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Abstract

Electrical machines in electrified vehicles are subjectedynamic loadings
at different driving conditions, which results in dynamaertperatures. The aging
of the Electrical Insulation System (EIS) in electrical himes is caused by these
dynamic temperatures, namely high average temperatudds@perature cycles.
In addition, the degradation of EIS affects the lifetimelod £lectrical machine.

In this thesis, three cornerstones for lifetime estimatibelectrical machines
in electrified vehicles are identified and studied, whichthesusage, the degrada-
tion mechanisms and the lifetime model. A combination of patational simu-
lation and lab testing is required to design a comprehemsiv@el. Furthermore,
the indicators of EIS degradations and the diagnostic naistib stator segments
(or motorettes) and electrical machines with aged insutatare studied.

A system thermal model, including a drivetrain model of w8, a loss and
cooling model and a thermal model of electrical machinegréposed to predict
the temperature distribution inside the electrical magluifan electrified vehicle.
The estimated dynamic temperature at the hotspot is one @fpluts to a lifetime
model of the electrical machines.

To identify the degradation mechanisms of the EIS underyhahic temper-
atures, both enameled wires and motorette specimens &&d teith accelerated
degradation tests. It is found that the aging of the EIS ofl@ctecal machine sub-
jected to the dynamic temperature is not only caused by twidaf insulations
with high average temperature, but also caused by the &abfinsulations due
to thermal-mechanical stress induced by the temperatureeanal cycles. A re-
vised lifetime model of electrical machines is proposedcWitovers both aging
mechanisms mentioned above. Another input to the lifetimeet the thermal-
mechanical stress is estimated by Finite Element Analy&sA] using Ansys
Structure simulation.

The condition monitoring approaches are simulated by bletttrestatic FEA
model and analytical model and implemented during the acatld degradation
testings. These approaches assess the State of HealttEdStbémotorette spec-
imens . Insulation capacitance shows more consistentdréadng aging at dif-
ferent stress levels compared to insulation resistanseldtion capacitance re-
duction of 4 to 6% and 11 to 12% are found between winding amdiiwg and



between winding and ground, respectively. A diagnostichoetis proposed for
measuring the high frequency current with a voltage pulsplsi set by the drive
of an electrical machine. The migration of both amplitudd &nequency of the
current detected are indications of aging of the insulasigstem of an electrical
machine due to the decrease of the insulation capacitance.
Index Terms: thermal degradation, thermal cycle, dynamic temperatiieemal-

mechanical, fatigue, electrical insulation system, aaregéd 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 inewt years. In the
development phase, much effort is put into the functiopalithe electrified vehi-
cles and many automotive companies develop their own dleation solutions.
As one of the key components of EV, the electrical machinesisally pushed
to its 'boundaries’ to achieve maximum torque and power idgmgthin a lim-
ited volume. This challenge is usually tackled by improvihg electromagnetic
design and the heat transfer design to increase the speeifjoetic loading and
specific electric loading, respectively.

With the gradually increased maturity of the functionalttye reliability and
durability of the electric traction system becomes morevaht and important,
in order to decrease the cost in terms of material and mantsnand increase
the safety level. Under-dimensioning of the electrical hiae results in a shorter
component lifetime than the rest of the system, leading tetgassues and in-
creased cost of the aftermarket. However, over-dimensipoif the electrical
traction machine leads to overly long lifetime of the comgat) thereby over-
dimensioned system, including the power electronics oflets and batteries. It
is therefore important to design the electrical machinetfaction purpose with
an optimal lifetime.



Chapter 1. Introduction

1.2 Scope and objectives

There are several critical questions that to be addresseddir to provide a
proper and precise answer to the lifetime estimation ofteted machines.

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

The lifetime of an electrical machine is strongly relatedhe stresses it is
exposed to, such as the TEAM stresses (Thermal, ElectAcabient and Me-
chanical stresses) [1]. Regarding to electrical machioesrdction purpose, it is
important to study the distribution of these stresses duifie usage of vehicles
in different driving conditions by various types of simuats (thermal, electrical,
mechanical, acoustic etc.).

Among all the previous mentioned stresses, thermal steeserisidered as
one of the most critical stresses for traction electricatiniges, since traction
machine designs are always pushed towards the limit of theimal capabilities.
The thermal stress, in terms of temperatures are very dynamd it includes
different levels of average temperature and a spectrummgbéeature cycles.

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

Secondly what are the definitions and mechanisms of electrical nmadtégra-
dation and failure?

The peak operation range or over-loading capacity of artratatmachine is
usually linked to or limited by the drive of the machine. Thgtimal design of an
electrical machine allows the maximum current and voltag®g the drive, with-
out over-stressing the machine. Some over-stresses, suseaheat of magnets,
will immediately decrease the performance. Some ovessti® such as overly
high mechanical stress of the rotor at immoderate speed tead to immedi-
ate failure. But an accumulating degradation, such as tgeadation caused by
thermal stress, can gradually degrade the electrical maamd eventually lead
to failure after long exposure. The electrical machine asdliive system needs
to be designed in a manner which allows it to run normal opmrat(including
instances of peak performances or over-loading operatiamglst withstanding

2



1.2. Scope and objectives

the stress levels which lead to degradation, and ultimaisdyide the required
lifetime. The thermal stress degradation and accumulaggdadation to failure
is studied in this thesis. Both tests and simulations ard tsalentify the mech-
anisms of degradation of stator EIS caused by thermal ssegscluding high
average and cyclic thermal stresses.

Identification of the root causes and understanding of theqss for degrada-
tion and failure is one of the essential prerequisites ingtésg a more reliable
product. For example, the notion that 'the reliability oAdtion machines and
drives will be improved by improving the cooling systems’hiased on the as-
sumption that temperature stress is the root cause of dagyadin other words,
a correct identification of root causes could therefore bienguortant factor to en-
able design of highly reliable components and system in & sihme perspective,
and to decide the direction of technical development in g liime perspective.
Furthermore, understanding the degradation mechanistnsaniit different ap-
proaches for condition monitoring, thereby increasingabeuracy for the quan-
tification of reliability and lifetime of the design.

Two methods are commonly used to identify the root causeddgradations
and failures, namely the ’passive way’ and the 'active way”passive way’
is based on feedback or failure reports from the field aftedpcts have been
launched. The advantage of this method is that the failurdem@and targets can
be relatively clear. However, the vehicle’s life cycle izialy very long, which
can delay the feedback, especially for failures caused byalousage. Also, no
failure reports would arise from over-sized componentsiwthe lifetime of the
system has been reached. As shown in [2] and [3], the reqliietithe of a rail
traction motor is approximately 30 years and of a motor feceical buses or
trucks is approximately 60,000 hours. From the customesisgective, failure
of traction units of vehicles can lead to high costs, if ndrmarking schedules
cannot be met. The 'active way’ is based on previous stegilstiata, usage of
products and knowledge of degradation mechanisms. Frose therameters an
‘educated guess’ of the root cause can be postulated andcudrg design im-
provement can eliminate possible failures at an early stgeresearch presented
in this thesis will be using the "active way’.

In this work we test the degradation of EIS caused by cycletberatures.
Thereafter, we examine the degradation process of the Blfi@imeasured insu-
lation parameters, such as insulation resistance anditapee. The relationship
between the global EIS and the local individual electricalulation (EI) mate-

3



Chapter 1. Introduction

rials, is reviewed by the electrical simulations with theokum geometries and
materials of the studied objects. Another method, to studyablation and failure
of the electrical machine, is to treat it as a 'black box’. &ens from normally
expected behavior of an electrical machine are classifissyagptoms’. With this
approach, condition monitoring is carried out through asif#e signals, such as
current, power, vibration and so on. Measurements can héradceither from al-
ready implemented sensors on-board or by additional seasorlogging devices.
One of the challenges of this 'black box’ approach is thatrigdar change of a
signal could represent multiple degradation and failucations/modes. Another
drawback is that the acquired knowledge from the measureniehardly used
to improve the design of the studied object, because of thigeld information
inside the "black box’.

The scope and objectives of this research work are

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

2. ldentification of the degradation mechanisms and estimaf lifetime by
accelerated aging tests and simulations;

3. Development and application of off-board condition ntoring measure-
ments for further development of on-board condition maiipand 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 bemligd, scope and
objectives of the research. Contributions of the researtzh ublications are
listed.

Chapter 2 contains the literature review. The statisticele€trical machine
failures, definition of El and EIS, accelerated tests andiitmm monitoring meth-
ods are discussed.

Chapter 3 contains the modeling and simulations of the &tguls of mo-
torette samples for condition monitoring. Both Finite Etarh Analysis (FEA)
and analytical models are utilized to estimate the measemeéranges.

Chapter 4 contains the modeling and simulations of the atiguls of mo-
torette samples for mechanical stress induced by thermgeisst

4



1.4. Contributions

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

Chapter 6 describes the selection of relevant tests, exghlaitest procedures
and measurement techniques, define the test setup andisbrattegies. The tests
are carried out on different types of specimens includirapegied wire, motorette
and electrical machine.

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

Chapter 8 contains the conclusions of the current studidsdestusses the
future work.

1.4 Contributions

The approaches and contributions of the research are bedas following.

Firstly, the system thermal model is built. With inputs of vehicleitg cy-
cles, vehicle data, the required torques and speeds of ék&riehl machine are
obtained, thereby the dynamic temperatures and the rddiftéme of the EIS
are estimated. Through this type of simulation we can unaedsthe traction ma-
chine usage. The approach is generic and could be utilizeothsr drivetrain
systems or traction electrical machines.

The thermal-mechanical stress analysis of the primarytraat insulation,
i.e. winding coating, followed by a fatigue life estimatibased on Inverse power
law and Miner’s rule (refer to Table 2.2) is proposed. Thimgation together
with the lifetime estimation based on Arrhenius law (refefTable 2.2) repre-
sents the degradation caused by cycled temperature arayagigh temperature,
respectively. The dominating degradation mechanism artt@gyvo above men-
tioned factors is defined as the one that results in a shafedime, despite the
linked degradation effects between these two.

Secondly the high average thermal and thermal cycle degradationsofa-
tion and EIS are studied by means of both tests and simutatidrermal degra-
dation at constant temperatures is widely studied on idd&i materials or single
wires. Thermal index or thermal class for insulation maleror wires are de-
fined in this manner. However, little is known regarding @e&tation of insulation
systems exposed to cycled temperatures, especially fdoraiwound windings
of electrical machines for traction applications. The #&@ed aging tests are

5



Chapter 1. Introduction

carried out as shown in Fig. 1.1.
Identify critical Chooss.,' Imp\eme:nt Data collection
. degradation degradation and
failure modes .
prameters measurement postprocessing

Implement stress
(lab environment:

Possible test object
(full machine/

motorette...) current induced

thermal cycle)

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

Test specimens/motorettes are designed and produceddeleested aging
test purpose. The experience accumulated during the piiodymrocess will as-
sist similar studies in the future

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

Both DC and AC measurements are applied for condition maongaests.
The irreversible changes of insulation properties of test@torettes are identi-
fied during the degradation tests and are used either astodidfor degradation
or failure. Similarly, electrical models and thermal-manxital models are also
built for motorettes which links the changes of an individimgulation (i.e. lo-
cal property) with the changes of the EIS (i.e. global propeiThe simulations
provide the insights to understand the collected data fesn t

Thirdly , based on the understanding from offline tests, an onlinesunea
ment method for electrical machine diagnostics by highdesmpy current analy-
sis is investigated in depth through a master thesis stuthymthe project. A new
impregnation epoxy is proposed to improve thermal behafierified by sim-
ulations and tests) and reduce thermal mechanical streggydhermal cycles
(verified by simulations).

From a simulation perspective, steady state and trangierial simulations,
electrical simulations and thermal-mechanical simutetiare implemented with

6
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the purpose to estimate dynamic temperatures, ranges tef &tiélealth (SoH)
or condition monitoring measurements and thermal inducechanical stresses,
respectively. From a test perspective, accelerated tabae, designing and pro-
ducing of test specimens and implementation of offline arishersoH measure-
ments are studied and applied. This project contributdsetdn-depth knowledge
of thermal cycle degradation, lifetime estimation throgghulations and tests for
insulation systems of electrical machines.
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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)2r different parts of
induction machines based on previous publications [5—8}eAeral conclusion
from the review is that bearing failure is dominant for snald medium low
voltage (LV) induction machines. In medium and high voltéy®/ and HV) in-
duction machines, stator failure is as common as bearitgréaiHowever, no
similar survey or literature review is found for electricahchines used in Elec-
trified Vehicles (EV).

The common types of electrical machines in EV are reviewe®,i0]. As
shown in Fig. 2.1, except for induction machine (IM), swedhreluctance ma-
chine (SRM), reluctance machine (RM) and especially peenamagnet ma-
chine (PMM) are often used machine topologies for tractiorppse. Therefore,
comparing types of electrical machines for which degratastudies are avail-
able with the electrical machines used in EV there is a clear loptween the
research and the market need.

Without sufficient support from the literature, a logic piin of failure
modes for traction electrical machines could be that thesfailure and bear-
ing failure are equally significant, similarly to MV and HVdaction machines
(Table. 2.1). Our conclusions are as based on the follovantsf
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Chapter 2. Review of degradation and failure of electricathine

1. The requirements of traction electrical machines are tete high power
density, over loadings to accommodate vehicle acceleraéquirements
and dynamic loadings because of the driving conditionsrdfbee, stators
of the machines are exposed to higher thermal stress, irstefrhigh
average temperature and more cyclic temperature, in cosopato the
stators of electrical machines for industry use;

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

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

(b) IM —_Iuducti()ﬂ
maglliue

() SRM — Switched

. (d) RM — Reluctance machine
reluctance machine

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 electd machines from literature

[4]

Predicted MOD IEEE Motors in Motor
by survey, large Utility, Survey
an OEM 1999 [8] motor Applications| offshore
through survey, 1995 [7] and
FMEA 1985 [6] petro-
techniques, chemical
1995-7 1995 [5]
types of | smallto small LV motors motors motors
electrical | medium LV | motors and | >150kW, | >75kW, >11kW,
machine | motors and | generators | generally | generally generally
generators | <750kW, MV MV MV
<150kW, generally and HV and HV and HV
generally squirrel induction | induction induction
squirrel cage motors motors motors
cage induction
induction motors
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 electricathine

2.2 Electrical insulation material and system

2.2.1 Electrical insulation (EI)

Electrical and electronic insulating (El) materials, atsdled dielectric materials,
are essential for proper operation of all electrical andtedmic equipment [11]. In
fact, equipment size and operating limitations are dictatethe type and amount
of material required for insulation. Shugg [11, p. 1-9] disses the development
of different types of insulation material, from the early;nég when engineers had
to adapt wood-finishing varnish, natural resins, coal tas @etroleum asphalt,
to nowadays that the high-temperature polymers such asupadigimide (PAI)
and polyetherimide (PEI). The electrical insulation mialerhave developed in
parallel with the electrical equipment and more and morétmtic materials are
available. Several characteristics are defined for etadtimsulation materials as
stated in [12] and [13], such as dielectric strength, resigt 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 deetdcal machine and
the combination of insulation materials is called as Eleatrinsulation System
(EIS). The combinations differ according to applicatioguigements, in terms of
electrical, thermal, mechanical strength, etc. The d@tsdtmachine stator insu-
lation system contains several different components aaiifes, which together
ensure that electrical short-circuits do not occur, thatiteat from the conductor
losses are transmitted to a heat sink or cooling media, atdtk conductors do
not vibrate in spite of the magnetic forces [1, p. 12,14].

The basic stator insulation system consists of four compisnstrand (or sub-
conductor) insulation, turn insulation, groundwall (oognd or earth) insulation
and phase insulation. The EIS of a random wound slot is showigi. 2.2.

