielectric resistances between wind-
ings are studied in detail below. Fig. 7.7 [47] shows the dielectric resistance, which
is derived from the polarization current. They are measuredat four different tem-
peratures and each of the current is measured for 2 minutes at900 V. The tem-
peratures are measured with the PT100 sensor in the middle ofthe active winding
(sensor 1 in Fig. 6.9).

The measurements show that the leakage current increases though the dielec-
tric resistance decreases with the increased temperature.Besides, the insulation
resistance decreases with time at one constant temperature.

Theoretically, when the step voltage is applied over the dielectric material, the
positive and negative charges become oriented thus formingdifferent dipoles [110].
The dielectric polarization is the result of a relative shift of positive and negative
charges in a material [110]. During these processes, the electric field is not able to
force the charges to escape from the material, which would cause inherent electric
conduction [110]. In [47, 110, 111], the equation of the transient leakage current
after applying a step voltage (Equation 7.1) and the equation of insulation resis-
tance at steady state (Equation 7.2) are derived. The first and second part of Equa-
tion 7.1 represent the conductivity and the activation of the different polarization
processes of the sample, respectively [112]. The last part with the delta function
cannot be recorded in practice due to the large dynamic rangeof the current and
can be neglected [110].

ip(t) = (
σ

ε0
+ f(t) + εrδ(t))C0Uc (7.1)

whereσ is the conductivity,ε0 permittivity of vacuum (8.85419-12), f(t) the di-
electric response function,εr the relative permittivity,δ(t) the delta function aris-
ing from the suddenly applied step voltage att = 0 andC0 the geometric or
vacuum capacitance of the tested sample, separately [47].
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Uc

ip(tss)
= Cgme−λθ (7.2)

whereCgm andλ are the global dielectric resistance coefficients,θ the tempera-
ture,ip(tss) the polarization/leakage current at steady state, separately.

Fig. 7.7 Transient dielectric resistances measured at different temperatures

Steady state polarization current

Table 7.1 shows the dielectric resistances obtained at 2 minutes at the four differ-
ent temperatures. After the curve-fitting of the measured values (Table 7.1), the
coefficients of Equation 7.2 are obtained. It describes the relationship between the
dielectric resistances and temperatures of the tested object. Fig. 7.8 compares the
measured points and the fitted curve.

Table 7.1: Steady state dielectric resistance at differenttemperatures
Temperature [◦C] 22 38 47 54
Uc/ip(tss) [TΩ] 1.68 1.88 2.54 3.15

Uc

ip(tss)
= Cgme−λθ = 4.912e−0.02θ (7.3)

Apart from the numerical expressions presented above, we learned that the
leakage current and insulation resistance are temperatureand time dependent.
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Fig. 7.8 Dielectric resistance changing with temperatures for both measured (red) and fit-
ted (blue) values

Hence, in order to make fair comparisons to further indicatethe degradations,
IR measurements should be made at the same temperature and atthe same time
after the step voltage is applied. Taking these factors intoaccount, for the IR mea-
surements in the later studies (Chapter. 7.3), the high voltage DC power supply
and the Picoammeter (test setup in Chapter 6.4.1) are well synchronized by Lab-
view control. All the IR measurements are carried out at roomtemperature. The
DC voltage level are all set to 1300 V and lasts for 5 minutes toreach the steady
state of the leakage current. If tests are repeated on one sample, enough ’rest’ time
between every two tests is needed. It is at least equal to the time that the high volt-
age was applied in the previous IR test. This is to ensure thatall charged dipoles
from the previous IR measurement are fully discharged.

7.2.2 Insulation capacitance

The insulation capacitance (IC) is less temperature dependent compared to the
insulation resistance (IR). The presented values in this part are measured at two
locations, which are between windings and between winding and ground. The IC
measurement are carried out at room temperature on the 1st group of specimens
with complete epoxy impregnation at the initial state.

An example of the measured phase and angle (blue dotted-line) of a motorette
impedance is shown in Fig. 7.9. It is measured between 0.001 Hz and 10 MHz
AC frequency. The measured data is fitted to a parallel resistance-capacitance
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electrical circuit to derive the insulation capacitance value. Good fit between the
measurement curve (blue dotted-line) and the fitted curve (green solid-line) is
observed as shown in Fig. 7.9.

Fig. 7.9 An example of a measured (blue dotted-line) and a fitted (green solid-line)phase
and angle of the impedance of a single tooth sample at room temperature

Fig. 7.10 and 7.11 show the measured IC of 8 different motorette samples
between windings and between winding and ground, respectively. The values are
in the range of 14.5 nF - 16.5 nF and 0.41 nF - 0.44 nF, between the windings and
between the windings and ground, respectively.
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Fig. 7.10 Initial insulation capacitance between two randomly grouped paralleled wind-
ings

Fig. 7.11 Initial insulation capacitance between the windings and ground
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7.3 Results of Motorette testing - degradation and
failure

7.3.1 Thermal cycles of accelerated degradation tests

A deeper understanding of the condition monitoring methods, in terms of insula-
tion resistance (IR) and insulation capacitance (IC), is obtained by studying the
measurements of the unused motorette specimens. The verified condition moni-
toring methods are carried out periodically on the motorette samples during ac-
celerated degradation testings when thermal cycles are applied. Table 7.2 shows
the information of the three different temperature cycles applied for the acceler-
ated tests. The cycled temperatures are measured at the hot spot of the segmented
windings, i.e. via the sensor ’winding 1’ in Fig. 6.9. The measured changes of IR
and IC due to the long term cyclic temperatures are presentedin the parts below.

Table 7.2: Tested thermal cycles
Cycle No. θmin [◦C] θmax [◦C] τdec [s]

#1 210 230 150
#2 190 210 250
#3 180 200 250

7.3.2 Parameters changes during thermal cycle degradation

Thermal cycle #1

Six motorette specimens (called S1 to S6) are subjected to thermal cycle #1. Two
motorette specimens (called S7 and S8) are used as references, which are not
subjected to the cycled temperature.

The measured IC [nF] between winding and ground are presented in Fig. 7.12.
The dark and the light gray bars represent the IC of specimensat initial state
and after exposed to thermal cycle #1 for 47 hours, respectively. As a result, the
changes [%] of IC of the 6 specimens are shown in Fig. 7.13. They are calculated
by the division of the absolute IC change of each specimen in the accelerated test
by the average value of IC of the two reference specimens.

Low insulation resistances (a couple ofΩs) between windings of the mo-
torettes are observed after the exposure to thermal cycle #1for 47 hours. Com-
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pared to the IR of 260 GΩ - 350 GΩ at the initial state (Fig. 7.14), the small IR
indicates short circuits between windings hence failures of the motorettes. Also,
the decrease of inductance in the range of 3% - 43% (Fig. 7.15)is observed after
the accelerated test, which is considered as another indication for failure. The IC
between the windings and ground is decreased from 0.40 nF - 0.45 nF (unused
motorettes) to 0.33 nF - 0.37 nF (failed motorettes) as shownin Fig. 7.12, which
corresponds to the capacitance changes of approx. 12% - 18% (Fig. 7.13).

Fig. 7.12 Measured insulation capacitance [nF]between winding and groundfor multi-
ple motorette specimens before and after thermal cycle #1 applied for 47hours

Fig. 7.13 Measured changes of insulation capacitance [%]between winding and ground
for multiple motorette specimens before and after thermal cycle #1 appliedfor
47 hours
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Fig. 7.14 Measured insulation resistance [GΩ] between 2 randomly grouped strandsfor
multiple motorette specimens before thermal cycle #1 applied

Fig. 7.15 Measured changes of winding inductance [%] for multiple motorette specimens
before and after thermal cycle #1 applied for 47 hours
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(a) GΩ unit (b) P.U. unit

Figure 7.16: Measured insulation resistancebetween 2 randomly grouped
strands for two motorette specimens during degradation with thermal cycle #2

Thermal cycle #2

Two motorette samples (called S1 and S2) are subjected to thermal cycle #2 in the
accelerated aging testing.

The measured insulation resistance (IR) [GΩ] and insulation capacitance (IC)
[nF] in relation to degradation time between windings are presented in Fig. 7.16(a)
and 7.17(a), respectively. The change of IC [nF] between thewinding and stator
core/ground is shown in Fig. 7.18(a).

For the convenience of comparisons, the Per Unit (P.U.) values are derived and
plotted in Fig. 7.16(b),7.17(b) and 7.18(b) for the above-mentioned parameters.
The P.U. value of one sample is defined as the measured parameters (IR or IC or
inductance) during the degradation testing divided by the same parameters at the
initial state.

Low insulation resistances between windings are observed at approx. 190
hours of this degradation test as shown in Fig. 7.16(a), which indicates the failure
of the motorettes.

From previous experiences, a steep change of IC is expected at the very early
stage of degradation. Therefore, one more IC measurement iscarried out at ap-
prox. 25 hours, which results in 6 measured points of IC but 5 measured points of
IR of each specimen.
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(a) nF unit (b) P.U. unit

Figure 7.17: Measured insulation capacitancebetween 2 randomly grouped
strands for two motorette specimens during degradation with thermal cycle #2

(a) nF unit (b) P.U. unit

Figure 7.18: Measured insulation capacitancebetween winding and groundfor
two motorette specimens during degradation with thermal cycle #2
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Thermal cycle #3

Two motorette samples (called S1m and S2m) are subjected to thermal cycle #3
in the accelerated aging test.

The measured insulation resistance (IR) [GΩ] and insulation capacitance (IC)
[nF] in relation to degradation time between windings are presented in Fig. 7.19(a)
and 7.20(a), respectively. The changes of IC [nF] between the windings and the
stator core/ground are shown in Fig. 7.21(a). The Per Unit (P.U.) values are shown
in Fig. 7.19(b), 7.20(b) and 7.21(b) for the above-mentioned parameters. The P.U.
calculation is defined in the previous section.

Sudden increases of IR between the windings are observed at approx. 290
hours as shown in Fig. 7.19. Correspondingly, the IC betweenthe windings show
a slightly faster decreases than the previous trends as presented in Fig. 7.17. At
the same time, sudden decreases of the winding inductance are observed as shown
in Fig. 7.22. All these phenomenons indicate the failure of the two motorettes.

Two more condition monitoring points (i.e. IR, IC and inductance) are col-
lected after the failure occurring. As shown in Fig. 7.19, 7.17 and 7.22, it seems
that the failed motorettes are ’re-balanced’ and the degradation is continued from
the new ’starting point’ at approx. 290 hours.

The measured IR is higher of the 1st group of specimen without epoxy impreg-
nation (in the range of severalTΩ as shown in Chapter. 7.2.1) than that of the 2nd

group of specimens with epoxy impregnation (in the range of hundreds GΩ). The
main reason is that air has higher electrical resistivity than the epoxy matrix (see
Table. 3.1). However, it does not mean that air is a better electrical insulator than
epoxy because the dielectric strength of air (3 MV/m [53]) ismuch lower than
that of the epoxy (19-21 MV/m [49]). Another reason could be that the distance
between the two randomly grouped strands of the 1st group of specimens could
be larger than that of the 2nd group of specimens (see Fig. 6.5). As a result, the
total equivalent IR of the latter specimen is lower due to thedecreased insulation
thickness.
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(a) GΩ unit (b) P.U. unit

Figure 7.19: Measured insulation resistancebetween 2 randomly grouped
strands for two motorette specimens during degradation with thermal cycle #3

(a) nF unit (b) P.U. unit

Figure 7.20: Measured insulation capacitancebetween 2 randomly grouped
strands for two motorette specimens during degradation with thermal cycle #3
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(a) nF unit (b) P.U. unit

Figure 7.21: Measured insulation capacitancebetween winding and groundfor
two motorette specimens during degradation with thermal cycle #3

Fig. 7.22 Measured winding inductance [µH] for two motorette specimens during degra-
dation with thermal cycle #3
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Test results comparisons and curve fitting

As shown in Fig. 7.16 and Fig. 7.19, the insulation resistance (IR) between wind-
ings changed differently in relation to the aging time, whenthe motorettes were
exposed to thermal cycle #2 and #3. In detail, the IR show slower declines at the
beginning compared to the later reductions, during the degradation process of the
motorettes exposed to thermal cycle #2. In comparison, whenthe motorettes are
exposed to thermal cycle #3, increase of IR is observed first (at approx. 50 hours),
followed by the decrease during the rest of the degradation process before the fail-
ures occur. The increased IR at approx. 50 hours could be caused by extra curing
of the coating and epoxy at this cycled temperature level. After the assumed ad-
ditional ’curing’, a rapid decrease of IR is observed and then the reduction pace
is slowed down, which is opposite to the IR changes of the motorettes exposed to
thermal cycle #2.