Apart from the insulation materials shown in Fig. 2.2, ingprating varnish
or resins are often used to increase the electrical insglatirength, mechani-
cal strength, and insulate the stator windings from enwirental exposure, such
as moisture, dust. Furthermore, with the high torque andepal&nsity required
by traction machines of EV, more electrical machines areptetely impregnated
by epoxy or silicon materials with higher thermal condutités than that of tradi-
tional resins. Vacuum and pressure impregnation (VPI) otketb usually applied
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2.3. Accelerated test

for the complete encapsulation and results in good peratraf the resins into
the small gaps between windings and between windings atxl slo
However, the VPI method is more complicated and time-comsgim com-

parison with other impregnation methods, such as dippimgtackling process.
As aresult, it is more challenging for high volume productioThe detailed pro-
cesses for the dipping, trickling and VPI impregnation mehare explained
in [14]. In our studies, we simulated and tested the motesettith complete en-
capsulation with VPI method.

| ———Wedge or top stick

Ground insulation or slot cell

Coil separator

Insulated magnet wire

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

2.3 Accelerated test

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

Using accelerated test as a qualitative tool can be vergteféeg15]. The qual-
itative accelerated test is primarily used to identifydadls and failure modes. It
could be used to evaluate a 'candidate’ system by compatitaa 'proven’/
‘reference’ material or system under the same acceleratdconditions. The
comparison of results between different materials/systisrthe usual way aging
tests are evaluated in standards [1, p. 50]. Compared tasdiéative accelerated
test, the quantitative accelerated test is used to makécficets about a product’s
life characteristics (such as L50 life) under normal used@oms [15]. However,
to correlate the data from accelerated tests with the aosels extremely diffi-
cult, and some of the failure modes exposed to the accetetastings may not
occur during the normal operations [1, 15, 16].

In general, the purpose of the accelerated test is to saven@eand resources
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Chapter 2. Review of degradation and failure of electricathine

when evaluating the strength of the products or systemspimmparison to the
their actual lifetime. However, the cost of accelerated, testerms of time and
resources, could still be significant compared to othersygidest. Therefore it is
important that the parties involved, such as manufactutessrs/purchasers and
testing facilities, agree upon the testing parametersy foefinition of pass/fail
criteria’ to 'requirements of test reports’ (in total 21 res), 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 Baole 2.3 [15].
Additions to the Inverse Power Law in Table 2.2, Equationahtl 2.2 [18] are
also often used to describe the lifetime of insulations eggdo constant electric
stresses. The Arrhenius model and Miner’s rule are apptiddter studies and
explained in detail in Chapter 5.

Life=kvV—" (2.1)
logL = logk — nlogV (2.2)

whereV is the applied voltagé; andn are constants to be determined.

Apart from the models described in Table 2.2 and 2.3, Desigkxperi-
ment (DoE) models are also used utilized for accelerated tesstudy the El
or EIS degradations caused by multiple stresses. Reseanghsgfrom Univesity
of Toulouse and Laboratory for PLAsma and Conversion of gnérAPLACE),
Toulouse, France, have published on several interestiieston this subjet. One
example, showing the relationship between the lifetimeroingulation material
with multiple stresses, by means of DoE, is shown in EquegiBr{19].

Log(L) ~ M + Ey -log(V) + EF - log(F)

+Er - exp(—=bT) + Epy - log(V) - log(F)

+Evr -log(V) - exp(=bT) + Epr - log(F) - exp(—bT)

+Eypr -log(V) -log(F) - exp(—bT)

where V, F, T are the voltage, frequency and temperaturesgiseapplied during
test, respectiveM , b, Ev, Er, Ev, Epyv, Evr, Epr andEy g are the coef-

ficients decided by the tests, which are the impact factoliatime determined
by each stress and by each two stresses and by all threeestress

(2.3)
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2.4. Standards of constant thermal and thermal cycle tests

2.3.2 Statistics

The lifetime data collected from field or tests on number ccdmens is usu-
ally scattering. Hence, statistics method is applied tcgss data with such an
attribute, which includes the distribution model and thevelfitting/regression
analysis. The distribution model is to quantify the nornralbant of variation in
an outcome, and the regression analysis is to derive aniequzsed on aging
tests at a few stress levels, that can be used to predict taerne of a test at
a different stress level, respectively [1]. Furthermohe, tbgnormal and Weibull
distribution are the two often used distribution models #rellatter one is used
in our studies and discussed further in Chapter 5.7. Ragreanalysis, including
parameters identification and confidence limits calcutatiba 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 thedegdadation, namely
the degradation caused by constant temperature and thegdchy cyclic tem-
perature, of Electrical Insulation (El) and Electrical ufetion System (EIS) in
electrical machines are reviewed and summarized in Talile 2.

Apart from the standards from IEC and IEEE listed in the taBETM has a
large collection of standards to test different types of €peesented in [1, p. 68]
and [20]. Other relevant IEEE standards can also be fount, ip. [59].

By standards review, it is observed that many standardsoaxeséd on the
thermal degradation caused by constant temperature. Howewer of them em-
phasize on the thermal degradation caused by cyclic tefyseraamong which
form-wound stators of large electrical machines are fodu$kere is a clear gap
between the existing and the needs of thermal degradatiodatds of electrical
machines for electrified vehicles application.
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Review of degradation and failure of electricathine

Table 2.2: Accelerated lifetime models [15]

Model Description Application Model Equation
Name | /Parameters| Examples
Arrhe- | Time  to | Electrical Insu-| Life = Age Fe/kT
nius Failure as| lation where:
accele- | a function| and Dielectrics,| Life = median life of a popula-
ration of Relative | Solid State| tion
model Humidity and Semi-| Ay = scale factor determined by
and Tem-| conductors, experiment
perature Intermetallic e = base of natural logarithms
Diffusion, E, = Active Energy Unique for|
Battery Cells,| each failure mechanisms
Lubricants k = Boltzmann’s constant
Greases, Plas- =8.2 x 10~ %ev/K
tics, Incan-| T =  Temperature(degrees
descent Lamp Kelvin)
Filaments : -
Inverse | Life as a| Electrical in-| Zfenemm — (Slressac)
power | function of | sulation and| where:
law any given| dielectrics Life_norm = life at normal stress
stress (voltage en-| Lifecc= life at accelerated stress
durance), ball| Stresgom = normal stress
and roller | Stress..= accelerated stress
bearings, incan{ N = acceleration factor
descent lamp
filaments, flash
lamps
Miner's | Cumulative | Metal fatigue| CD = Zle ?VSZ
rule linear (valid only up | where:
fatigue to the vyield| CD =cumulative damage
damage as a strength of the| Csi = number of cycles applied
function of | material.) at stress Si
flexing Ni = number of cycles to failure
under stress Si (determined from
an S-N diagram for that specific
material)
k = number of loads applied
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2.4. Standards of constant thermal and thermal cycle tests

Table 2.3: Accelerated lifetime models - continued [15]

Model Description Application Model Equation

Name /Parameters| Examples

Coffin- | Fatigue life | Solder joints| Life = ﬁ

Manson| of metals| and other| where:
(ductile connections Life = Cycles to failure
materials) A = scale factor determined b
due to experiments
thermal cy- B = scale factor determined by
cling and/or experiments
thermal AT =temperature change
shock -

Thermo-| Time to | Stress gen{ TF = By(Ty — T) "e*t

mech- | failure as a| erated by| where:

anical function of | differing ther-| TF = Time-to-Failure

stress | change in| mal expansion B, = scale factor determined by
temperature| rates experiment

T = stress free temperature
n=2-3

E, = 0.5 - 0.6 eV for grain-
boundary diffusion, approx.
eV for intra-grain diffusion

k = Boltzmann'’s constant
=8.2 x 107 %ev/iK

T = temperature
Kelvin)

1

(degree
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Chapter 2. Review of degradation and failure of electricathine

Table 2.4: Reviewed standards related to constant thernthtteermal cycles
degradation of insulation material, enameled wires andlati®n systems of ro-
tating electrical machines.

Standard | Applied | Type of Description
No. thermal | speci-
men
IEC constant | insulation| Thermal classification of electri-
60085 thermal material | cal insulation material/materials
21
EEC] constant | insulation| Thermal classification of electrit
60216 thermal material | cal insulation material/materials
[22-24]
IEC constant | enameled Winding thermal property
60851- thermal wire
6 [25]
IEC constant | enameled| Temperature Index of Enameled
60172 thermal | wire Winding Wires
26
EEC; constant | EIS of | Electrical insulation systems
61857 thermal random- | thermal evaluation
[27,28] wound
windings
IEC constant | EIS of | Test procedures and thermal
60034-18 | thermal | form- evaluation for form-wound
[29, 30] (part 31) | wound windings
and windings
thermal
cycle
(part 34)
IEEE constant | EIS  of | Thermal evaluation of unsealed
1776 [31] | thermal | form- or sealed insulation systems for
wound AC electric machinery employ;
windings | ing
IEEE thermal EIS of | Thermal Cycle Testing of Form¢
1310- cycle form- Wound Stator Bars and Coils far
2012 [17] wound Large Generators
windings
UL 1446 | constant | EIS  of | Evaluates small- and medium-
thermal random- | sized random-wound, lowt
wound voltage applications
windings
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2.5. Condition monitoring methods

2.5 Condition monitoring methods

Condition monitoring measurements are carried out to diagthe State of Health
(SoH) of the EI or EIS of electrical machines. The measurdésesn be divided
into non-destructive (such as surge test) and destrugtpe (such as breakdown
voltage test). Another way to categorize the measuremsiisaccordance with
the usage of the machines when the tests are performed. Flireecand the off-
line measurements correspond to the tests carried out whextdctrical machines
are in and not in operations, respectively. Besides, thbaard measurement is
the one carried out at the location where the electrical inecerves, and the op-
position of it is the off-board measurement. The often usmtition monitoring
methods are summarized as follows.

AC measurement

The AC measurements are usually to measure the resultingntwafter ap-
plying an AC voltage across the specimen. Depending on ehétle amplitudes
or the angles of the AC currents are analyzed, AC measursrdéfar slightly.

For the measurement that the amplitude of current is ofésteexceeding a
certain level of current, i.e. a threshold, is considered faslure of the specimen.
This method is referred by the standards [25,26, 28], whictespond to different
test objects, insulation materials, enameled wires anddtien systems, and dif-
ferent threshold currents, 5mA, 10mA and 40mA are identjfiespectively. The
recommended voltage frequencies of the tests are betwddn d8d 62 Hz in the
above standards. However the voltage amplitudes are rem\clgefined, which
determined by the voltage levels that the specimens exgosedperation.

The dissipation factor otan § of the specimen could be obtained from AC
measurements, whedes the dielectric loss angle. An increase of tha § indi-
cates the degradation of the measured dielectric matByadther means of data
post-processing, insulation capacitance (IC) and dietecbnstant are obtained.

DC measurement

The DC measurements are also referred to as Hipot (high tal)aests due
to the high voltages that specimens are exposed to in sutsh Tége amplitude
of leakage current is measured. These measurements codégstvactive or non-
destructive depending on the amplitudes of the excitatmtages.

With different post-processing of the measured curremtpua parameters are
obtained, for instance the insulation resistance (IR)aRzdtion index (PI) and
dielectric absorption ratio (DAR) are defined by Equatiof Jable 2.5 reviews
the typical values of Pl and DAR and their corresponding thesthtus.
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_ IRIOmin

Pl = ——— 2.4
Ile,in ( )
Ilein
DAR = 2.5
IR30560 ( )

wherel R is the insulation resistance and the subscript repredemtine that the
measurement is carried out.

Table 2.5: Typical values of Pl and DAR and health status stiletions and
insulation systems [32]

Insulation resistance DAR Pl

condition

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 kmcatithe nature
of inductance. For a winding coil, the inductance is a sumetffisductance of
each individual loop, and mutual inductance between ewenyindividual loops.
If the insulations of the adjacent coils are weak, meanwh#enduced voltage is
higher than the dielectric strength of the weakened ingulaan arc will form be-
tween the conductors of the coils [33]. Surge test is desigmereate the voltage
between the adjacent coils and detect the arcing due to th&emed or failing
insulations.

The above mentioned condition monitoring approaches d#nefmeasure-
ments. The examples of online condition monitoring appneacare discussed
below.

Partial discharge

The fast rise time of impulses at motor terminals induces hviye-to-wire
voltages in the first coils of each phase, thereby an earlgkoie@vn between
wires [34]. The upper limited level, at which this over-age stress becomes
harmful for insulations, is the Partial Discharge Inceptidoltage (PDIV) or
Corona Inception Voltage (CIV) [34-36]. This is the voltalgeel that partial
discharges begin to occur.
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2.6. Overview of studied machines

Electrical machines could be categorized into type | ané tymachines, in
which the existence of partial discharges is not permittedarmitted, respec-
tively [37, 38]. The PD resistant materials are requiredtype 11 machines. The
electrical machines with rated voltaggs700 V r.m.s. are usually of Type I, but
could also be Type II. The electrical machines rated abo@V/@m.s. are usu-
ally of Type Il. For the Type | machines, the existence of PDidates failures
of the EIS. However, keeping track of the levels of PD, in tewh PDIV, could
be used to evaluate the SoH of a type Il machine. A decreaséd iRBicates an
aged El or EIS of the machine. However, this measurementripdeature depen-
dent [34]. Typically, PDIV decreases by 30% when windingpenature increases
from 25°C to 155 C.

Motor current signature analysis (MCSA)

MCSA is by far the most preferred technique to diagnose $anfielectrical
machines [39, 40]. It is used as on-line condition monitpriar stators, rotors
and bearings. Theoretical analysis and modeling of madhinlés are necessary
to distinguish the relevant frequency components from tiers that may be
present due to time harmonics, machine saturation, etc [39]

Vibration analysis

Vibration analysis is a powerful tool to detect bearing tedafaults of ro-
tational machines [41-43]. Also, a study by Joachiarsf [44] reveals that the
vibration analysis is useful to detect the turn-to-turdtfauthe stator of a PMSM.
Similarly to the MCSA approach, vibration analysis is dediag for data analy-
sis.

Other condition monitoring methods

Other measurement methods, temperature monitoring reheagnetic field
monitoring, infrared recognition, radio-frequency (RR)ission 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 studiachines in this
thesis are presented below. Table. 2.6 summarizes thde@lpiglications and the
types and winding specifications of the studied machindseTa.7 gives a short
overview of the simulations and experiments carried outfermachines.
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Application
Traction machine for Traction machine for reaf Traction machine for hy-
wheel loader wheel drive hybrid car | brid heavy vehicles

Machines
16-pole surface mounte
PMSM

Windings
Concentrated winding | Double layer distributed Single layer distributed
winding (phase dividenl winding
inside the slot is shown)

[ Laminated steel
B Aluminum case
O Insulation liner
#8 Copper wires,

impregnation
and air

Table 2.6: Traction machines referred by this thesis
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2.6. Overview of studied machines

Simulations and experiments

1. The motorettes use

in the accelerated test
are based on this ma
chine;

. Simulation and tests 0
the off-board condition
monitoring;

. Thermal-mechanical
simulations;

. Finite Element Anal-

ysis (FEA) thermal
model;
. System simulation

with driving cycles.

s ter

dl. Lumped
Analysis (LPA)
thermal model;
. System simulatiorn

f

3. Validation and sensit

with driving cycles;

tivity studies of the
on-board diagnostics
method.

Paramerl. Sensitivity studies orn

temperature  depen
dence of the on-board
diagnostics method.

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

Modeling and simulation for
condition monitoring

In this chapter, electrical fields and parameters of thelatisun systems of the
motorette structure are calculated. The modelings andlations in this chapter
are used to predict the ranges of the off-board conditionanistg measurements
applied during accelerated degradation tests, which aceiged in later chapters.
A motorette structure is a segmented stator with windingsadhelectrical insu-
lations included and it represents the full-scale tractitachine stator. Fig. 3.1
shows the motorette sample used for this study before epomgegnation is ap-
plied. More information about the motorette is describe@lmapter 6.2.1.