The changes of insulation capacitance (IC) in relation to the degradation time
between windings and between winding and ground are discussed as below. The
IC changes of the motorettes [P.U.] exposed to thermal cycle#2 and #3 at both
locations are shown in Fig. 7.23 and 7.24. In both measurement locations, de-
creases of IC are observed during degradation. Approx. 5% - 6% and 12% - 14%
of IC decrease are obtained between windings and between winding and ground,
respectively, during the degradation of motorettes exposed to thermal cycle #2.
The corresponding figures are 4% - 6% and 11% - 12% respectively of motorettes
exposed to thermal cycle #3. This is a strong indication thatthere is a value in
studying the IC changes of the electrical machines by the on-board off-line con-
dition monitoring method presented in Chapter 6.4.2.

The IC changes [P.U.] in relation to degradation time [hours] are fitted to
Equation 7.4 with two exponential parts. Both IC changes between the windings
and between the windings and ground in thermal cycle #2 and #3are fitted. The
fitted coefficients with 95% confidence bounds are summarizedin Table. 7.3.

ICP.U. = a · eb·time + c · ed·time (7.4)

If the changes of one parameter under one thermal cycle are compared over
time, the rate of life loss at different age of the EIS is not linear, although the same
load is applied. Therefore, using the superposition methodto accurately estimate
the residual useful life (RUL) of EIS is difficult. The accurate RUL estimation
relies on complete look-up tables or equations of the changes of properties of
EIS in relation to time and different loadings. These look-up tables or equations
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Table 7.3: Fitted polynomial coefficients of insulation capacitance changes versus
degradation time

a b c d
Thermal cycle #2 (S1)

between windings 0.046 -0.056 0.955 -5.44·10-5

between winding and ground 0.107 -1.33 0.893 -1.65·10-4

Thermal cycle #3 (S1m)
between windings 0.028 -0.048 0.972 -7.73·10-5

between winding and ground 0.066 -0.107 0.943 -1.78·10-4

have to be obtained by more tests, which are similar to the ones presented in this
Chapter 7.3.

Fig. 7.23 Comparison of measured insulation capacitance [P.U.]between 2 randomly
grouped strandsduring degradation with thermal cycle #2 and #3
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Fig. 7.24 Comparison of measured insulation capacitance [P.U.]between winding and
ground during degradation with thermal cycle #2 and #3
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7.4 Comparisons between modeling and testing of
motorette

7.4.1 Condition monitoring of motorette

The condition monitoring parameters, i.e. insulation resistance (IR) and insula-
tion capacitance (IC) are compared between the simulationsand measurements in
this section. The IR and IC between the windings are focused below because the
values at this location reflects the state of health of all windings inside a slot and
is more difficult to simulate accurately than the ones between the windings and
ground. The comparisons are carried out on the 2nd group of specimens with com-
plete epoxy impregnation (right side of Fig. 6.8). The values before (referred as
’initial state’ below) and during the accelerated degradation testings are discussed.

As discussed in Chapter 3.5, the values of IR and IC between windings at the
initial state are varied with different winding distributions and thicknesses of the
insulation materials. With the constant coating thicknessof 25µm (defined by the
data-sheet of the enameled wire of interest) and with the varied epoxy thickness
of 50 µm - 120µm, the simulated IC is in the range of 10 nF - 19 nF by the
analytical model. At the initial state, the measured IC between the windings are
between 14 nF and 16 nF as shown in Fig. 7.17(a) and 7.20(a), which are within
the range of the simulation results.

With geometrical properties given above, at the initial state the simulated IR
between windings is approx. 610 GΩ according to analytical model. In compar-
ison, the measured IR is slightly lower and is in the range of 260 GΩ - 410 GΩ
as shown in Fig. 7.14,7.16(a) and 7.19(a). At initial state,the differences of the
measured IR between different specimens could be induced bythe producing pro-
cess or by the different winding distributions when the two paralleled strands are
grouped for condition monitoring. The slightly lower IR in the measurements than
the simulations could be because that the actual coating thickness is thinner than
the simulated value (25µm in the simulations) or the actual volume resistivity
of coating is lower than the simulated value (2·1015Ωm in the simulations). The
coating volume resistance could be influenced by the additional curing process
with the epoxy impregnation. However, the simulated and themeasured IR are in
the same order of magnitude. In the following sensitivity studies, the volume re-
sistance of coating in the model is tuned to 1.2·1015Ωm at the initial state, which
corresponds to an IR of 360 GΩ and is within the range of the measured IR.
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The sensitivity studies are carried out with the varied volume resistances and
different thicknesses of coating. The changes of volume resistance represent the
irreversible changes of the coating property due to degradation. Fig. 7.25 shows
the IR of the EIS in relation to the volume resistivity and thethickness of coating.
Similar sensitivity study could be made for IC of the EIS withthe analytical model
but is not included in the thesis.

Fig. 7.25 Simulated IR of EIS versus the volume resistivity and the thickness of coating

From another perspective, the analytical model could be used to estimate the
gradual changes of the dielectric properties of coating during aging, if the IR and
IC of EIS are measured and the geometrical properties of the insulation materials
are known. One example is given in Fig. 7.26. It shows the gradual changes of the
volume resistance of coating when motorette is exposed to thermal cycle #2. The
values in this figure are derived by the analytical model and based on the measured
IR of the motorette during degradation (Fig. 7.16) and with coating thickness of
25µm.

Regarding to the studies about insulations, it is always a question that whether
the accelerated degradation testings should be performed on an electrical insula-
tion (EI) material or on an electrical insulation system (EIS). The benefit to test EI
individually is that the measured dielectric properties are generic, which can be
applied to other calculations. However, it is hard to emulate the stresses induced
between materials as in a real application, which could be achieved by the testings
of EIS. Modelings like the one discussed above are essentialto connect the mea-
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Fig. 7.26 Simulated global insulation resistance changes with different local volumeresis-
tivity and thickness of coating

sured EIS properties (i.e. IC and IR) with the dielectric properties of individual
material at the initial state and during the process of aging.