As discussed in Chapter 2.2.2, the insulation system ofldwrecal machine
stator is built up by wire coating, slot liner, impregnatemd winding-to-winding
insulation. When electric excitation is applied across telea insulations, po-
larization occurs and leakage current is generated, tieiegining an electric
networks with capacitive and resistive components. FgjsBows the simplified
equivalent network when electric excitation is appliedwssn windings (left)
and between windings and ground (right), separately. Eimailly, the State of
Health (SoH) of the insulation system can be assessed, htifideg and track-
ing the changes of values of winding-to-winding capaci&fd, ), conductance
(Gww) Or resistanceR,,,,) and winding-to-ground capacitanc€'f,), conduc-
tance (7.,4) or resistanceR,, ). Breakdown could be formed during the degra-
dation, which is an irreversible process whereby the systedurance is weak-
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Chapter 3. Modeling and simulation for condition monitgrin

Fig. 3.1 Stator segment motorette sample before epoxy impregnation

ened. The stochastic nature of breakdown distribution atdrabration can be
described mathematically through statistics. Howevas, dlso important to un-

derstand the loads resulting in the degradation and theepsaaf the degradation
and to estimate the level of degradation of the insulatistesy [45] by the con-

dition monitoring or SoH measurements described above.

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

Compared to the modeling of the insulation properties bebaée winding
and the core, it is more challenging to model the insulatimperties between
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3.1. Geometry

randomly grouped parallel strands. In this chapter, battHinite Element Anal-
ysis (FEA) method and the analytical method are utilizeditoudate the ranges of
insulation resistanceH(,,,) and insulation capacitanc€'(,,,) between randomly
grouped parallel strands. It is expected that FEA of thermal electrical loads
would become a useful tool for visualizing the load disttibn on the winding,
hence estimating the winding parameters. However, cordgaréhne FEA model,
the analytical model provides the convenience of perfogrsensitivity studies
with geometrical property and material physical propetigriges due to aging.
Besides, the analytical model builds the link between thasuaeed global prop-
erties of Electrical Insulation System (EIS) and the averagal dimensionless
values of individual electrical insulation (El) materiauch as the volume resis-
tivity and dielectric constant) [46]. The dimensionlestuea can be adapted by
other studies.

3.1 Geometry

As shown in Table 2.6 and Fig. 3.1, the stator segment undectmsists of a
winding structure of 7 turns and 29 parallel strands, whighrather arbitrarily
placed into the slot of the reference machine or wound arthumtketh of the test
sample. Compared to a well-defined or simplified test objettt a perfect con-
ductor and insulation arrangement, this specimen stregsurhosen to represent
the actual electrical machine.

However, the structure of a motorette brings a challengénmalation since
neither the geometric arrangement, nor the material Higtan of the coil and the
insulation system can be perfectly known, due to the ranéssof the distribu-
tion of the wires in one slot. However, by dividing the pagbfitrands of 29 wires
into two groups of 14 and 15 strands randomly, it provideseapadvantage that
the winding insulation state of health and degradation @aedtimated between
these two groups and along the whole length of the windings.

A perfect conductor distribution is assumed in a machinead@hown in Fig.
3.3. The seven turns are shown with different colors andwioegroups of strands
are shown with or without a dot in a conductor. These equaltpted hexagonal
placements of conductors are defined level by level staftorg the stator tooth
because the coils of test samples are wound around the togtfractice, the coil
of 29 strands can have a fairly similar appearance excephéoregions between
the turns. The geometrically perfect winding is defined s the thickness of the
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Chapter 3. Modeling and simulation for condition monitgrin

coating film is 6% of the conductor diameter and the additispacing 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 thal id
packing between the wires. The groupings of parallel strands are dtstlilin
the upper half and concentrated in the lower half. [47]

It is not only the distance between the conductors and theepties of insu-

lating material, but also the way of grouping the strandst, tlefine the measured
parameters of the EIS for the above condition monitoringhoet As an outcome
the parameters for the insulation system can vary crosdairceange that is due
to geometry, material properties and location of the setéstrands.

3.2 Materials

Table. 3.1 shows the material properties for both FEA antlytioal simulations.
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Table 3.1: Materials properties

Component Material | Electric resis- | Dielectric con-[-]
tivity p [Q2m] stante

Conductor wire | copper 1.7-1077 -

Coating film PAI 2101 [48] 4.0

Slot impregnation| epoxy 8- 10" [49] 3.6 [49]

Slot liner paper 8-10%2 3.0

Stator core iron 5.5-107° -

- air 1.310% to| 1
3.310'6 [50]




3.3. Electrostatic Finite Element Analysis (FEA)
3.3 Electrostatic Finite Element Analysis (FEA)

Electrostatic or electric current modeling is made usingt€iElement (FE) anal-
ysis, in order to study the E-field and load distribution aghenitify the electrical
parameters for insulation systems. Two FEA tools, whichFiERM and Ansys
Maxwell, are utilized to verify the analytical calculat®made in the following
sections, with identical materials and boundary cond#ion

Fig. 3.4 shows one example of a distribution of the electetdfintensity,
which is the outcome from the situation where 1.2kV is agpheross the two
groups of strands. Corresponding to Fig.3.3, the elec#id 8istribution is demon-
strated in two different cases, which are for the distridwténdings group (upper)
and concentrated winding group (lower). Leakage curredtiasulation capaci-
tance are post-processed between the groups of strands.
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Fig. 3.4 E-field distribution (below) at 1.2 kV across the two groups of paralleists: 1)
concentrated (lower half), and 2) distributed (upper half of the slof) [47

3.4 Analytical calculation

This part explains the method of building up the analyticaldel for off-board
off-line condition monitoring measurements for the mot@rénsulation system,
to estimate the parameters of leakage current or insulagigistance and insula-
tion capacitance. Compared to the FEA electrostatic mdldelanalytical model
provides the convenience to perform sensitivity studidh 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 arrangemenheanaterial distribu-
tion of the coil can be perfectly known. Fig. 3.5 [51] showssthtypes of com-
monly used winding configurations, namely orthocyclic viig] layer winding
and random winding, respectively, which result in diffdrstot fill-factors Pp.
The highest fill-factor is obtained with orthocyclic windiwlistribution. With the
segmented stator technique used for making the test spesirttee highest fill
factor could be achieved, therefore the orthocyclic wigdiistribution is chosen
for further modeling. The analytical modeling to estimdie insulation resistance
and capacitance between two randomly selected groupsofistis demonstrated
step by step below.

Orthocyclic Winding ~ Layer Winding Random Winding

Koo Wl

90000

Pp,=90.7% P,=78.5% Pp=65-75%

90000

Fig. 3.5 Winding configurations [51]

3.4.2 Assembling of unified resistance and capacitance

With the orthocyclic winding configuration, except for théndings close to the
slot edges, each winding shares ¥/6f its coating and its impregnation mate-
rial with the neighboring windings. Therefore, the minimumit of insulation
between each two wires is identified as shown in Fig. 3.6. fops 3.1 to 3.4
show the calculations of insulation capacitaidtg,;; and resistance®,,,,;; of the
insulation unit.
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.\i’.«»‘%\
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Fig. 3.6 Insulation unit between windings [46]

Cunit = N N N (3.1)
€0 €co A €0 Eepr A €0-€co- A
dy da ds
1
B 1 1 1
+ +
€0 €coW-L gg-€ep-w-L gg-Eco-w-L
dy da ds
Ry — Pcofi dy n pep14' dy n Pcofi dy (3.2)

_pco'dl pep'dl pco'dl
 w-L + w- L * w- L

dl = dS = (Dwi're - Dcu)/2 (33)
Dwire + d 2
= Puire  d2)/2 (3.4)
. ™
Sin —
3

whereeg is the dielectric constant of ait., ande,, are the relative dielectric
constant of coating and epoxy, separatgly. andp., are the volume resistivity
of coating and epoxy, separately.andw are the cross section area and width
of the insulation unit, separatel§.is the axial length of the windingD,,;,-. and
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D.,, are the diameter of enameled wire and copper, separdieindds are the
thicknesses of the coatings atiglis 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 distribatfor the proposed
conditioning monitoring method. Assuming that the two Hatad strands are
randomly selected and the electrical field is evenly diatgt, each wire is ex-
posed to four other wires with opposite potential as showhid@n 3.7. This in-
creases the total cross-sectional area of the global imsulay four times com-
pared to the cross-sectional area of the insulation unihééfin Fig. 3.6. Also,
the total cross-sectional area of the global insulationdnditioning measure-
ment is also increased by having the number of turns anddsirds a result, the
global insulation capacitanag;,, is increased but the insulation resistaritg;
is decreased. Finally, each insulation unit in Fig. 3.6 aret by two neighboring
wires, which result in a division by two. The final derivatibtom the dielectric
properties of an insulation unit to the measurable globaperties are presented
by Equation 3.5 and 3.6.

CVtot == Cunit -4 (Nturn . Nstrand)/Q (35)

Rtot - Runzt/4/(Nturn . ]\/vstTand)/2 (36)

whereNy,.» is number of turns in series aid,; ., 4 is the number of strands in
parallel.

3.5 Simulation examples

With the analytical model proposed in 3.4, simulations aeied out and com-
pared to the FEA model proposed in 3.3. Furthermore the tdgtysstudies are
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made using the verified analytical model. One purpose ofahsitivity study is to
understand the relationship between the changes of thalglmtulation system
properties, which can be measured directly on the motaretteelectrical ma-
chines, and the changes of local insulation propertiesraflsimaterials, which
cannot be easily measured in an insulation system. Anotimpioge of the study
is to identify the primary electrical insulation materiadtitveen the windings of
an insulation system with complete encapsulation (definéghiapter 2.2.2).

3.5.1 FEA simulation results

Based on the geometric data and volumetric resistivitydhapresented in Chap-
ter 3.1 and 3.2, FEA simulations by Ansys Maxwell show thatdkpected insu-
lation resistance of the motorette with complete encatisnlés 640 G2 or 2,000
GS2 and the insulation capacitance is 5.4 nF or 1.48 nF depemudinghether the
groups of parallel strands are distributed or concentratspectively (Fig. 3.3
and Fig. 3.4). For the same FEA model, if the distance betwgery two wires
is decreased by half with the distributed winding configiora{upper half of 3.4)
compared to the one defined above, the insulation capaeitailiche increased
to approx. 11 nF and the resistance will fall to 320.G

3.5.2 Analytical simulations and sensitivity studies

The same materials used for FEA simulations above are apfoliehe analytical
simulations. According to the data-sheet of the enameled [82], the diame-
ter of the wire and copper is approx. 0.9 mm and approx. 0.85 regpectively,
which leads to the total coating thickness being approxiur5Therefore, a sensi-
tivity study using coating thickness reasonably assumée teetween 1um and
45 um is carried out. Similarly, the sensitivity study with vediepoxy thickness
between 1.5um (10% of the coating thickness 1%n) and 1.5 mm (100 times the
coating thickness 1fwm) is carried out. The axial length of windings is L, 220
mm.

Figs. 3.8 and 3.9 show the expected ranges of insulatiorcitapee (IC) and
insulation resistance (IR) with varied thickness of cagt@md impregnation for
the proposed condition monitoring, based on the analyticaiel.

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

that the average local thicknesses of the two materials iptgprtant roles in
determining the global parasitic capacitance of eledtrichines.

However, as shown in Fig. 3.9, the insulation resistancevdsen winding
strands of the motorette insulation system is mainly dudé¢ocbating material.
For example, with local average thickness of the impregnatiaterial increased
from 15um to 1.5 mm (a factor of 100), the global insulation resiséacitanges
from approx. 200 & to approx. 600 @. While with local average thickness
of the coating material increased from LB to 45um (a factor of 3), the global
insulation resistance changes from approx. 200tGapprox. 1,200 Q. The rea-
son is that the local volume resistivity of the primary El¢Bas coating material)
is much higher than this of the secondary El (such as epoxgna8tin gen-
eral. From this perspective, the winding coating is the majectrical insulation
media between strands. In other words, the impregnatiorixmaaterial used to
increase thermal conductivity, i.e. the heat transfergrerénce, does not enhance
the electrical insulation resistance between strands.advewycompared to the di-
electric strength or breakdown field strength of air (app@MV/m [53]), the
epoxy matrix material has a much higher breakdown field gtreapprox. 19 or
21 MV/m [49]). Therefore, using impregnation improves thectrical 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 caatthg
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 mechasitass induced by
temperature and thermal expansions. The results from #renti-mechanical
simulations are used in mechanical fatigue simulationsutthérmore estimate
the lifetime caused by cyclic temperatures. The Finite EetrAnalysis (FEA)

tool is used for this modeling.

Degradation caused by high temperature fields is not onlytadlke accel-
erated thermal oxidization of winding coating polymersohder to improve the
heat transfer behaviors of traction motors within the ledispace of a vehicle,
traction motors apply different types of epoxy impregnatiorhich have much
higher thermal conductivities than air and varnish. Theliaagion of epoxy im-
pregnation, on one hand prevents the winding coating fraacttcontact with air,
therefore preventing thermal oxidization. On the otherchaime different thermal
expansion ratios and the different temperature distiipubetween epoxy and
winding coating and winding copper cause thermally indutedhanical stress.
If the induced mechanical stress reaches the yield stradtimate tensile stress
of a specific material (depending on the different defingioh material failure),
material failure will occur. In addition, if the induced nfemical stress is below
the level of the stress limitation, the cyclic mechanicaéss will gradually de-
grade the materials and mechanical fatigue will occur. éf phimary insulation
of the electrical machine, for instance the polymer coatififpe enameled wires,
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Chapter 4. Modeling and simulation for Thermal-Mechanstedss

cracks due to mechanical fatigue, failure of the electricathine take place. Arti-
cles [54,55] discuss in detail the physical aging phenomeari@olymers, except
for the chemical oxidization aging, which provides an ihs$ignto 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 differeeteden thermal ex-
pansion coefficients and mechanical stress related cyeleslstudied widely in
many fields and applications.

[56-59] discuss the influences of thermal induced mechhstoasses on
LED (Light Emitting Diode), IGBT (Insulated-Gate Bipolaransistor), PBGA
(Plastic Ball Grid Array) and FPGA (Field Programmable GAteay), respec-
tively. [60] presents both analytical and numerical sirtiales in 2D on thermal
induced stress of two-phase composites. [61, 62] also préise 2D numerical
simulation results on the thermal induced stress and thecia$ed cracking ef-
fects of the two-phase cement-based material. [63] dissubermal-mechanical
modeling of laminates with fire protection coating. In theeaf the automotive
industry, thermal induced mechanical stress and fatigadyaes are carried out
on brake discs, engine cylinder heads and after treatmeitgrag as discussed
in [64, 65].

Furthermore, some studies such as in [66, 67] are carrietbatitaracterize
the stress-strain relationships of polymeric materiald ather studies such as
[68—70] focus on the stress versus cycle life, i.e. S-N cuAlethese studies
are valuable inputs to estimate thermal induced mechasiiceds and its induced
cycle life.

In conclusion, the mechanical stress induced by thermabkstand the re-
sulting degradation is studied in many different fields bottenough for traction
electrical machines. One of the reasons is that the themeahanical stresses are
less severe when electrical machines run with constantfwaiddustrial usage
than cyclic load, to which traction motors are exposed. Phidblem is also over-
looked when varnish is used for machine impregnation du@dostmilarity of
thermal expansion ratios between varnish and winding. Mewsevith the devel-
opment of material technology that facilitates the high podensity designs and
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improves the heat transfer performance, the issue of mesaiatress induced by
thermal expansion is another challenge to be investigayesldztrical machine
designers.

4.1.2 Static and transient structural models

As mentioned at the beginning of this chapter, the results fthe thermal - me-
chanical simulations are used in mechanical fatigue sitioug to furthermore

estimate the lifetime caused by the cyclic temperatureterAibtaining the cyclic

temperature load, there are two methods for the continwadtstal simulations.