7.4.2 Failure and lifetime of motorette

To define the failure of a motorette is challenge because the failure can arise at
different locations inside the stator segment. Therefore,the resulted ’symptoms’,
i.e. the measurement results by condition monitoring, could be different. In this
study, too low IR between windings or between winding and ground (temperature
cycle #1 and #2) or steep change of winding inductance (temperature cycle #1
and #3) are all considered as failure of the motorettes. It isdifficult to use one
condition monitoring method to locate all possible failures in a stator. Instead, a
combination of condition monitoring methods are required.To connect the mea-
sured failure ’symptoms’ of the motorettes (or electrical machines) to the specific
failure locations, modeling of the failures are required. However, the modeling of
different types of failures are beyond the scope of this thesis, which is an interest-
ing future work.

The lifetime of a motorette is decided when a failure occurs.The measured and
estimated lifetime of the motorette are compared below. Twoestimated lifetimes
by the Arrhenius Law and the thermal-mechanical fatigue arecompared below.

The thermal-mechanical stresses are calculated for the three different thermal
cycles (see Table. 7.2). The maximum and minimum stresses and the respective
stress ratios are presented in Table 7.4. Furthermore, the lifetime of the EIS ex-
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posed to the cycled thermal-mechanical stresses are calculated and presented as
’LT 3’ in table 7.5. LT 1 and LT 2 represent the lifetime of the EIS estimated by
Arrhenius law with Thermal Index (TI) 200◦C and TI 180◦C of the coating, re-
spectively. It shows that the lifetime estimated by Arrhenius law is much longer
than the measured lifetime when the EIS is exposed to the tested thermal cycles.
In contrast, the lifetime estimated by thermal-mechanicalfatigue model is more
accurate.

In order to comment on the confidence level of the measured lifetime, more
samples should be tested. This is beyond the scope of this research and is an
interesting future work.

Table 7.4: Maximum stress [MPa] with epoxy thickness of 0.05mm and CTE of
155 ppm/◦C with boundary 3 and 4 free to move

Maximum stresses at peak temperatures
and stress ratio (Smin

Smax
)

Cycle #1 230◦C 210◦C stress ratio
123 111 0.9

Cycle #2 210◦C 190◦C stress ratio
111 100 0.9

Cycle #3 200◦C 180◦C stress ratio
105 94 0.895

Table 7.5: Tested thermal cycles and corresponding lifetime
Cycle No. θcycle [◦C] LT 1

[hour]
LT 2
[hour]

LT 3
[hour]

tested
[hour]

#1 210-230 4,255 949 30 <47
#2 190-210 24,999 4,256 119 150-180
#3 180-200 64,172 9,456 192 250-290

7.4.3 Design improvement

Simulations in Chapter 4.3.5 show that the thermal-mechanical stress of coating of
the enameled wire is reduced by replacing the epoxy 4260 withthe LORD epoxy.
Furthermore, if the EIS with the LORD epoxy is exposed to the same thermal
cycles, the induced mechanical cycle of the coating, in terms of mean value is
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lower, compared to that of the EIS with epoxy 4260. If the amplitude/depth of the
thermal-mechanical cycles are similar for the two EIS, the degradation of coating
due to thermal-mechanical fatigue is slowed down and the lifetime is prolonged
for EIS with the LORD epoxy. However, the accelerated aging tests are not carried
out on the motorettes molded with the LORD epoxy due to the time limitation.

Thermal tests are carried out to compare the temperatures ofthe motorettes
with epoxy 4260 and with the LORD epoxy. Two motorettes (one of each epoxy
impregnation) are thermally isolated to the surroundings and are heated by DC
current through the windings. The hot spot temperatures (measured by sensor
’winding 1’ in Fig. 6.9) at steady-state are compared in Fig.7.27. The blue and
the red curves show the temperature-versus-current of the motorette impregnated
with Epoxy 4260 and with LORD Epoxy, respectively. The motorette impreg-
nated with the LORD epoxy shows 40◦C lower at hot spot than the motorette
impregnated with Epoxy 4260 at DC current 100 A. One example of the FEA
steady state thermal simulation of the motorette with LORD epoxy is attached in
Appendix. C.1.

Fig. 7.27 Measured temperature comparisons of the two motorettes with two different
epoxy impregnation: blue-Epoxy 4260, red-LORD epoxy

7.5 Results of system simulations of the VCE ma-
chine

The system simulation is illustrated by the flowchart 5.1. The application of it is
demonstrated below, via the simulations of the VCE machine.
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(a) Speed requirements for VCE machines(b) Torque requirements for VCE machines (red:
front wheel; blue: rear wheel)

Figure 7.28: Speed and torque requirements for VCE electrical machines

7.5.1 Temperature distribution

The speeds and torques of the VCE machines (see Fig 7.28) are obtained after
driving with Short Load Cycle (SLC) of the wheel loader. The SLC driving cy-
cle of the wheel loader is demonstrated in Chapter 5 and each of the SLC lasts
for 35 seconds. A total of 200 cycles are simulated. The speeds and torques of
the electrical machines in front and in rear wheel are represented by the red and
blue curve, respectively. The electrical machines in the front wheel are exposed
to a tougher load cycles with much higher torque demands thanthe ones in the
rear wheel. Because the pallet basket is in the front, thereby shifting the center of
gravity of the wheel loader to the front of the vehicle. Taking this factor into con-
sideration, thermal and lifetime simulation is focused oneof the traction machines
in the front wheel below.

The temperature distribution of the electrical machine in front wheel is ob-
tained as shown in Fig. 7.29(a). The thermal steady state of the machine is reached
after 200 SLC driving cycles. The temperature in the middle of the windings, sta-
tor tooth and stator iron back are presented by the blue, red and black curves,
respectively. The hot spot temperature is observed in the middle of the windings.
Also, the simulation results show that the temperatures in the stator are more dy-
namic than the temperatures in the rotor (i.e. rotor shaft, rotor yoke and magnet).
The hot spot temperature is zoomed in between approx. 6,100 second and 6,300
second as shown in Fig. 7.29(b). In this figure, each temperature cycle between
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(a) Overview of the temperature distribution(b) Zoom in for temperature at middle of windings
between approx. 6,100 s and 6,300 s

Figure 7.29: Temperature distribution of the VCE machine after driving 200 times
of SLC

approx. 145◦C and 150◦C corresponds to one SLC driving cycle of 35 seconds.

7.5.2 Lifetime by Arrhenius Law

The Rainflow cycle counter is applied for the hot spot temperature of the VCE
machine. The result is presented in Fig. 7.30, where ’X-ampl’, ’Y-mean’ represent
the amplitude ((θmax − θmin)/2) and the mean value ((θmax + θmin)/2) of a
temperature cycle in [◦C], respectively. The values inz-axis are the number of
temperature cycles that are calculated by the cycle counter. The most frequent
thermal cycles are summarized in Table. 7.6.

Table 7.6: Typical thermal cycles of the VCE machine after driving with 200 times
SLC cycles

Name Mean [◦C] Amplitude [◦C] No. of cycles
A 149.9 6.2× 10−5 84
B 147 2 47
C 148 2.5 31.5

The thermal cycle A (see Table. 7.6) mainly represents the extremely small
depth of cycles, for instance the ones between approx. 6,500s and 7,000s. Though
the total number of cycles of thermal cycle A are about twice of the cycle B and
C (see Table. 7.6), the duration of each cycle B and C is much longer than that
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of cycle A. As a result, the thermal cycle B and C dominate the life loss in this
application. Besides, the cycle with the greatest depth is the one with mean and
amplitude of 112.2◦C and 37.5◦C (0.5 cycles), respectively, and it represents the
overall temperature between 0 to 7,000s.

Fig. 7.30 Result from Rainflow cycle counter of the hot spot temperature (blue curve in
Fig. 7.29(a))

The L10 lifetimes of the EIS estimated by Arrhenius Law of enameled wires
(see Equation 5.3 and Fig. 5.14) are given in Table 7.7. ThreeEIS include enam-
eled wires of different thermal grades are studied. One example of estimated life
loss (in [%]) of the stator EIS of the VCE machine after driving with 200 times of
SLC, is shown by the blue curve in Fig. 7.31. It is calculated with the enameled
wire of Thermal Index (TI) 155◦C.

Table 7.7: Estimated lifetime of the stator EIS of the VCE machine with different
enameled wires

TI of enameled wire [◦C] L10 lifetime [hours]
155 9,684
180 122,312
200 625,564
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7.5. Results of system simulations of the VCE machine

Fig. 7.31 Life loss (in %) of the stator EIS with the enameled wire of TI 155◦C after 200
times SLC

7.5.3 Thermal-mechanical stress and fatigue lifetime

The simulated thermal-mechanical stress versus time of thecoating exposed to the
hot spot temperature (see green curve in Fig. 7.31) is shown in Fig. 7.32(a). The
thermal-mechanical stress is simulated with epoxy thickness of 0.05 mm, CTE of
155 ppm/◦C and boundary 3 and 4 free to move. The simulation result is zoomed
in between approx. 6,100 second and 6,300 second as shown in Fig. 7.32(b) .

The mean, amplitude and number of cycles of the thermal-mechanical stress
are calculated by the Rainflow cycle counter. The result is shown in Fig. 7.33,
where ’X-ampl’, ’Y-mean’ represent the amplitude and the mean value of the
thermal-mechanical cycles in [MPa], respectively. The values inz-axis are the
number of thermal-mechanical cycles that are calculated bythe cycle counter.
One of the typical cycles is identified with mean and amplitude of 46.1 MPa and
0.98 MPa, respectively, and the respective number of cyclesis 106. For example,
the cycle between approx. 6,200s and 6,240s in Fig. 7.32(b) can be described by
this type of cycle.

The estimated lifetime of the EIS due to mechanical fatigue is 14,780 hours
with the thermal-mechanical profile in Fig. 7.32(a). This mechanical fatigue is
described by the stress-cycle life (S-N) equation (Fig. 5.16) of coating 7130. The
simulation results show that if the windings are made with enameled wires of TI
180◦C or 200◦C, the EIS will fail because of the thermal-mechanical stresses in-
duced by thermal cycles rather than high average temperature. In other words, a
high thermal grade of enameled wires does not always ensure along thermal life-
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(a) Overview of the thermal-mechanical stress dis-
tribution of coating

(b) Zoom in of the thermal-mechanical stress dis-
tribution of coating between approx. 6,100 and
6,300s

Figure 7.32: Mechanical stress of coating induced by thermal stress of the VCE
machine stator after running 200 times of SLC

time of the EIS if it is exposed to dynamic or cycled temperature. The dynamic
thermal-mechanical stress on coatings, which is induced bythe dynamic tempera-
ture and the interaction between the coating and the surrounding materials, results
in mechanical fatigue of the coating furthermore fatigue ofthe EIS.

The thermal-mechanical fatigue lifetime of the EIS is calculated from the S-N
curve of the coating 7130 and it is obtained from the fatigue test of stress ratio
0.9. However, the stress ratios of the stress cycles in Fig. 7.33 is much smaller.
Therefore, the simulated thermal-mechanical fatigue lifetime of the EIS is shorter
than that is in reality. However, the data of stress-life (S-N) curves of the coat-
ings are not completed to make more accurate estimation. More fatigue tests with
different mean stresses and stress ratios need to be performed on the coatings of
interest, which is an interesting future work.

To conclude, the application of the system simulation (Fig.5.1) is demon-
strated via the simulations of the VCE machine with the SLC driving cycle in this
section. Both the FEA thermal and the FEA thermal-mechanical simulations are
carried out to estimate the temperature distribution and the mechanical stresses
due to the dynamic loadings of the machine, respectively. Furthermore, the re-
sulted thermal and thermal-mechanical stresses are used tocalculate the lifetime
losses caused by thermal oxidation and mechanical fatigue of the coating of in-
terest, respectively. The lifetime of the EIS of the VCE machine is eventually
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7.6. Results of system simulation of RWD machine

Fig. 7.33 Result from Rainflow cycle counter of the maximum mechanical stress ofwind-
ing coating (Fig. 7.32(a))

determined by the shorter lifetime among the two calculatedabove.

7.6 Results of system simulation of RWD machine

The results of a system thermal simulation of the RWD machine are discussed
in this section. The lifetime estimations by Arrhenius Law are also presented to
compare the two cycle counting methods defined in Chapter. 5.4. The system
thermal simulation is an integration of a drivetrain model of a hybrid electrical
car and a Lumped Parameter Analysis (LPA) thermal model of the RWD machine.
Both models are built and integrated by Matlab Simulink.

The LPA thermal model (Fig. 5.4) is verified against tests andpresented in
[3,82,108]. The temperature distribution of the RWD machineafter driving with
the US06 driving cycle is shown in Fig. 7.34. The temperatures at the middle of
end and active part of the windings are shown by the red and magenta curves,
respectively, which are the first and second highest temperatures of the machine.