One approach is to perform a transient structural simuiatioectly, using the

simulated temperature-time history (method 1 in Fig. SAhpther approach is to
perform a static structural simulation after obtaining tligcrete thermal cycles
from a cycle counter, which contains all the information atle representative
thermal cycle (method 2 in Fig. 5.1). As mentioned in [71+%Bg distinction

between the static and transient structural simulatiorsyig whether the ap-
plied action has enough acceleration when compared to thetwte’'s natural

frequency. If a load is applied sufficiently slowly, the itiafforces can be ignored
and the analysis can be simplified as static analysis and-giz analysis could
be performed instead of real dynamic analysis. In compariedhe natural fre-

quency of the electrical machine, the frequency of the teatpee load is much
slower. Therefore the thermal-mechanical simulationkiswork are carried out
by static simulations.

4.2 Analytical equations

This section derives the analytical equations of thernduéed stress for a single
bar geometry and the geometry with two layers of bonded naht&he analytical
equations reveal the relationships between the thermehamical 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 ggeharits dimen-
sions [74]. If the temperature of the object is uniformlytdisuted, the material
will undergo a uniform thermal strairy which can be expressed by Equation 4.1.
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gy = aAT (4.2)

in which « is the coefficient of thermal expansion (CTE) with unit 1/KigtC
andAT is the increase in temperature with unit K. A positives; means the
object is expanded and a negativaneans the object is compressed.

However, if the bar has both ends fixed as shown in Fig. 4.1sag@osed to
uniform temperature increas¥l’, reactionR will be developed over the bar and
the bar will be subjected to compressive stresses. Howtinethermal expansion
in the transverse direction does not produce any stres®esdhe no constraints
or supports applied. Therefore, the problem can be simglitiea 1D problem in
the axial direction. From another point of view, assumingf tihe fixed support
at the right end in Figure 4.1 is removed and the same unifempérature is ap-
plied, with forceR applied from the right support pointing to the left, the balt w
still keep its original lengthL in the axial direction. The displacement produced

by force R on the bar is
RL

EA
whereF is the modulus of elasticity or tensile modulus of the matesiith unit
Pa andA is the cross-sectional area of the bar.

%
7
A L % [

>

[+]

Sp = (4.2)

Fig. 4.1 Bar with both ends fixed [75]

Besides, the displacement induced by thermal expansiajual ¢o the force
R induced displacement as shown by Equation 4.3. As a rekBalgxpression for
the force R is derived as Equation 4.4.
RL
-0 = — —aATL= 4.
O0r — O 74 © 0 (4.3)
R = EAaAT (4.4)

Therefore, the induced stress in the bar is

o= % = FaAT = E¢, (4.5)
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As shown in Equation 4.5, the thermal induced stress ovenglesibar is
proportional to its tensile modulus, thermal expansiorffa@ent 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 emameled wire with
copper and coating and bonded with epoxy, thermal mecHhastiess will be de-
veloped even if all the materials are heated uniformly. ClreshNelson proposed
in [76] the analytical model estimating the stress distidhuin bonded materials
influenced by differential expansion or contraction of thatenials, in 1979. For
the convenience of discussion of the analytical calcutatidhe parameters and
their corresponding meanings are shown in Table 4.1.

Table 4.1: Parameters and Sl units for the thermal induaedsstalculation of
two layers joined by one bonded joint

o | Pa shear stress
a | ppmPC | CTE
t m thickness of the two side layers
L |m total axial length
n | m thickness of joint layer
E | Pa tensile/elastic modulus
G | Pa shear modulus
AT | Kor°C | temperature change

Fig. 4.2 is a sketch showing 3 layers (layer 1, layer 2 anddhe |ayer) of
different materials bonded together. It could be analogousn enameled wire
with copper (layer 1 if the top boundary is symmetrical) andtig (joint layer)
bonded with epoxy (layer 2).

Ej,a; layerl 1 n,G Itl

| Joint layer

E,,a; layer2 t,

H X
—

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

direction.
(o1 — a2)AT'G sinh Sz

= 4.6
7 Bncosh BL (4.6)
where o 1 )
2
= — + 4.7
= ) @7)

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

(o1 — ag)ATG tanh 5L

Omaz = (48)
fn
Often it may be sufficient to takexnh ~ 1 and use the estimate
P (1 — a9)ATG (4.9)
Bn

Equation 4.9 shows that the thermal induced stress in thel@yer is propor-
tional to the CTE differences between the two layers bondéttkind the temper-
ature change. The reference point of the 'temperature eédsthe temperature
at which the material has zero compression or elongati@sstThe thermal in-
duced stress in the joint layer also increases if the thiskoe the tensile modulus
of layer 1 and 2 (Fig. 4.2) are increased, or the thicknedlseofdint layer itself is
decreased. Furthermore, it shows that even though the maxishear stress of
the joint layer is obtained when= L, the maximum stress level is not related to
the total axial lengtH..

4.3 Single wire Finite Element Analysis

In the previous section, the thermal-mechanical stresgedeaxived in a simpli-
fied one-dimensional (1D) manner, which helps to define tlysiph of the prob-
lem. However, in the real case of an epoxy impregnated tnagtiotor stator,
the thermally induced stresses are generated not only inutinbmultiple di-
mensions and multiple materials. In order to capture mocarately the thermal-
mechanical stresses, an Ansys 3D Static Structural simanlpaickage within An-
sys workbench is used to simulate the thermal induced méziatress.
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4.3. Single wire Finite Element Analysis

4.3.1 Stress vector and Von Mises stress

The stress vectors of an infinitesimal cube in a structuréd-iElement Analysis
(FEA) is shown in Fig. 4.30,,0, ando are the tensile stresses which act along
the axes, and,,,0,. ando,. are the shear stresses which act within planes.
Similarly to a 1D problem described by Equation. 4.5, thesstrand strain relation

in the 3D structure FEA is shown in Equation. 4.10.

<

I —>GXY
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' | Ozy, Ox
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Fig. 4.3 Stress vectors of an infinitesimal cube [77]

{o} = [E]{ca} (4.10)

where:
{o} = stress vector 0,,0,,0., 04y, 0y, Ouz
[E] = tensile/elastic modulus matrix
{eei} = elastic strain vector

Testing of the fatigue and yield stress is usually carrieicboauspecimens with
uni-axial direction forces, however the stresses caledlfom FEA simulations
are in 6 directions as shown in Fig. 4.3. In structure FEA $ations, Von-Mises
stress is introduced to evaluate the total state of all tlessés as a scalar for the
convenience of comparison between the tested stressesmanidted stresses.
The Von-Mises stress(,,,,) is defined by Equation. 4.11 [77,78].

]T

(02 — Uy)2 + (oy — 02)2 + (0: — Om)Q + G(U:Iry2 + UyZ2 + Uzz2)])%
(4.11)

Uvm:(

DN =
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4.3.2 Simplified geometry

Fig. 3.5 [51] shows a simplified sketch of three types of comipased winding
configurations. Fig. 4.4 (left) shows the distribution oé tires in a full stator
slot, assuming perfect distribution with a constant diséabetween each pair of
strands. In comparison to the total axial length, 220 mm efwindings, which
includes an active winding length of 200 mm and end windimgth of 10 mm at
each side, the dimension of each wire (Table 4.2) is relgtsmall. Therefore, if
the stresses in the thin layer of coating are of interest, aiBidlation of the full
geometry as shown in Fig. 4.4 (left) will hardly develop a domality mesh, and
provide accurate results.

A simplified geometry is proposed as shown at the right of &ig, which is
the top to bottom view of a 3D sketch of the simulated geomé&tmg sketch of the
simplified simulation geometry shows one quarter of an efeangire (DAMID
200) with surrounding epoxy, and its boundary conditionsthle axial direction
a part of the axial length is simulated. According to Equa#dod, the maximum
shear stress is not related to the axial length, though tkessgenerated in the
transverse direction could be slightly influenced by theabldngth in terms of
total cross-sectional area. However, too short a simulaxé length also influ-
ences the stress distribution. Taking these factors intsideration, a suitable
simulated axial length is chosen to be at least two timesdotigan the maximum
modeled radial section.

0,000 0,250 0,500 ()
]

0,125 0375

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

copper wire radius

coating thicknessg

[mm]

0.425

0.025

4.3.3 Materials

4.3. Single wire Finite Element Analysis

The material properties used in the simulations are predentTable 4.3. Ac-
cording to [79], the Poisson’s ratio defines the relation between lateral strain
and the longitudinal strain and it also defines the relatietwben the Young’s
modulusFE, shear modulugr and bulk modulugK” as shown in Equation 4.12

and 4.13.
FE
G ST+ (4.12)
E
K= 4.1
3(1—2v) (4.13)
Table 4.3: Materlal data used foFr) thermal-mechanical salumhAl
Epoxy Epoxy um-
4260 | LORD | coating| COPPer| Steel | i im
Young's
3.5E9 15.2E9| 7.4E9 | 1.1E11| 2E11 | 7.1E10
modulus,[Pa]
;‘t’;zsons 0.44 044 | 042 | 034 | 03 | 033
Yield
strength [MPa] - - 25 280 2.5E8| 2.8E8
Tensile
strength [MPa] 65 - 250 430 4.6E8| 3.1E8
CTE [ppmfC] | 70 or 155 14 16 18 12 23
Thermal
conductivity 0.5 - 0.2 400 26.9 255
[W/(m-K)]

4.3.4 Boundary conditions

The simplified 2D sketch in Fig. 4.5 is used to clearly exptamboundary condi-
tion settings for the simplified geometry. In comparison ig. B.4, a slot divider
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and detailed slot opening are not included and only a smatlerber of wires
(yellow) in a symbolic slot (gray) are shown in this magniffigalire to emphasize
the middle wire, which is marked within the black box. Due e symmetric
nature of the middle wire, only one quarter of the wire (regior) is analyzed.

Housing side

90009

S Eane
e e

I
Slot opening side

Fig. 4.5 Simplified sketch of windings and slot

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

Boundary 3 and its movement along the y direction is intérggb analyze,
becasue the stator inner surface and slot opening are ndtamieelly restricted
and can induce thermal expansion and displacement towaedsyt and —y di-
rection, respectively. As a result, boundary 3 is allowetidoe a certain degree
of free expansion until it reaches the displacement regmncet by the thermal
expansion of the stator and slot wedge at the slot openinge’'€xpansion’ in this
context means that the body can thermally expand withotitéuinducing addi-
tional mechanical stress in the body. One extreme scersatiai the stator inner
surface together with the slot opening side expands morettietotal thermal
expansion as required by the windings and their impregnatience, boundary
3 can be assumed as a 'free to move’ boundary, which induedewlest mechan-
ical stress due to thermal expansion compared to othengetit this boundary.
Another extreme scenario is that if an infinite number of wiaéong they direc-
tion is assumed, boundary 3 is locked, i.e. free expansiootipermitted. This
induces the highest thermal-mechanical stress in conguatisother settings of
boundary 3.
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Figure 4.6: Maximum stress of coating at height 2.9 mm witheviemperature
140¢°C and epoxy thickness 0.05 mm

In comparison to the large industrial machines, electmcathines used for
traction have relatively smaller diameters and a rathdr hignber of wires along
they direction (Fig. 4.5 and Fig. 4.4). Hence, in the traction hiae, the permit-
ted displacement for free expansion of each wire is smdhlereby inducing a
higher level of thermal-mechanical stress, although tluktiess of epoxy bonded
to each wire is bigger for larger machines.

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

A sensitivity study is carried out with varied maximum allegvdisplacement
for boundary 3 and with boundary 4 either 'free to move’ ocked’. The sim-
ulated length (in ther direction) is 3 mm, the thickness of epoxy is 0.05 mm
and the wire temperature is 140D. The results with two different values of CTE
of epoxy are presented in Fig. 4.6(a) and Fig. 4.6(b), whreh7® ppm7C and
155 ppm?C, representing the epoxy before and after glass transigspectively.
The plotted stress is the maximum Von-Mises stress insigledhting layer. As a
clearer comparison, Table 4.4 illustrates the maximunmmtlaémechanical stress
of wire coating in four extreme cases.

As shown in Fig. 4.6 and Table 4.4, in comparison to the casrevhound-
aries 3 and 4 are both 'free to move’, the thermal-mechasitass level of wire
coating increases approximately 6 to 7 times for the caseeMb@h boundaries
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Table 4.4: Maximum stress [MPa] with wire temperature °X2@nd epoxy thick-
ness 0.05 mm

epoxy CTE 70 ppniC
Boundary 4 Boundary 3
Free to move | Locked
Free to move 27 104
Locked 104 166
epoxy CTE 155 ppniC
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 mechahstgess on the coating
is increased by approx. 1.5 times, if the CTE of epoxy is iaseg from 70ppriC
to 155ppm7C, which is caused by the glass transition of the epoxy 4260.

As shown above, an increased winding filling factor will charthe boundary
conditions of boundaries 3 and 4 from 'free to move’ to 'lodkavhich shifts the
thermal induced mechanical stress level in the coatindh@srsin Fig. 4.6, from
the right bottom corner to the left top corner, when otherditions are the same.
However, a higher filling factor may also mean a thinner ayerthickness of
impregnation material, which could decrease the level efttiermal-mechanical
stress. Besides, some educated guesses are discusseovgsbdlthe verifica-
tion of them could be interesting future work. If the machgtator temperature
is fixed, i.e. the maximum permitted total displacement ieviem, an optimum
winding filling factor may exist to minimize the mechanicétess induced by
thermal stress. From another perspective, with a known minfilling factor of
a slot, there may be an optimum temperature difference leetwiee stator and
windings, so that the stator does not restrict the thermadesion of the wind-
ings and their impregnation, and therefore the thermaldadumechanical stress
of coating is kept to the lowest stress level (right bottormeoin Fig. 4.6(a) and
Fig. 4.6(b)).
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4.3. Single wire Finite Element Analysis

4.3.5 Simulation examples

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

Sensitivity study - axial length

In order to study the axial length effect on the stress lewediifferent bonded lay-
ers, a sensitivity study is carried out with varied axialgérs but with the remak-
ing geometrical, material properties and the boundary itiomg being identical.
The temperature is set to 100 in all the simulated cases with boundaries 3 and
4 ’locked’, epoxy thickness 0.05 mm and CTE 70 pp8/The thermal induced
mechanical stress ranges across the total volume of diffenaterials are shown
in Table 4.5.

The simulation results show that the ranges of the inducedssover different
bonded layers are not influenced by the length changes ifitindated length is
not too short. Meanwhile, the times for meshing and comgutiithe simulations
are increased noticeably with the increased axial lengtinfd mm to 40 mm.
Mesh problems start to show up when the axial length of theaiedjreater than
40 mm, which is approx. 80 times the maximum dimension inithe y plane
(Fig.4.4). Therefore, a suitable simulated axial lengtthissen to be at least two
times larger than the maximum dimension of the- y plane (Fig.4.4), to avoid
distortion of the stress distribution and the unnecessashing and computing
time.

The results from this study also agree with the conclusioivele by analyti-
cal equations (Equation 4.9) that the shear stress is z¢he aenter (marked by
a dashed-line in Fig. 4.2), and increases gradually to ammanxi at the free edge.
The value of this maximum stress is obtained whea L.

Sensitivity study - epoxy thickness

A uniform temperature of 23@ is applied in the following single wire simula-
tion. The simulated axial length is 3 mm and the CTE of epoxa0ippm? C with
the boundaries 3 and 4 set to be 'locked’.

As shown in Fig. 6.8, in practice the winding is randomly distted in a slot
and the thickness of epoxy is not the same between every tieg Wiihe following
compares the thermal-mechanical stresses in two simolesises to demonstrate
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Table 4.5: Sensitivity study of axial length influences omluoed thermal-
mechanical stress

Spatial evenly distributed temperature 1G0

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 epluigkriess 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 fores area, FEM
mechanical simulation induces quite a large error at the foemove edge, i.e.
the top edge in the simulations, which leads to a great simessase as shown in
the left sides of Fig. 4.7 and Fig. 4.8. Therefore, the sti@sgration over a line
excluding the first few layers of cells close to the top edgebigined 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) &fg. 4.8 (thick
layer of epoxy) show the induced stress of 104 MPa and 130 k&Bpectively.
Also, the maximum stress induced in coating is higher whardbd with thicker
epoxy which agrees with the analytical Equation 4.9.