The ambient temperature is set to 70◦C in accordance with the average coolant
temperature at the inlet. As shown in Fig. 7.34, the hot spot temperature is below
180◦C at most of the time but with two peaks exceeding 180◦C for a short while.
The frequent accelerations and regenerative brakes of the vehicle rise the average
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Fig. 7.34 Temperature evolution of RWD machine over US06 driving cycle

temperatures and leads to frequent temperature cycles of the electrical machine
because of the demands of the high and dynamic torques. The increased tempera-
tures and the frequent cycles between 500 and 600 second are due to such factors.

However, the thermal steady state of the machine has not beenreached af-
ter one US06 driving cycle in this simulation. The hot spot temperature slightly
exceeds 200◦C when the driving cycle is terminated. If the same loadings and
cooling are continued, over-heating will occur eventually. Therefore, an improve-
ment of the cooling system of the RWD machine is required to accommodate the
high way driving condition.

In the following calculations, we assume the temperatures of the machine
are cooled to the ambient temperature of 70◦C before the next driving cycle is
started, therefore the temperature cycle as Fig. 7.34 can berepeated. The lifetime
of the RWD machine estimated by the two different cycle counters is shown in
Table. 7.8.

Table. 7.8 shows the lifetime of the EIS with enameled wires of TI 155◦C,
180◦C and 200◦C, respectively. Shorter lifetime is observed if the dynamic hot
spot temperature is processed by the RainFlow cycle counterthan that by the
Mean edge 2 method, when other conditions are identical. It is because that some
of the deep and long period cycles, which can be captured by the RainFlow
counter, cannot be captured by the Mean edge2 counter. RainFlow cycle counting
algorithm, which slightly overestimates the lifetime, helps the designer to choose
the machine windings from the safe side.
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Table 7.8: Estimated lifetime of RWD machine by Arrhenius Law
TI of enameled
wire [◦C]

Lifetime by mean
edge 2 [hours]

Lifetime by Rain-
flow [hours]

155 4,773 2,495
180 24,389 20,550
200 124,741 105,104

7.7 Results of on-board off-line diagnostic tests

As discussed in Chapter 7.3.2, insulation capacitance (IC)decreases between
windings and between winding and ground during degradation. Approx. 4% to
6% and 11% to 14% of capacitance changes are observed at the two locations be-
fore failures, respectively. Therefore, the on-board off-line method is investigated
via a master thesis [107] within the Ph.D. project. The test objects and test set-up
are presented in Chapter 6.3 and Chapter 6.4.2, respectively. Some of the results
are picked from the thesis [107] and presented below.

Fig. 7.35 illustrates the simplified equivalent circuit of the parasitic capaci-
tance of the studied machines (see table 2.6 and Chapter 6.3). One of the mea-
surements is carried out on the RWD machine with and without a simulated fault.
The simulated fault is simulated by connecting a 1 nF capacitor in parallel with
one phase winding. The DC excitation voltage of 50V is applied for 10µs. The
means of applying the excitation voltage is discussed in Chapter 6.4.2. As a result,
the measured currents for both cases (with and without simulated fault) in the time
domain and the frequency domain are shown in Fig. 7.36. The two currents in the
frequency domain show clearer differences than they are in the time domain. For
instance, the second and the third peaks of the current amplitudes are observed at
a lower frequency with the 1 nF capacitor.

Different sensitivity studies are carried out and presented in [107]. Some in-
teresting findings are highlighted as follows:

1. The measurement method shows good repeatability on both small and
large sized PMSM machines (see Fig. 5.2 and 5.3 in [107]);

2. The current responses are independent on the rotor positions once the cur-
rent sensor location is fixed (see Fig. 5.4 and 5.5 in [107]);

3. The current responses are independent on temperatures asshown in Fig. 7.37(a);
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Fig. 7.35 Simplified equivalent circuit of parasitic capacitance for electrical machines and
simulated fault with a capacitor paralleled to one phase winding [107]

4. The cable capacitance between the drive and machine influences the total
measured capacitance and therefore influence the current (see Fig. 5.11
and 5.12 in [107]). Placing the sensors close to the machine of interest is
recommend;

5. High frequency current sensor and A/D converter are needed. Approx. 15
MHz current sensing and logging are required to measure the currents in
Fig. 7.36.

In conclusion, the parasitic capacitance is gradually changed with aging of EIS
of electrical machines. This diagnostic method provides a means to indirectly keep
track of the above-mentioned changes by recording the high frequency current
when switch on the six-bridge converter to any switching-state of the drive and
comparing them over time. A clear connection between the high frequency current
and the parasitic capacitance relies on detailed FEA and circuit simulations and
has not been established in this study, which is an very interesting future work.
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(a) Current responses in time domain (b) Current responses (absolute value) in fre-
quency domain

Figure 7.36: Current responses without (blue line) and with(red line) simulated
fault

(a) Current response (absolute value) of EM 3
(defined in Chapter 6.3) at room temperature
and at steady state 55◦C

(b) Current response with varied levels of
simulated degradation represented by different
sizes of paralleled capacitors (Fig. 7.35)

Figure 7.37: Current responses in frequency domain - examples from sensitivity
study
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Chapter 8

Conclusions and future work

This chapter concludes the results and describes the limitations of the research.
Furthermore, some interesting future investigations are proposed.

The usage of the electrical machines for traction purposes is investigated by
system thermal modeling. The model uses driving cycles and drivetrain param-
eters of the studied vehicles as inputs and simulates the temperature distribution
within the traction electrical machines. Two thermal simulation methods, FEA and
LPA are applied on two types of electrical machines (the VCE machine and the
RWD machine, see Chapter 5) used for a wheel loader and a car, respectively, and
are simulated with their corresponding driving cycles. Both simulations identify
the middle of the machine winding bundles as the hot spot. Besides, it is observed
that the temperatures in the stator are quite dynamic over time compared to the
temperatures in the rotor. The simulated hot spot temperature in relation to time is
the input to further estimate the lifetime of the electricalinsulation system (EIS)
due to the dynamic temperature loading in the stator.

The accelerated aging testings are carried out for both enameled wire and
motorette specimens to identify the degradation mechanisms of the EIS. For the
motorette specimens, numerical simulations are implemented to estimate the mea-
surement ranges to further understand the measurements. Major findings from
both the accelerated aging tests and numerical simulationsare discussed below.