Sensitivity study - material

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

4.3.6 Limitations

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

slot as shown in Fig. 4.10. However, the highest thermalkaeical stress of the
winding coating could be shifted from the hot spot of the vimgdto the outer-
most layer of the winding, which is closest to the stator cotee reasons could
be because of the big CTE difference between coating, epodysteel as well
as a high average temperature in each material. Article &@jusses this phe-
nomenon in detail by means of arx8 wires structure (44 in plots because of
the symmetrical geometry). If the maximum permitted stiessterested to fur-
ther evaluate the maximum thermal or current loading, migtivires or a full slot
model are needed, which will estimate the stresses overpieeswithin a slot,
thereby accurately identifying the location of the maximsiness.

However, to evaluate the fatigue lifetime caused by medadsiress induced
by a thermal cycle, the single wire model is sufficient andveoient, for the
following reasons:

1. The fatigue lifetime is not only decided by the maximunessrlevel but
also by the depth of the stress cycle, which will be discussetitail in
Chapter 5.6.2. Much deeper thermal cycles usually appeaaedtot spot
inside a slot rather than at the windings close to a slot irmicating that
the threshold for lifetime induced by thermal cycles and Ina@ical stress
cycle fatigue is set by the coating properties in the hot spgibn.
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Fig. 4.8 Von-Mises stress over the volume of coating (0-3mm) (left); Von-Mistesss

over one line inside the coating excluding the end effects(0-2.8mmY)riciat-
ing thickness 0.45 mm

2. During the actual usage of a machine, the stator and tleeroast wind-
ings close to the slot are exposed to much lower temperdisged-ig. 7.29
and Fig. 7.34), compared to those of Fig. 4 in article [80kdAkthe temper-
ature gradient between the hot spot inside the slot androotgriayer of
the winding is steep, because of the low thermal condugtafithe wire
bundles in the radial direction, as shown in Fig. 4.10. Tgkime above-
mentioned factors into account, the thermal-mechanicassés of coat-
ings in the outermost layer of windings are dropped becatideedower
average temperature in this region, but the stresses inittdiaof the slot

are increased due to the more restricted displacement éomtd expan-
sion.

The single wire model is used to estimate the lifetime due ¢shmanical fa-

tigue of the dynamic temperatures.
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0,000 000 2,000(mm) 0,000 1,000 2,000 (mim)
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Fig. 4.9 Von-Mises stress over the volume of coating (0-3mm) (left); Von-Misiesss
over one line inside coating exclude the end effects (0-2.8mm) (righf MORD
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 discusseld previous two
chapters, the study is also extended to the system levelgakio account the ap-
plications of electrical machines. This chapter presdrsystem modeling used
to estimate the electrical machine temperature distdbugind lifetime due to
thermal and thermal-mechanical stresses with known dyieyicles. The flowchart
in Fig. 5.1 shows the holistic structure and steps to perfiierabove-mentioned
simulation. The parts in the solid-line boxes and the dadinecboxes in Fig. 5.1
are the models as required and the corresponding inputsitsubf each model,
respectively.

The simulation models, which are used to build the final catgal system
model are: a drivetrain model, an electromagnetic modegreaytical cooling/
CFD model, a thermal model, a cycle counter model, a theregridlation model,
a structural model and a mechanical fatigue model. Apant fitte structural FEA
model, which is discussed in Chapter 4, the other models m®epted in this
chapter in detail.

Two thermal models, a Lumped Parameter Analysis (LPA) maddla Finite
Element Analysis (FEA) model, are studied. They are adayptéaso different in-
house designed traction electrical machines, which arkegpip a passenger car
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Chapter 5. Modeling and simulation - drivetrain level

and a four-wheel drive wheel loader, respectively. For tha/enience of discus-
sion, the electrical machine for passenger car is calleBW® machine or EM1
and that used for wheel loader is called YWeE machine or EM2. Both above-
mentioned thermal models can be used to predict the macamperature dis-
tribution from known driving cycles. However, the intedeoatt levels between the
thermal model and the drivetrain model are different. ThA bkbdel is built in
Matlab Simulink and is easily integrated with or embedded drivetrain model,
which is also built in Matlab Simulink. However, due to themalexity level of
the FEA model, the drivetrain model and the FEA model areiagpeparately
one after another.

With the knowledge of the temperature distribution in arceleal machine,
cycle counters such as Mean edge 2 and Rainflow methods diedajopcalculate
the mean/average, amplitude/range/depth, duration antbthl number of each
temperature cycle. The output from the cycle counter is gooitant input for
the thermal degradation model to estimate the lifetime ¢gdu of the Electrical
Insulation System (EIS) due to thermal oxidation of enachel&ges.

Apart from this, with the discrete thermal cycles from a eycbunter, which
contains all the information of each representative théoyele, static structural
simulation to calculate the thermal-mechanical stresdegrerformed (method 2
in Fig. 5.1). Another method of carrying out the structuraddation is to perform
a transient simulation directly with the simulated tempams in relation to the
operation time (method 1 in Fig. 5.1). Compared to methoketransient simula-
tion results in more accurate results, although it takesmapeh longer simulation
time. In this study, method 2 is used and the resulted themeghanical stress
is fed to another cycle counter followed by a mechanicabtaimodel, which
covers the degradation caused by the cyclic effects of thamjc temperatures.
The simulation results are presented and discussed in €hapt
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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 arauited by Matlab

Simulink, which dynamically outputs the electrical maehload points as inputs
to the thermal LPA. The powertrain model contains power flomtml, an internal

combustion engine (ICE) model, an electrical machine moaldirake control

model, a mechanical dynamics model and a road model.

‘ Parallell hybrid modell J
gis>kmh Soverion [ o FC Fuel energy
— - )
l control st (mf) Speede—
J « ICE-model vs o
J ) Vech Dynamics
Dver mocel 1 —pliest TKES——— /rie Fusiengyl |
| [+
T v IcEor ICE off Teet
1y -
soc s e Pee| -
Tem oy ibake
[T EMTemp
g Foas v [
—p{Tie
Toomsl —  Road model
fes
Battery [
Brake Cortrol

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 nirae. Fig. 5.3
shows the USO06 driving cycle, which contains the total digviime, 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@BDC link

voltage, and to provide 14.3 kW continuous power and 30 kVk peaver. The
field weakening ratio is 1:5 and the maximum speed of the mist©5,000 rpm
at 150 km/h. The nominal torque is 40 Nm at 3,000 rpm and peaju&100
Nm [81].
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Fig. 5.3 US06 driving cycle

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

OUTER Ramb AMBENT
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STATOR
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BEARINGS

STATOR R15
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WINDING

coLs

WINDING

END-TURN

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 FEWIsitions by
FEMM. Fig. 5.5 and 5.6 show the losses in the copper and staterat various
speeds and torques, respectively [3,81, 82].

conductor losses

Torque [Nm]

L .
0 5000 10000 15000
Speed, [rpm]

Fig. 5.5 Simulated copper loss in the stator

core losses total Map

Torque [Nm]

— 4060800
— 200300
. 00—
10000 15000

Speed, [rpm]

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 tlegfiently used
driving cycles of wheel loaders (WL). This driving cycle ¢tawith lifting of the
load from ground level (point 1) and moving backwards to teersing point
(point 4) and then moving forward for several meters anddaenilision with
pallets already loaded onto the load receiver [83]. At pb6itite WL stops, lowers
the load and places it on the load receiver’'s deck, and theresnback to the
initial loading position (point 1) [83].

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

5.3.2 Loss maps

Losses of the VCE machine are obtained by FEA simulations &yix|l, Ansys.
Figs. 5.8 and 5.9 show the losses in the copper and statoateegious speeds
and torques, respectively. The calculated loss in the rotgnets are presented
in Appendix C.2.
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Fig. 5.8 Simulated copper loss in the stator at 120f VCE machine
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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 linktagk, and to
provide 35 kW continuous power and 250 Nm continuous tordhe. rated and
maximum speeds of the motor are 1335 rpm and 6000 rpm, réaggdB4].

The 2D FE thermal model is a Volvo in-house developed themualel based
on Gmsh as the geometry and meshing tool and Matlab as thersoid post-
processing tool. Detailed model building procedures amidented in technical
report [84]. Fig. 5.10 shows the geometry of the simulated=\&lectrical ma-
chine, including the stator yoke, stator teeth, windingsding insulation (the
thin layer between the windings and the stator teeth in Eif0)srotor magnet,
rotor iron, rotor shaft and glass fiber (the thin layer betwt® rotor magnet and
the air gap shown in Fig. 5.10), etc. The materials for théedsht parts of the
machine are listed in table 5.1. Boundary condition 1 to 4XHT4) are set to
symmetrical and boundary conditions 5 to 8 (BC5-BC8) aret@&tonvection.
There are six 'sensor locations’ which indicates the |laseiwhere the temper-
atures over time are of interest. Sensor 1 to sensor 6 comdgp stator tooth
opening, middle of the winding, stator yoke, shaft, rot@niand rotor magnet,
respectively.

0.02 - i""""'"éRﬁfDF"'

e R e
BC3 :magnet B BC8 H T : _BCS
Ly
0.01 ozaspe™--- | R R AR anal R Sttty SLERERERER
; H ! oo '
BE6—H™ 0 Liron 1| Sk Windings
0 Iﬁensmrrl‘lﬁensor 5 “Sensmr%ﬂ T ;Sensor 2 Sensor 3

BC4! : i oBC2 ‘
ST T} SR S R N— SR E—— S S

0.05 0.06 0.07 0.08 0.09 01 0n 0.12

Fig. 5.10 Geometry, material, boundary conditions and sensor locations of thedlCE
trical machine thermal model
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Table 5.1: Materials list for 2-D FEA thermal simulation o€¥# machine

Materials Thermal Specific heat
conductivity | capacity
[W/(m-K)] [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/ayeatplitude/range/
depth, duration and total number of each cycle of a known-tomad history.

The above-mentioned 'load’ could be temperatures or mechbstresses. Ref-
erence [85] discusses 7 different cycle counting algorsthwhich can be used
to decompose irregular thermal evolutions into frequesipieriods of depths and
number of temperature cycles and mean temperatures. Iriuay, $vo most of-

ten used algorithms are discussed and the resulting liéstimne compared later.

5.4.1 Mean edge 2 cycle counter

Fig. 5.11 [86] shows an example of a temperature profile adpb either bear-
ings or windings. Based on this temperature profile, a wetjbharacteristic life

can be evaluated by Equation 5.1 [86] with a known steady $ifat at specific

temperatures. This cycle counting method (so called Mege 2dn [85]) counts

the small temperature cycles between every two turningtpaind computes the
mean of these maximum edges and minimum edges for the eatmeerature

profile.

66



5.4. Cycle counter
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Fig. 5.11 Example of a temperature profile

hi+ho+hs+ -+ i,
L= 11270 (5.1)
hi  hy hs hm

L L LT,

where:

L is the average life time;

hq is the time at temperatufg ;

hs is the time to cycle from temperatu¥g to 7s;
hs is the time at temperatufg;;

hn, is the time at temperatufg,,;

L4 is the winding life at temperaturg ;

L, is the winding life at temperaturs;;

T = % andT4 = %

5.4.2 Rainflow cycle counter

Rainflow counting is another widely used method of estingasitness/strain hys-
teresis loops within the area of fatigue life estimation, 8B 88]. Compared to
the method discussed above, the Rainflow counting methdolésta count the
deepest cycles [85] and also break down the middle deptesytio small depth
cycles within a temperature or mechanical stress profile.

The basic Rainflow cycle counter algorithm is summarizecHsviis [89]:

1. Rotate the loading history 9&uch that the time axis is vertically down-
ward.

2. Imagine a flow of rain starting at each successive extresird.p
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3. Define a loading reversal (half-cycle) by allowing eacimftaw to con-
tinue to drip down these roofs until:
a. It falls opposite a larger maximum (or smaller minimuminp.o
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 thesaounted rever-
sals.

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

5
4
3
2
1
0

SO
1 \/ \/

Fig. 5.12 Example of a load-time history

Load (stress, strain)
b |

|
o~

|
(&)

Based on the basic Rainflow cycle counting technique, othpraved Rain-
flow cycle counting methods are developed, such as threg-frecommend by
[88]) and four-point cycle counting methods [89].
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Time

Fig. 5.13 Rainflow cycle counting the loading history

Table 5.2: Reversal counts based on the Rainflow countitgnigae [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 tecieni89]

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 (El) and electrical insulation t®yas (EIS) are aged with
TEAM stresses, namely Thermal, Electrical, Ambient and Maical stresses
(Chapter 1.2). Each stress in relation to lifetime can berilesd by certain math-
ematical model as summarized in Tables 2.2 and 2.3. Thifoseexplains the
lifetime model resulting from constant temperatures.

5.5.1 Thermal Index and Arrhenius Law

The Arrhenius Law (also included in Table 2.2) describesdfetion between the
insulation endurance and constant temperatures as shd@quation 5.2

L= AeB/T) (5.2)

where L is the insulation endurance in hours, T the absadmgéerature in Kelvin,
A and B the constants for each insulation type, and e the blasatoral loga-
rithms, separately.

The linear function shown in Equation 5.3 is obtained byrigkbgarithms at
both sides of Equation 5.2

Y =a+0X (5.3)
where
Y = lOgloL
a =log1pA
X=1T

b = (logi10e)B
(5.4)

According to the standard [21, 26, 90], the temperaturexrfd® N°C of El
or EIS is the temperature at which 50% of total populationhef tested speci-
mens fail (i.e. L50), after 20,000 hours of exposure. Figidshows the relation-
ship between the temperatures and the logarithm of the Hidifetime of enam-
eled wires. Four magnet wires with different coating materii.e. polyurethane,
polyester, polyester-imide and polyester plus polyanidigle, are presented in
the plot, which correspond to Tl of 156, 180°C, 200C and 220C, respec-
tively.
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Fig. 5.14 Steady state thermal life of magnet wires coated with different insulatiaa-ma
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 repeatgglyed loads [91].
It is the progressive and localized structural damage thatirs when a mate-
rial is subjected to cyclic loading [91]. If the loads are @eba certain threshold,
microscopic cracks will begin to form at the stress concaots [91].

There are two commonly used approaches to estimate thditeiaduced by
cyclic mechanical stress of a material, which are Strefsdpproach and Strain-
Life approach. These two approaches are normally correspgrio high cycle
fatigue (HCF) and low cycle fatigue (LCF), respectively.detail, for LCF the
number of the cycles till failure is considerably shorteegause materials are
under high stress amplitudes with plastic deformationsamehile, HCF refers
to fatigue which occurs above certain number of cycles wihieematerials still
work in their elastic regions.

For low cycle fatigue (LCF), Strain-Life model or Coffin-Mson equation
(5.5) is used [92] to describe the relation between the iplagtain % and the
total number of cycles till failureV.

Asp

5" = BNy’ (5.5)

where B is the empirical constant known as the fatigue ductilityfioent, the
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failure strain for a single reversal aritlis the empirical constant known as the
fatigue ductility exponent [91].

As mentioned above, when the cyclic mechanical stress sdrig the mate-
rials of interest are in their plastic deformation regioti® LCF model is valid.
However, if a material is working in its plastic deformaticegion, the lifetime
of the material is much shortened. Materials show up to 16@tes of life if
they are in their plastic deformation region as reporte®2] pnd [93]. There-
fore, it is essential to design and operate machines so thrials, for instance
the insulation materials, can operate in their elasticoregli In this case, the high
cycle fatigue (HCF) model is valid. The HCF model or the Strede 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 elieal machines are very
dynamic. This leads to very dynamic stress-time historieglware similar to
the one shown in Fig. 5.12. Using a cycle counter proposedhapéer 5.4 can
characterize the dynamic stress-time histories to typigeles and create certain
cycle spectrum as shown in Table. 5.3. Furthermore, for &gmbal cycle with
High Cycle Fatigue (HCF), the Stress-Life (S-N) relatiopstan be used to es-
timate the lifetime spending after the whole dynamic cyslapplied. The S-N
curves are derived from tests on samples of the material théecterized where
a regular sinusoidal stress is applied by a testing machiiehvalso counts the
number of cycles to failure [91]. A typical stress load cyislshown in Fig. 5.15.
Besides the frequency/period time, two of the parametefalre 5.4 should be
defined to describe a cycle as expressed by Equation 5.6.

S = S,un + Sy sinwt (5.6)

S-N model of PAI coating

The tension fatigue curves of 4 different PAl insulatiorimesire shown in Fig. 5.16
[94]. In the later calculations, PAI 7130 is assumed to bdiegms coating of
DAMID 200 wire. Typically, the stress-life (S-N) relatioran be described by
the power law equation as in Equation 5.7. Furthermore,ritlia 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 S,.az

Minimum stress| Smin

Stress amplitudg S, = Zmas—Smin
Mean stress Sy = Dot Sen
Stress range AS = Siaz — Smin
Stress ratio R = gmin

Period T(sec)

Frequency /=7 (Hz)

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

Ny = No(2hy3 (5.7)

b— log51 - log So
~ log Ni —log N

The coefficient b in Equation 5.8 is found to be 0.1178 for PABQ in
Fig. 5.16. Also, the fitted tension fatigue curve for PAl i@ in Fig. 5.17.

The tension fatigue curves in Fig. 5.16 and Fig. 5.17 areulgefpredicting
the life of the PAI materials. However, it should be notedt ttee curves can

(5.8)
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Fig. 5.17 Tension-Fatigue curve of PAI 7130 - fitted

be influenced by some factors for one specific material, fstaimce the types
of loading stress (Fig. 5.18). For a polished 0.3-inch-d@iten steel specimen, a
lifetime of 103 cycles corresponds to 90%, 75% and 72% of the ultimate &nsil
strength §,,) in bending, axial and torsion fatigue test, respectivaes/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-mechanicatses are a combi-
nation of axial stress and bending stress, which refersearsttress and normal
stress on the coating layer in the FEA simulations, respalgtiHowever, the S-N
curves in Fig. 5.16 are obtained with tension/tensile tatitgsts. Therefore, the
calculated lifetime is expected to be shorter than in theapplication.
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Fig. 5.18 Different types of loading in fatigue tests [95]
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Fig. 5.19 Generalized S-N curves for polished 0.3-inch-diameter steel spesif@a].

Therefore, a more comprehensive S-N fatigue map for PAlingas needed
in order to more accurately estimate the lifetime loss duagohanical wear. The
completed S-N fatigue map should cover the fatigue life f&&i@dint combinations
of mean stress level and stress ratio (or two other parasdédined 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 fatigushasvn in Fig. 5.15.
However in many cases, including traction machine appdioat variable ampli-
tude fatigue spectra are experienced. Therefore, a resdtip between constant
amplitude fatigue with variable amplitude fatigue is nesed&ccording to [92], a
simple method to use S-N data to predict variable amplitatigde is proposed
by Palmgren (1924) and further developed by Miner (1945neviassumed that
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Fig. 5.20 Constant life diagram for E-glass/polyester laminate based on S-N dai3 fo
R-values, three-parameter mean S-N model [96]

the total amount of worki{’) to cause failure in a sample, is a constant, regardless
of the amplitude of the fatigue. Therefore if the sample Igjscted to a spectrum
loading consisting of blocks, where the work associated with each blockis
then:

Yw; = W (5.9)

Furthermore, Miner’s rule (also included in Table 2.2) ases that the work
absorbed in a cycle is proportional to the number of cyclebénblock,n;, and
hence:

w; ng

— = 5.10
W Ny ( )

whereNy is the number of cycles to failure at the stress amplitudéfatrparticu-
lar block and can be obtained from the S-N curve. When the aglated damage
occurs, Equation. 5.11 is met. This equation is also nambddpan-Miner’s (P-
M) law or the linear damage accumulation model, which is uisekis study with
results presented in Chapter 7.5.3.

=1 (5.11)
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5.7 Statistics - Weibull distribution

Chapter 2.3.2 presents two different statistical modetsmonly used for accel-
erated life tests. This part focuses on the modeling of Whdlistribution.

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

Ft)=1-e )’ (5.12)

whereg is the shape factor, angis the characteristic life parameter. Reference
[99] presents the database of the shape parameters fousayjoes of equipment
and states that the value for AC and DC motors is between @.8,axith a typical
value of 1.2. Takeshi Hakamada [100] carried out break-devltage tests on 75
motors which had been used for 15 to 23 years and found outihahape factor
for stator windings is between 1.8 and 2.8 for low failure tines. These two
sources report comparable shape factors for electricahimes. In the following
study, a shape factor of 1.2 is considered to be on the caatsergide of life time
estimation, which results in an L50 life to L10 life ratio af74

77



Chapter 5. Modeling and simulation - drivetrain level

78



Chapter 6

Test set-up

This chapter explains the selection of relevant tests riescthe test procedures
and measurement techniques, and defines the test set-upinol ctrategies.
The tests are used to investigate the degradation mechaaisthunderstand the
degradation symptoms of the insulation material of enadwless, the insulation
system of motorettes and insulation system of entire etattmachines. 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 déscthe lifetime
of an Electrical Insulation (El) or an Electrical Insulati®ystem (EIS) at dif-
ferent constant temperatures. In standards [21, 26, 1I0d]test approaches are
described in order to obtain the Temperature Index (TI) afneeled wire, insu-
lation material and polymer, respectively. In order to iifgrihe Tl of a material
or a combination of materials, several specimens of the nmhtf interest are
tested when subjected to at least 3 elevated temperatunekeFmore the Arrhe-
nius equation is derived to describe the thermal lifetimeelation to different
constant temperature levels. The above-mentioned si@mdaggest that the test
specimens should be measured in a temperature controlexdwith good air
circulation, which exposes the specimens to an environm@iegigh temperature
and in the presence of oxygen. Therefore, the degradatatrighmeasured and
concluded is mainly due to oxidation at constant high teaipees.
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As described in Chapter 2.2.2, a stator of an electrical inadh an electri-
fied vehicle is usually impregnated by trickle impregnatidipping impregnation
or total encapsulation. The impregnation is applied to anhahe mechanical
strength, electrical insulation and thermal conductiatyhe coils. However, the
application of impregnation materials prevents the expost the stator wind-
ings to the ambient air environment directly, thereby pnéve the aging due to
oxidation of the coating of the enameled wires.

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

Therefore, the Thermal Index and Arrhenius equations ofriel BIS con-
cluded from the standard test methods are not necessalitlyteadescribe the
degradation of El and EIS of electrical machines in eleetlifrehicles, when the
windings are exposed to no or a low content of air due to impuaiegn.

The tests below are carried out on enameled wires to inastitpe thermal
degradation differences when the wires are aged in air ggth@we and when they
are aged in the absence of oxygen atmosphere, respeciiteystudy will also
suggest the necessity of introducing a new thermal agingtesedure for enam-
eled wires if they are used in absence of air condition. Tkesten enameled
wires are performed together with Chemistry and Chemicdgifering depart-
ment, Chalmers University of Technology.

6.1.1 Testsample

The test object DAMID 200 enameled wire has two layers ofiogatvhich are
polyesterimide as a base coat and polyamide-imide as a &s2j. This enam-
eled wire is chosen as a sample of interest due to the wideeusfaits coating
materials. The wire is of 0.9 mm diameter including appraadiety 0.85 mm di-
ameter of copper.
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6.1. Enamel wire testing

6.1.2 Thermal stress and Scanning Electron Microscopy (SEM)

Fig. 6.1 shows the schematic setup for thermal aging of eleméres. As shown
in Fig. 6.1, a tubular furnace (Lenton, LTF14/25/180) isdut® the convenience
of gas environment and flow control. One side of the furnacmimected to a
source of gas; a tank filled with Ar or synthetic air (20% O2 #@B82), and the
other side is connected to an exhaust gas collector bubinledgh water at room
temperature. For both tests with different gas environsjehe gas flow rate is
controlled to approximately 20 ml/min. In addition, for hdests the same tem-
perature stress profile is created with a Eurotherm 2416éestyre controller: 1)
the furnace is slowly heated at the rate 6€2min to 275C, 2) 275C is main-
tained for 168h and 3) the furnace is cooled down to room teatpee with a
temperature change rate ¢f@min.

For each test, the enameled wires are cut into pieces ofrieligto 50mm. 6
pieces of enameled wires are placed in an alumina boat ¢eusitdl then placed
in the middle of the tube furnace as Fig. 6.1. After the thérstr@ss treatment,
the specimens are prepared for further Scanning Electreanostopy (SEM) ob-
servations. The SEM is a type of electron microscope thatywes images of a
sample by scanning it with a focused beam of electrons [I0¥.electrons inter-
act with atoms in the sample, producing various signalsdbatain information
about the sample’s surface topography and composition][104ur tests, the
SEM measurements are carried out by the Phenom ProX destdopiag elec-
tron microscope, which utilizes the beam from a thermioniéssion gun. For the
imaging mode, a 10-15 KeV beam is selected and both Secoftatrons (SE)
and Backscattered Electrons (BSE) detectors are applied.

Furnace

Aluminatube
| ﬁ Sample ."( \

) il
\ Y]

Programmable
controller

Ar! Air
(Synthetic)
Tank

Exhaust
collector bottle

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 thermahlgsis in which
changes in the physical and chemical properties of masesisd measured as a
function of increasing temperature (with a constant hgatite), or as a function
of time (with a constant temperature and/or constant masg [A05]. TGA is
commonly used to determine selected characteristics cfnab that exhibit ei-
ther mass loss or gain due to decomposition, oxidation,ss & volatiles (such
as moisture) [105].

In our tests, the TGA are carried out on small pieces of new MAKO00
enameled wires under Synthetic air (20% 02 + 80% N2) and Aosgineres,
respectively. Each test sample is cut into length of appnaxely 3 mm. In order
to subtract the contribution from the Cu oxidation, TGA idartaken on the
same length of Cu wire without enamel from the same wire sepplhe mass
losses due to thermal stress within two different gas enumirents are observed
and compared thoroughly.

The TGA experiments are performed with a NETZSCH STA 409 P@run
ment as shown in Fig. 6.2. To ensure high accuracy for eackriement, a cali-
bration is performed before each test by subtracting thghteiontribution from
the instrument, if any.

e =
ey "9 9 » Gas outlet

Sensor
Furnace
Protective tube

H Hoist

Gas inlet
Vaccum

Balance

B3
|

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 EISatigion under dy-
namic temperatures and to study the symptoms during degpadaereby im-
proving the condition monitoring methods, acceleratedraldgtion tests are car-
ried out on segmented stators, i.e. motorette specimemsimbiiorette specimen
is defined in the subsequent section. The original plan wassioup to 8 mo-
torette specimens at once for each accelerated testingpasdhie results could
reflect the statistical distribution. However, we starthatiésting a minimum of
two motorette specimens for each accelerated testing &r ¢odearn the physics
of EIS degradation with cycled temperatures.

6.2.1 Test sample - segmented stator

The Volvo in-house designed traction machine (referredsttha VCE machine
in this document) is chosen as the study object. Four of #hetitn machines
are used as in-wheel propulsion for one wheel loader as showig. 6.3. The
reason for choosing this electrical machine as the furttuglysobject is that it is
a known design (geometries, materials, etc.) and that irédewvant application.
Fig. 6.4 shows the stators in production in the Eldrivet gecbj106]. More in-
formation about the wheel loader driving cycles and VCE niveels 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. Bhegecimen before
impregnation with epoxy is shown in Fig. 6.5. It is part of MEE machine that
has a concentrated winding in the stator (Fig. 6.4). The inmdtructure of the
specimen consists of 7 turns and 29 parallel strands, whighagher arbitrarily
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Fig. 6.4 lllustration of the VCE electrical machine stators

placed into the slot of the reference machine and are wounghdrthe tooth of

the segmented stator. In addition, two water cooling chizrare made in the iron
tooth of each specimen to simulate the cooling in the refer@nachine. The sin-
gle tooth test object is later on impregnated with epoxy bguven and Pressure
Impregnation (VPI). The test specimen is hereafter refetweas the 'motorette’.

Fig. 6.9 shows the cross section of the motorette with epayyrégnation.

Fig. 6.5 Stator segment motorette sample before epoxy impregnation

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

1. Mismatches between the connector (illustration at tfteofe-ig.6.6) and
the internal thread in the iron back. The thread in the irockbaas not
easy to drill due to insufficient material thickness at irack;

2. Missing O-rings and other sealing between the connentbttee 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 conn€ctors
cooling channels (right)

In order to avoid water leakage, the design of the coolingwas 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 grooveehsure good
heat transfer;

3. Moving the problematic connectors outside the impregphatotorette.

Another improvement of the second generation of motorettdke strand
distribution inside a slot as shown in Fig. 6.8. In compariso the ' group
of motorettes (left side of Fig. 6.8), the improvements te dhistribution of the
windings in the slots of the"8 group of motorettes (right side of Fig. 6.8) are
made as follows:

1. The wires are concentrated into the slot by fixing the &ghtg 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 finaliatd-m
rette before impregnation with silver welded metal tubes acting as coolirtg duc
(marked in the yellow box) (bottom)

2. A slot wedge is added at the slot opening as it is used intt#tersof the
real machine;

3. Piecies of insulation paper between the tightening @atewindings are
added to represent the insulation paper pieces betweenitwiing phases
inside a slot of the VCE machine stator.

Fig. 6.8 Cross section of the®igroup (left side) and™® group (right side) of the designed
and produced test motorettes

The lesson that is learned from the specimen design and gtiodus to keep
the designed specimen as simple as possible to only inchelenaterials/parts
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of interest (stator, windings and other insulation matsyietc.) and leave the rest
outside the test specimen (cooling system and so on) to avedpected fail-
ures. Also, good communication between the designer anchémaifacturer and
between different departments within the manufacturingugany is extremely
important.

6.2.2 Temperature sensor locations and thermal stresses

Five PT100 temperature sensors are placed inside eachetietspecimen. Four
of them, as shown in Fig. 6.9, are present to capture the teyse distribution
at different locations and they are in the middle of the adigdction. The 'wind-
ing 2’ sensor is located in the end winding and cannot be shiowhis illustration.
The hot spot is identified by means of both simulation andrtgsand its temper-
ature is controlled by controlling a DC current power supgayl a cooling water

pump.

Fig. 6.9 Cross-section showing temperature sensor positions

6.2.3 Testrig

The test rig for accelerated tests with motorettes is boilhduse as shown in
Fig. 6.10 and Fig. 6.11. The rig is designed with a capacitg$ba maximum of
8 samples simultaneously, taking into account the stegilstiature of the lifetime
test. Each motorette is placed inside a thermally insulbted The cycled tem-
perature is created by controlling the electrical curret forced water cooling,
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which represents the heat generation and dissipationectgely, in a real ma-
chine. The rig could be expanded for an accelerated lifetesewith E-field re-
lated stress, including voltage amplitude and frequenogatians. Between a cer-
tain number of thermal cycles, SoH/condition monitoringasieements are made
for each specimen to keep track of the health status. Tablelis6s the hardware
and software used for the Volvo in-house built test rig. Ttwetol schematics are
shown in Appendix A.