Comparison tests with accelerated temperatures are carried out on enameled
wires in different gas environments with and without the presence of oxygen.
These tests represent stator windings without and with complete encapsulation,
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respectively. Compared to the thermal aging in air, longer lifetime is obtained
for the same enameled wire under the same temperature, but inthe absence of
air. In other words, if the high temperature oxidation is considered as the only
degradation cause of polymer coating, the complete impregnation of windings
should prevent the enameled wire coating from oxidation, thereby prolonging its
lifetime.

However, from the accelerated degradation tests of the motorettes with com-
plete impregnation, it shows that the lifetime of the winding coatings of the mo-
torettes is shorter than the lifetime estimated by Arrhenius equations as shown in
table 7.5. The Arrhenius equations are obtained with standard tests of enameled
wires and the wires are tested with constant high temperatures in the presence
of air. Whereas, the accelerated aging tests of motorettes are carried out with
cycled temperatures and the wires are not directly exposed to air due to the com-
plete impregnation. This emphasizes the motivation to lookfor other degradation
mechanisms when the wire coatings in EIS is exposed to cycledtemperatures.

The mechanical fatigue induced by cycled temperature is assumed to be the
other degradation mechanism. We studied this mechanism through thermal- me-
chanical modeling and fatigue data of the wire coating material. The thermal cycle
lifetimes estimated by thermal-mechanical stress simulations and S-N relation of
coating material are closer to the lifetime obtained from accelerated tests com-
pared to the estimated lifetime estimated by the Arrhenius law.

From a lifetime estimation perspective, if electrical machines with complete
encapsulations are exposed to dynamic loading, the thermal-mechanical stress
analysis of the primary electrical insulation, i.e. the winding coating, followed
by a fatigue life estimation based on Inverse power law and Miner’s rule (see Ta-
ble 2.2) is proposed. This simulation together with the lifetime estimation based
on Arrhenius law (see Table 2.2) represents the degradationcaused by cycled
temperature and average high temperature, respectively. The dominating degrada-
tion mechanism among the two above-mentioned factors is defined as the one that
results in a shorter lifetime, despite the linked degradation effects between these
two. The dominating degradation mechanism is different fordifferent types of
machines due to distinctive driving cycles, material properties, slot filling-factors
etc. However, the use of a simplified single wire geometry to estimate the worst
case scenario has its limitations and future studies using multiple wires of a full
slot might provide a more precise conclusion.

Both the tested and simulated lifetime shows that the thermal-mechanical fa-
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tigue is the dominating degradation mechanism for the studied VCE machine with
complete encapsulation. The thermal-mechanical fatigue is most likely caused by
the high thermal expansion ratio of the epoxy matrix material, which induces
relatively high cycled thermal-mechanical stress on enameled wire coatings and
also leads to the mechanical fatigue. Therefore, from an electrical machine design
perspective, decreasing the thermal-expansion ratio of the epoxy from the root
will eventually weaken the degradation mechanism caused bythermal-mechanical
stress under cycled thermal loadings. For this reason, a LORD epoxy was tested
for its thermal performance and simulated for its thermal-mechanical stress. Com-
parison tests of LORD epoxy and epoxy 4260 show that a lower temperature is
obtained for the motorette with the LORD epoxy with the same current loading.
Together with a lower thermal expansion ratio, the LORD epoxy induces lower
thermal-mechanical stress on coatings compared to the original epoxy 4260. How-
ever, LORD epoxy has a higher density and is more rigid than epoxy 4260, there-
fore its performance in vehicles generating high frequencyvibrations would be
interesting to investigate.

Based on the insights into the importance of thermal-mechanical stress dis-
cussed above, one relevant interesting future study is to look into the possibility
to directly measure the mechanical stress in windings induced by cycled temper-
atures. In order to achieve this, further studies of stress sensors and their imple-
mentation are essential.

Another important result of the accelerated aging tests is the measured trend of
the dielectric parameters changes during degradation of EIS by the the condition
monitoring approaches.

We propose a new approach to measure the health condition of the insula-
tion inside the winding bundles through measuring the insulation resistance (IR)
and insulation capacitance (IC) between two randomly separated strands of wind-
ings. Numerical simulations are utilized to understand andestimate the expected
measurement ranges. Because of the random distribution anddistance between
wires inside a slot, the numerical model is not precise in calculating the IR and
IC exactly, but it is useful when calculating expected ranges. The test results of
the motorettes at the initial state are within the predictedrange by simulations.
Furthermore, the analytical model was used for the further sensitivity studies. The
sensitivity studies show that the IR of the EIS is mainly contributed by the coat-
ing of wire since it has much higher electric resistivity than the epoxy and the
IC of EIS was contributed by both the coating and the epoxy dueto their similar
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dielectric constant.

Using the information provided by the simulations of the motorettes at initial
state, the analytical model is used to simulate the propertychanges of the EIS
caused by the degradation of the coating. This provides an opportunity to under-
stand the link between the individual EI material and the composed EIS. However,
in these models, the property change of individual EI is simplified by assuming
that each wire segment inside a slot is aged in the same manner. This assumption
may be different in reality, considering the temperature gradients of winding bun-
dles in a slot (see Fig. 4.10). More advanced models of the condition monitoring
should be developed to include this effect.

The parameter changes of EIS during the three accelerated degradation tests
are recorded with the above-mentioned condition monitoring methods. The tests
show that the IR in relation to degradation time display different trends, but the
IC changes display similar trends at different levels of temperature cycle. Results
from the IC measurements are used for further on-board condition monitoring.
Besides, compared to the IC measurement, the IR measurementis based on mea-
suring low leakage current of the insulation system and is therefore very sensitive
to the environment, such as temperature, humidity, etc. Thus the IR measurement
can easily be applied in controlled lab environment, but difficult to be utilized
as an on-board approach. The on-board condition monitoringapproach, which is
based on the theory that the parasitic capacitance changes during degradation, is
investigated further in this study via a mater thesis. In this measurement, a volt-
age pulse excitation is set by switching the motor drive converter from the zero
state to any other switching state, and furthermore the corresponding current is
measured. Because of the parasitic capacitance change during degradation, the
current magnitude and frequency, in the frequency domain changes accordingly.
The measurement approach shows high repeatability and little dependency on
temperatures. However, the current sensor sampling rate required for this type
of measurement is much higher than the control need. A deeperunderstanding
between the measured current and parasitic capacitance is required to identify a
threshold current (the current level at which severe degradation is starting) and it
has to rely on more detailed FEA and circuit modeling, which can be an important
future study.