\ juawiainsea HoS j

Fig. 6.10 Test rig sketch for accelerated tests
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(a) Testrig built for accelerated tests - view 1 (Ib) Testrig built for accelerated tests - viéw 2 (ex-
cluding control hardware) cluding control hardware)

Figure 6.11: Test rig built for accelerated tests

Table 6.1: Components list of the test rig for acceleratststen 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, to divide the cooling flow
in house design and produced | 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), data logging and data conversion
National Instrument (NI)
Labview, control software
National Instrument (NI)
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6.3 Electrical machine testing

During the above-mentioned accelerated degradation testsondition monitor-
ing measurements are carried out on motorettes and desailegps are described
in Chapter 6.4.1. One of the important findings is that thelatson capacitance
shows a clear trend during the degradation. Therefore, dy siftian on-board
monitoring method to utilize the capacitance changes asdiodtion of traction
machine degradation is carried out via a master thesis qirejihin the doc-
torate project. The details are documented in a masterstfig37]. Two PMSM
machines of different sizes are tested with the purpose riff/ireg the on-board
off-line method, and the two machines are briefly describettié following sec-
tions.

6.3.1 Testobjectl

The main test object for this on-board off-line measurenmegthod is the RWD
electrical machine described in Table 2.6 and Chapter 5Nd8e information
about the LTH in-house designed machine can be found in €éh@pChapter 3
and Appendix A in [108]. A picture of the machine is shown igBi12.

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

In order to study the applicability of the prognostic method larger electrical
machine for traction, the on-board off-line measurementhoet is also tested
on a machine which is designed for electric hybrid heavyaleki The studied
machine is an oil cooled, 6-pole, 80/180 kW (continuouspeawer) PMSM
with distributed windings and a V-shaped magnet arrangenigizing reluctance
torque [109]. The base speed of the electric traction madkif,000 rpm and the
maximum speed is 15,000 rpm. More information about thieaose designed
machine can be found in [109]. This machine is also used fenaitvity study
for the temperature dependency of the measurement metbothd-convenience
of discussion, this machine is nam&13. 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’ condiétn monitoring methods

are given in Chapter 2.5. In our studies, both 'Off-boardlioi¢’ and 'on-board

off-line’ measurements are investigated. The test selmpsescribed 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 aatzledegradation
testing, off-board off-line tests are applied on the madtese

The DC polarization current and AC impedance measuremgmbaphes are
performed between the windings and the iron core and betweemnandomly
grouped parallel strands of the machine windings. The abueetioned mea-
surements can furthermore be used to perform and analyzartesshies of mea-
surements: 1) initial measurement, 2) thermally loadingd) 2yrepeated measure-
ment at initial conditions [47]. The detailed set-up and sueaments results are
presented in this Chapter and in Chapter 7, respectively.rméasurements be-
tween windings are performed by dividing the parallel slisanf 29 wires into
two groups of 14 and 15 strands randomly and it provides a qubantage that
the winding insulation state of health and degradation @aaedtimated between
these two groups and along the whole length of the windings.

Fig. 6.14 shows the original plan of the test setup with thecfions of 1)
heating up the sample under test to a predetermined terapesahile SW1 re-
lays are on; 2) applying a DC voltage pulse and measuringdlagipation current
at temperatures of interest for 300 seconds while the SW$ ielan. The high
current power supply is a PSI 9000 3U from Elektro Automatikl ¢he DC volt-
age is supplied by a Glassman FJ2P60, with the polarizatideakage current
measured by a Keithley 6485 picoammeter. However, the tgakarrent of the
relay when it is off is in a similar range to the leakage curtenbe measured
of the test objects. Therefore, the automatic switch betwrgrent supply and
voltage supply is not used. Manual disconnection and cdiomebave to apply
for these measurements.

The capacitance between the two grouped strands and beth&evinding
and ground is measured by Gamry Reference 3000 potentioSta¢ open end of
each of the two strands is connected to the Gamry poteriscsta the other open
end is attached to a 50¢(Kresistance due to the measurement range limitation
the Gamry equipment.

The inductance and resistance of winding conductors aceratsasured by
Gamry Reference 3000 potentiostats with the whole windiog €plit as previous
case) connected in series with Gamry.
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Fig. 6.14 Circuit diagram for heating up and measuring the polarization curremsfgle
tooth sample [47]

6.4.2 On-board off-line

This section explains the implementations of the on-bo#frtiree measurement
method carried out on the entire machines (see Chapter Bd3jnainly quotes
the master thesis [107].

First a short voltage step is applied across the phases efdbgical machine
in the vehicle. This voltage step can be as short ggsldhe voltage step is gen-
erated by the power converter going from the lower shorudigwitching state
(0,0,0) to switching state (1,0,0) (or an equivalent switghstate). This corre-
sponds to applying the DC-link voltage across the phasesstdd in Fig. 6.15.
The transient current response that occurs as a resulto¥eltage step is then
measured [107]. By means of data post-processing of thetbgarrent and then
by comparing the high frequency current response at diffausage times, the
current signatures are shifted at different ages of the mashthis being caused
by changes in the parasitic capacitance during degrad&tfenblock diagram in
Fig. 6.16 shows the simplified connection for the test seffaple 6.2 describes
the functions of the various components needed for this¢ypeeasurement. 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 gertetate
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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 conalitimonitoring

Name

Function

cRIO, NI

machine control

Power converter

machine drive

PMSM

tested object

Tektronix A6303 | current sensing and amplifying
and AM 503 :
Red Pitaya A/D converter and data loggin

)

for high frequency current
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Chapter 7

Experiment and simulation
results

The results obtained from the tests and simulations areepted in this chapter.
The purpose is to evaluate the tests proposed in Chapteer@jfidthe relations
between load, time and degradation of electrical insulaigstems (EIS) and
connect the experimental results with theoretical analysi

This chapter starts with the test results of the enamelegkswirhe test results
demonstrate the thermal aging difference of the coatinggrefs in the environ-
ment with and without air, respectively. The thermal agitiffecence observed
from the tests, indicates that the thermal aging mechanddrise coating could
be different with and without complete encapsulation (skapfer 2.2.2). After-
ward, the test results from the motorette testings are ptedeBoth the measured
data before (i.e. the initial state) and during thermal eyding are presented and
compared to the previous defined simulations. Next, resbli@ned from system
simulations (Fig. 5.1) are presented on both VCE machineRW@®D machine
(defined in Chapter 5). In the end, results from the on-boéfrtine condition
monitoring is briefly discussed and the results are mairfigrred to the master
thesis presented in [107].
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Chapter 7. Experiment and simulation results

7.1 Results of enamel wire testing

The setups for the tests performed on enameled wires arglzbxsm Chapter 6.1.
The results from the SEM and TGA measurements are preseeli@a. b

7.1.1 Tube furnace aging and SEM results

The first visual inspection shows significant differencensetn the samples treated
in the two different gas conditions with 276 of 168 hours. As shown in Fig. 7.1,
the coating of all the air treated samples show delaminatidhe end of the test.
Whereas, the coating of all the Ar treated samples becom&srdhian the same
enameled wires when they are brand new, but without deldinmaAs a result
of the delamination, the mass loss of the air treated samsptauch higher than
the Ar treated sample.

Fig. 7.1 Picture of the enameled wires after thermal stress of @/r 168 hours seated
in the alumina boat crucible

In order to further investigate the surface changes of theneted wires after
the thermal treatment with the exposure to different gaSE8) measurement is
applied.

Fig. 7.2 compares the thermally aged enameled wire sunfaaéaw magni-
fication, where the bright part is Cu and the dark part is pelyooating. Despite
of the bottom part of Fig. 7.2 (b), which is due to the cut eddemwpreparing
the sample rather than aging, the comparison clearly shatttie damage of the
same coating in air is much sever than it in Ar. Furthermoiedicates that the
thermal degradation rate of the coating is much faster irtféin in inert gas.

The air aged and Ar aged samples are observed with high meagiofis of 5k
times and 17-20k times and presented in Fig. 7.3 and Figr&spectively. Due
to the combustion/oxidation of the polymer coating in dg Cu wire is exposed
and discontinued as in Fig. 7.3 (c) and Fig. 7.4 (e). In coispar the Ar aged
sample shows that the coating surface is continued as ivFEdd) and Fig. 7.4
(f). However, with the highest magnification in Fig. 7.4 (e Ar treated sample
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7.1. Results of enamel wire testing

shows small 'particles’ or 'bubbles’ at the left part of thietpre. This might be
the early phase of coating delamination. This early phaskelamination could
result in sudden changes of dielectric properties, sucheamsulation resistance
and capacitance, before the final failure of delamination.

Fig. 7.2 SEM images of enameled wires after thermal stress under gas stregm(af
and argon (b)

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

7.1.2 TGA test

TGA tests (see Chapter 6.1.3) are carried out on enameled®aating + copper)
and pure copper samples. Each type of specimens is testeaimy, separately.
The mass losses of enameled wire sample (curve 1 and 4) aadgpper sample
(curve 2 and 3) are shown in Fig. 7.5. Thaxis shows the residual mass change
[%] compared to the initial mass and the temperature chat@g(fhe dotted-
line), and ther-axis shows the TGA measurement time (minute) including$o
isothermal stage at 40Q. In comparison to curve 1 which represents the mass
loss of enameled wire in Ar, curve 4 shows higher mass losswveémameled
wire is in synthetic air. However, the mass loss of pure copgeupies a large
proportion in the total mass loss of enameled wires, frone#posure to heat and
different gases (curve 2 and 3).

Fig. 7.6 compares the effective mass change [%)] of the qpatiterial in air
and inert gas. The effective mass change is calculated hyestibg the percent-
age mass loss of the pure Cu from that of the enameled wirefigines at the
left and right side of Fig. 7.6 are the effective mass charigmating before and
after the 2 hours of isothermal stage, respectively. A higloating mass loss is
observed from the exposure to air than to Ar. The values obtafrom the tests
in air and Ar corresponds to 0.27% and 0.18% before the isothlestage, and
0.18% and 1.65% after the isothermal stage, respectivdly,tie measurement
accuracy+ 0.0003%. Fig. 7.6 also shows that the effective mass lossatfng
increases steadily first and decreases sharply at aroui€38@\r environment.
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Fig. 7.5 Comparison of TGA results under inert (Ar) and Air (20% O2+80% N2)@&
sphere of enameled wire and pure Cu wire. Percentage of massdeamdjcated
for each sample. The bump under Air (on sample 3, 4 around 30 mimbifesch
from external noise

In comparison, the sharp decrease starts at a bit lower tamope around 31
in synthetic air. The coating material becomes unstablevad temperature in
the presence of oxygen than absence of oxygen.

In other words, if the high temperature oxidation is consdeas the only
degradation cause of polymer coating, the complete im@atemm of windings
should prevent the enameled wire coating from oxidatioerehy prolonging
its lifetime. However, from the accelerated degradatistst®f motorettes with
complete impregnation, it shows that the lifetime of wirginof motorettes is
shorter than the lifetime estimated by Arrhenius equatiesi(ts are presented
in table 7.5). The Arrhenius equations are obtained withddead tests and the
enameled wires are tested with constant high temperaturtég ipresence of air.
Whereas, the accelerated aging tests of motorettes areccaut with cycled tem-
perature and the wires and the wires are not directly expos&iddue to the com-
plete impregnation. This emphasizes the motivation to fookther degradation
mechanisms when the wire coatings in EIS is exposed to cyelageratures.

7.2 Results of motorette testing - initial state

Two different motorette designs are discussed in Chapget Bwhich show dif-
ferent winding distributions (see Fig. 6.8) and requirdedént ways (Fig. 6.7) of
producing the cooling channels. The studies on the insulaésistance (IR) at the
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Figure 7.6: Comparison of effective mass loss [%] in inert)(And Air (20%
02+80% N2) atmosphere of enameled wire and pure Cu wire

initial state, i.e. before the exposure to the acceleragadydests, of the motorette
specimens are carried out on one of tiegtoup of specimens before impregna-
tion with epoxy. The studies of the insulation capacitaii€? &t the initial state

of the motorette specimens are carried out on eight sampléee ds group of
specimens with complete impregnation with epoxy. The psepaf the these two
studies is to gain a deeper understanding of the conditionitoring methods
(see Chapter 6.4.1), namely the DC leakage current and thenp€dance mea-
surement. After exposing thé'roup of specimens to the long term accelerated
aging testing, the water leakages are found, and therdierg"t group of spec-
imens are produced with the re-design. However, the welkustood condition
monitoring methods are still valid. Hence, the verified noehare continued to
be implemented on the"®2group of specimens in the accelerated aging testings
in the later studies.

In short, the test results presented in Chapter 7.2 areraatdiom the tests
with 15t group of specimens with and without epoxy impregnation. Tésilts
presented in Chapter 7.3 are obtained from accelerateq agtings with 2
group of specimens with epoxy impregnation. A list of all orette specimens
used in the studies are summarized in Appendix B.1.

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

100



7.2. Results of motorette testing - initial state

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

7.2.1 Transient and steady state of the polarization curren
Transient polarization current

The DC polarization currents and the resulted dielectsstances between wind-
ings are studied in detail below. Fig. 7.7 [47] shows theatitlc resistance, which
is derived from the polarization current. They are measatddur different tem-
peratures and each of the current is measured for 2 minu@@0aV. The tem-
peratures are measured with the PT100 sensor in the midthe attive winding
(sensor 1in Fig. 6.9).

The measurements show that the leakage current increaseghtthe dielec-
tric resistance decreases with the increased temper&esides, the insulation
resistance decreases with time at one constant temperature

Theoretically, when the step voltage is applied over thiedtac material, the
positive and negative charges become oriented thus fordifiiegent dipoles [110].
The dielectric polarization is the result of a relative sbifpositive and negative
charges in a material [110]. During these processes, tietrieléeld is not able to
force the charges to escape from the material, which wouwldeeaherent electric
conduction [110]. In [47,110, 111], the equation of the siant leakage current
after applying a step voltage (Equation 7.1) and the eqouationsulation resis-
tance at steady state (Equation 7.2) are derived. The fidstecond part of Equa-
tion 7.1 represent the conductivity and the activation efdffferent polarization
processes of the sample, respectively [112]. The last pthtthe delta function
cannot be recorded in practice due to the large dynamic rahthe current and
can be neglected [110].

ip(t) = (- + F(2) +28(0) Col (7.)

whereo is the conductivitys, permittivity of vacuum (8.8541%), f(¢) the di-
electric response function, the relative permittivityy(¢) the delta function aris-
ing from the suddenly applied step voltagetat: 0 and Cy the geometric or
vacuum capacitance of the tested sample, separately [47].
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Ue 20
——— =Cyme (7.2)
Zp(tss) J

whereC,,,, and\ are the global dielectric resistance coefficiefitthe tempera-
ture,i,(tss) the polarization/leakage current at steady state, segharat

measured Uc/ip [ohm]

0 20 40 60 80 100 120
measurement time [s]

Fig. 7.7 Transient dielectric resistances measured at different temperatures

Steady state polarization current

Table 7.1 shows the dielectric resistances obtained at @tesrat the four differ-

ent temperatures. After the curve-fitting of the measurddega(Table 7.1), the
coefficients of Equation 7.2 are obtained. It describesetagionship between the
dielectric resistances and temperatures of the testedtobjg. 7.8 compares the
measured points and the fitted curve.

Table 7.1: Steady state dielectric resistance at diffdemperatures
TemperatureC] | 22 38 47 54
Ue/ip(tss) [TSY] | 1.68| 1.88 | 2.54 | 3.15

. UC — an1,67A6 — 4'912670.020 (73)
ip(tss)

Apart from the numerical expressions presented above, aredd that the
leakage current and insulation resistance are temperahddime dependent.
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Fig. 7.8 Dielectric resistance changing with temperatures for both measurédarddit-
ted (blue) values

Hence, in order to make fair comparisons to further indi¢hte degradations,
IR measurements should be made at the same temperature thedsaime time
after the step voltage is applied. Taking these factorsantmunt, for the IR mea-
surements in the later studies (Chapter. 7.3), the higlagelDC power supply
and the Picoammeter (test setup in Chapter 6.4.1) are wethsgnized by Lab-
view control. All the IR measurements are carried out at réemperature. The
DC voltage level are all set to 1300 V and lasts for 5 minuteg#ézh the steady
state of the leakage current. If tests are repeated on orfdesagnough 'rest’ time
between every two tests is needed. Itis at least equal tintleethhat the high volt-
age was applied in the previous IR test. This is to ensureathaharged dipoles
from the previous IR measurement are fully discharged.