The lifetime modeling method (approach A) (Fig.5.1) and themeasurements
of the parameter changes of the EIS during degradation by condition monitor-
ing (approach B) discussed above are also two approaches forprediction of State
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of Health (SoH) or Residual Useful Life (RUL) of electrical machines. Both ap-
proaches must rely on knowledge of the electrical machine usage. The difference
is that approach A relies on the degradation database of the critical EI material (for
instance the changes of volume resistance of coating) and the lifetime modeling
of the EIS, whereas approach B relies on a degradation database of the EIS of mo-
torettes or entire machines (for instance the changes of IR)and most importantly
the measurement feedback. The two above-mentioned degradation databases are
both obtained from extensive tests with stresses of interest at different mean and
amplitude levels. Completing the databases by comprehensive tests are important
for future studies of SoH or RUL prediction. The tests with motorettes and com-
plete machine are much more expensive than tests with individual materials.

Several important issues regarding the motorette production are observed.
Since motorettes are seldom the standard products of any electrical machine man-
ufacturer, procedures for designing and producing motorettes are not standard-
ized. From the design point of view, there is a balance between the simplification
of the motorette to save cost of materials and the oversized test equipment and
its ability to represent the real winding slot and all types of stress that insulations
could be exposed to. It is also important to keep the potential irrelevant failures of
the assisting system (see cooling water leakage problem in Chapter 6.2) outside
the motorette during the accelerated aging tests. From a production point of view,
since it is not a standard manufacturing procedure, communication between the
designer and the manufacturer as well as between different departments along the
production line is quite important to ensure that the final motorettes are produced
as expected and in a repeatable fashion (example as Fig. 6.8).
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Appendix A

Control schematics of the
accelerated aging test rig

In this appendix, the control schematics of the accelerateddegradation tests are
attached.
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Appendix A. Control schematics of the accelerated aging test rig

Fig. A.1 Control schematics for accelerated aging test - logging of flow rates, temperatures
of motorette iron and coolant
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Appendix A. Control schematics of the accelerated aging test rig

Fig. A.2 Control schematics for accelerated aging test - logging of motorettes temperatures
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Appendix A. Control schematics of the accelerated aging test rig

Fig. A.3 Control schematics for accelerated aging test - control of power supply, cooling
pump, radiator pump, radiator fans
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Appendix B

Motorette specimen

B.1 List of motorette specimens

This appendix summarizes the motorettes used for conditionmonitoring and ac-
celerated degradation testings.

Total
number
of speci-
mens

Name Function

1st group of specimens

1 -
To study the insulation leakage current or the
insulation resistance (IR) at transient and steady
state when specimens are new

8 S1-S8
To study the insulation capacitance (IC) when
specimens are new

2nd group of specimens

8 S1-S8
S1 to S6 are used to study both the IR and the IC
during degradation with thermal cycle1 #1. S7
and S8 are the reference samples.

2 S1,S2
To study both the IR and the IC during
degradation with thermal cycle #2

2
S1m,S2m

To study both the IR and the IC during
degradation with thermal cycle #3
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Appendix B. Motorette specimen

B.2 An example of the measured winding hot spot
temperature

Fig. B.1 shows an example of the measured hot spot temperatures of the six mo-
torettes tested simultaneously.

Fig. B.1 Measured hot spot temperature in windings of the 6 motorette specimens inac-
celerated test (thermal cycle #1, defined in Table 7.2)

1Thermal cycles are defined in Table. 7.2
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Appendix C

Examples from FEA
simulations

C.1 FEA thermal simulation

Fig. C.1 shows an example of FEA thermal simulation in steady-state on the mo-
torette with LORD epoxy.

Fig. C.1 Example of steady-state FEA thermal simulation with LORD epoxy as impreg-
nation material at 100 A
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Appendix C. Examples from FEA simulations

C.2 Loss simulation

Fig. C.2 shows the eddy current loss in magnets of the VCE machine from the
FEA electromagnetic simulation.

Fig. C.2 Simulated eddy current loss in magnets of VCE machine
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Appendix D

Abbreviations

EV Electrified Vehicles
TEAM
stresses

Thermal, Electrical, Ambient and Mechanical stresses

EI Electrical Insulation
EIS Electrical Insulation System
DC Direct Current
AC Alternating Current
SoH State of Health
LV Low Voltage
MV Medium Voltage
HV High Voltage
IM Induction Machine
SRM Switch Reluctance Machine
RM Reluctance Machine
PMM Permanent Magnet Machine
PMSM Permanent Magnet synchronous Machine
ICE Internal Combustion Engine
OEM Original Equipment Manufacturer
PAI Polyamideimide
PEI Polyetherimide
VPI Vacuum and Pressure Impregnation
DoE Design of Experiment
CDF Cumulative Distribution Function
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Appendix D. Abbreviations

PI Polarization Index
DAR Dielectric Absorption ratio
PD Partial Discharge
PDIV Partial Discharge Inception Voltage
CIV Corona Inception Voltage
MCSA Motor Current Signature Analysis
RF Radio Frequency
FE Finite Element
FEA Finite Element Analysis
LPA Lumped Parameter Analysis
CFD Computational Fluid Dynamics
IR Insulation Resistance
IC Insulation Capacitance
LED Light Emitting Diode
IGBT Insulated-Gate Bipolar Transistor
PBGA Plastic Ball Grid Array
FPGA Field Programmable Gate Array
S-N Stress-Life or Stress-Cycle Life
CTE Coefficient of Thermal Expansion
1D One Dimension
3D Three Dimension
SLC Short Loading Cycle
WL Wheel Loader
BC Boundary Condition
TI Thermal Index
HCF High Cycled Fatigue
LCF Low Cycled Fatigue
SEM Scanning Electron Microscopy
SE Secondary Electrons
BSE Backscattered Electrons
TGA Thermal Gravimetric Analysis
FP Field Point
NI National Instrument
cRIO Compact Reconfigurable IO modules
P.U. Per Unit
RUL Residual Useful Life
LT Lifetime
VCE Volvo Construction Equipment
RWD Rear Wheel Driven
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