7.2.2 Insulation capacitance

The insulation capacitance (IC) is less temperature depgntbmpared to the
insulation resistance (IR). The presented values in thisgza measured at two
locations, which are between windings and between windimbground. The IC
measurement are carried out at room temperature ontlgealip of specimens
with complete epoxy impregnation at the initial state.

An example of the measured phase and angle (blue dottedsfimemotorette
impedance is shown in Fig. 7.9. It is measured between 0.G0and 10 MHz
AC frequency. The measured data is fitted to a parallel ssistcapacitance
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electrical circuit to derive the insulation capacitanckigaGood fit between the
measurement curve (blue dotted-line) and the fitted curvee(gsolid-line) is
observed as shown in Fig. 7.9.
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Fig. 7.9 An example of a measured (blue dotted-line) and a fitted (green solidpliveese
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 mam®mples
between windings and between winding and ground, resgdgtivhe values are
in the range of 14.5 nF - 16.5 nF and 0.41 nF - 0.44 nF, betweewitidings and
between the windings and ground, respectively.
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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 methadgerms of insula-
tion resistance (IR) and insulation capacitance (IC), imioled by studying the
measurements of the unused motorette specimens. The dexdfilition moni-
toring methods are carried out periodically on the motersttmples during ac-
celerated degradation testings when thermal cycles atfeedppable 7.2 shows
the information of the three different temperature cyclegliad for the acceler-
ated tests. The cycled temperatures are measured at theobof she segmented
windings, i.e. via the sensor 'winding 1’ in Fig. 6.9. The raeged changes of IR
and IC due to the long term cyclic temperatures are presémtbe parts below.

Table 7.2: Tested thermal cycles

CyCIe No. emin [OC] emaw [OC] Tdec [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 subjectectmtd cycle #1. Two
motorette specimens (called S7 and S8) are used as referemigieh are not
subjected to the cycled temperature.

The measured IC [nF] between winding and ground are predéntgg. 7.12.
The dark and the light gray bars represent the IC of speciraemstial state
and after exposed to thermal cycle #1 for 47 hours, respdgtids a result, the
changes [%)] of IC of the 6 specimens are shown in Fig. 7.13y @he calculated
by the division of the absolute IC change of each specimememtcelerated test
by the average value of IC of the two reference specimens.

Low insulation resistances (a couple Q&) between windings of the mo-
torettes are observed after the exposure to thermal cycfer#47 hours. Com-
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7.3. Results of Motorette testing - degradation and failure

pared to the IR of 260 G - 350 (4 at the initial state (Fig. 7.14), the small IR
indicates short circuits between windings hence failufahi® motorettes. Also,
the decrease of inductance in the range of 3% - 43% (Fig. TsX®)served after
the accelerated test, which is considered as another tiatidar failure. The IC
between the windings and ground is decreased from 0.40 nd5-riF: (unused
motorettes) to 0.33 nF - 0.37 nF (failed motorettes) as showAig. 7.12, which
corresponds to the capacitance changes of approx. 12% -Ri§%w(13).

0,50
0,45
0,40
0,35 +
0,30 +
0,25 4 B new [nF]
0,20 Aged for 47 hours [nF]
0,15 +
0,10 +
0,05 +
0,00
51_PG 52_PG 53_PG 54_PG 55_PG S56_PG 57_PG SB_PG

Fig. 7.12 Measured insulation capacitance [fgtween winding and groundfor multi-
ple motorette specimens before and after thermal cycle #1 applied fous
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8,00 -
6,00 -
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2,00 -
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S1_PG 52_PG S3_PG 54_PG S5_PG S6_PG

Fig. 7.13 Measured changes of insulation capacitanceljgtjveen winding and ground
for multiple motorette specimens before and after thermal cycle #1 applied
47 hours
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Fig. 7.14 Measured insulation resistance(psbetween 2 randomly grouped strandgor
multiple motorette specimens before thermal cycle #1 applied
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Fig. 7.15 Measured changes of winding inductance [%] for multiple motorette spaEm
before and after thermal cycle #1 applied for 47 hours
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Figure 7.16: Measured insulation resistarfmetween 2 randomly grouped
strands for two motorette specimens during degradation with théayele #2

Thermal cycle #2

Two motorette samples (called S1 and S2) are subjectedrodheycle #2 in the
accelerated aging testing.

The measured insulation resistance (IR}JJ&nd insulation capacitance (IC)
[nF] in relation to degradation time between windings aespnted in Fig. 7.16(a)
and 7.17(a), respectively. The change of IC [nF] betweemtiheling and stator
core/ground is shown in Fig. 7.18(a).

For the convenience of comparisons, the Per Unit (P.U.)pgdue derived and
plotted in Fig. 7.16(b),7.17(b) and 7.18(b) for the aboventioned parameters.
The P.U. value of one sample is defined as the measured parar(iét or IC or
inductance) during the degradation testing divided by #mesparameters at the
initial state.

Low insulation resistances between windings are observexprox. 190
hours of this degradation test as shown in Fig. 7.16(a), wimdicates the failure
of the motorettes.

From previous experiences, a steep change of IC is expetcted @ery early
stage of degradation. Therefore, one more IC measuremeatried out at ap-
prox. 25 hours, which results in 6 measured points of IC bue&suared points of
IR of each specimen.
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Figure 7.17: Measured insulation capacitategween 2 randomly grouped
strands for two motorette specimens during degradation with théoyee #2
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Figure 7.18: Measured insulation capacitabeéveen winding and groundfor
two motorette specimens during degradation with thermelec2
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Thermal cycle #3

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

The measured insulation resistance (IR)J@&nd insulation capacitance (IC)
[nF] in relation to degradation time between windings aespnted in Fig. 7.19(a)
and 7.20(a), respectively. The changes of IC [nF] betweemiindings and the
stator core/ground are shown in Fig. 7.21(a). The Per UnitYRalues are shown
in Fig. 7.19(b), 7.20(b) and 7.21(b) for the above-mentibparameters. The P.U.
calculation is defined in the previous section.

Sudden increases of IR between the windings are observegbabxa 290
hours as shown in Fig. 7.19. Correspondingly, the IC betwieemvindings show
a slightly faster decreases than the previous trends asrgeskin Fig. 7.17. At
the same time, sudden decreases of the winding inductaeobserved as shown
in Fig. 7.22. All these phenomenons indicate the failureéneftivo motorettes.

Two more condition monitoring points (i.e. IR, IC and indarcte) are col-
lected after the failure occurring. As shown in Fig. 7.19,77and 7.22, it seems
that the failed motorettes are re-balanced’ and the degi@uis continued from
the new ’'starting point’ at approx. 290 hours.

The measured IR is higher of th& group of specimen without epoxy impreg-
nation (in the range of severdk) as shown in Chapter. 7.2.1) than that of thé 2
group of specimens with epoxy impregnation (in the rangeuoitneds ®). The
main reason is that air has higher electrical resistivigntthe epoxy matrix (see
Table. 3.1). However, it does not mean that air is a bettetrédal insulator than
epoxy because the dielectric strength of air (3 MV/m [53])risch lower than
that of the epoxy (19-21 MV/m [49]). Another reason could battthe distance
between the two randomly grouped strands of tHeyfdoup of specimens could
be larger than that of the"®group of specimens (see Fig. 6.5). As a result, the
total equivalent IR of the latter specimen is lower due todbereased insulation
thickness.
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Figure 7.19: Measured insulation resistartmetween 2 randomly grouped
strands for two motorette specimens during degradation with théayele #3
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Figure 7.20: Measured insulation capacitatiegween 2 randomly grouped
strands for two motorette specimens during degradation with théayele #3
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Figure 7.21: Measured insulation capacitaheéveen winding and groundfor
two motorette specimens during degradation with thermellec§3
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Fig. 7.22 Measured winding inductancelfl] 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 resigliR) between wind-
ings changed differently in relation to the aging time, witie®m motorettes were
exposed to thermal cycle #2 and #3. In detail, the IR showeslaeclines at the
beginning compared to the later reductions, during theatkion process of the
motorettes exposed to thermal cycle #2. In comparison, villemotorettes are
exposed to thermal cycle #3, increase of IR is observed éitsipprox. 50 hours),
followed by the decrease during the rest of the degradatiocess before the fail-
ures occur. The increased IR at approx. 50 hours could beddysextra curing
of the coating and epoxy at this cycled temperature levderAhe assumed ad-
ditional 'curing’, a rapid decrease of IR is observed anattie reduction pace
is slowed down, which is opposite to the IR changes of the rattes exposed to
thermal cycle #2.

The changes of insulation capacitance (IC) in relation ¢éodbgradation time
between windings and between winding and ground are dieduss below. The
IC changes of the motorettes [P.U.] exposed to thermal gy2land #3 at both
locations are shown in Fig. 7.23 and 7.24. In both measuretoeations, de-
creases of IC are observed during degradation. Approx. 5% aid 12% - 14%
of IC decrease are obtained between windings and betweetingiand ground,
respectively, during the degradation of motorettes exppdgehermal cycle #2.
The corresponding figures are 4% - 6% and 11% - 12% respeactieiotorettes
exposed to thermal cycle #3. This is a strong indication thete is a value in
studying the IC changes of the electrical machines by thbaard off-line con-
dition monitoring method presented in Chapter 6.4.2.

The IC changes [P.U.] in relation to degradation time [hpare fitted to
Equation 7.4 with two exponential parts. Both IC changesvbeh the windings
and between the windings and ground in thermal cycle #2 aratét8itted. The
fitted coefficients with 95% confidence bounds are summaiiz@édble. 7.3.

ICP.U. =q- eb-timbe +ec- ed-tim.e (74)

If the changes of one parameter under one thermal cycle anpared over
time, the rate of life loss at different age of the EIS is no¢dr, although the same
load is applied. Therefore, using the superposition meth@tcurately estimate
the residual useful life (RUL) of EIS is difficult. The accteaRUL estimation
relies on complete look-up tables or equations of the chafgroperties of
EIS in relation to time and different loadings. These logktables or equations
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7.3. Results of Motorette testing - degradation and failure

Table 7.3: Fitted polynomial coefficients of insulation aajfance changes versus
degradation time

a | b [ c ] d
Thermal cycle #2 (S1)
between windings 0.046 | -0.056 | 0.955 | -5.4410°

between winding and grounf 0.107 | -1.33 | 0.893| -1.6510"

Thermal cycle #3 (S1m)
between windings 0.028[ -0.048] 0.972] -7.7310°
between winding and grounf 0.066 | -0.107 | 0.943| -1.7810"

have to be obtained by more tests, which are similar to the presented in this
Chapter 7.3.
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Fig. 7.23 Comparison of measured insulation capacitance [Rigtjveen 2 randomly
grouped strandsduring degradation with thermal cycle #2 and #3
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Fig. 7.24 Comparison of measured insulation capacitance [B®tjveen 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. insulationstsice (IR) and insula-
tion capacitance (IC) are compared between the simulaginpdsneasurements in
this section. The IR and IC between the windings are focusémirbbecause the
values at this location reflects the state of health of alldivigs inside a slot and
is more difficult to simulate accurately than the ones bebhwée windings and

ground. The comparisons are carried out on feyPoup of specimens with com-
plete epoxy impregnation (right side of Fig. 6.8). The valbefore (referred as
'initial state’ below) and during the accelerated degremtetiestings are discussed.

As discussed in Chapter 3.5, the values of IR and IC betwenrdings at the
initial state are varied with different winding distribakis and thicknesses of the
insulation materials. With the constant coating thickrefs25 ym (defined by the
data-sheet of the enameled wire of interest) and with thedapoxy thickness
of 50 um - 120 um, the simulated IC is in the range of 10 nF - 19 nF by the
analytical model. At the initial state, the measured IC le=twthe windings are
between 14 nF and 16 nF as shown in Fig. 7.17(a) and 7.20(&hwahe within
the range of the simulation results.

With geometrical properties given above, at the initiatesthe simulated IR
between windings is approx. 610Xaccording to analytical model. In compar-
ison, the measured IR is slightly lower and is in the range6df & - 410
as shown in Fig. 7.14,7.16(a) and 7.19(a). At initial sttte, differences of the
measured IR between different specimens could be inductitetproducing pro-
cess or by the different winding distributions when the tvaogleled strands are
grouped for condition monitoring. The slightly lower IR imt measurements than
the simulations could be because that the actual coatingrbss is thinner than
the simulated value (2pm in the simulations) or the actual volume resistivity
of coating is lower than the simulated valuel(2°Qm in the simulations). The
coating volume resistance could be influenced by the additiouring process
with the epoxy impregnation. However, the simulated andhtleasured IR are in
the same order of magnitude. In the following sensitivitydés, the volume re-
sistance of coating in the model is tuned to 1.@'5Qm at the initial state, which
corresponds to an IR of 360¢Gand is within the range of the measured IR.
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The sensitivity studies are carried out with the varied w@duresistances and
different thicknesses of coating. The changes of volumistaxce represent the
irreversible changes of the coating property due to dedi@daFig. 7.25 shows
the IR of the EIS in relation to the volume resistivity and thigkness of coating.
Similar sensitivity study could be made for IC of the EIS wiitle analytical model
but is not included in the thesis.

1200

1000
800
600
400

200

insulation of motorrette sample[Gohm]

0 10 " .
electrical resistivity of coating [ohm.cm] coating thickness[um]

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

From another perspective, the analytical model could bd tsestimate the
gradual changes of the dielectric properties of coatingnduaging, if the IR and
IC of EIS are measured and the geometrical properties ofihddtion materials
are known. One example is given in Fig. 7.26. It shows theugabchanges of the
volume resistance of coating when motorette is exposecetondl cycle #2. The
values in this figure are derived by the analytical model axskd on the measured
IR of the motorette during degradation (Fig. 7.16) and withting thickness of
25 um.

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

sured EIS properties (i.e. IC and IR) with the dielectricpguies 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 becausedih@d can arise at
different locations inside the stator segment. Therefiie resulted 'symptoms’,
i.e. the measurement results by condition monitoring, ¢t different. In this
study, too low IR between windings or between winding andigcb(temperature
cycle #1 and #2) or steep change of winding inductance (testyre cycle #1
and #3) are all considered as failure of the motorettes. diffcult to use one
condition monitoring method to locate all possible faikiie a stator. Instead, a
combination of condition monitoring methods are requifBalconnect the mea-
sured failure 'symptoms’ of the motorettes (or electricalamines) to the specific
failure locations, modeling of the failures are requiredwdver, the modeling of
different types of failures are beyond the scope of thisitheghich is an interest-
ing future work.

The lifetime of a motorette is decided when a failure occline measured and
estimated lifetime of the motorette are compared below. &stomated lifetimes
by the Arrhenius Law and the thermal-mechanical fatiguecarepared below.

The thermal-mechanical stresses are calculated for the thfferent thermal
cycles (see Table. 7.2). The maximum and minimum stresskshanrespective
stress ratios are presented in Table 7.4. Furthermoreifétiene of the EIS ex-
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posed to the cycled thermal-mechanical stresses are agdduhnd presented as
‘LT 3" in table 7.5. LT 1 and LT 2 represent the lifetime of théSestimated by
Arrhenius law with Thermal Index (TI) 20@€ and Tl 180C of the coating, re-
spectively. It shows that the lifetime estimated by Arrhusnliaw is much longer
than the measured lifetime when the EIS is exposed to theddsermal cycles.
In contrast, the lifetime estimated by thermal-mecharfaiue model is more
accurate.

In order to comment on the confidence level of the measuretnfie, more
samples should be tested. This is beyond the scope of tleandsand is an
interesting future work.

Table 7.4: Maximum stress [MPa] with epoxy thickness of i1#h and CTE of
155 ppm¢? C with boundary 3 and 4 free to move

Maximum stresses at peak temperatures
and stress ratiog=i=)

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 lifetim
Cycle No. | Ocyce [°C] | LT 1 LT 2 LT 3 tested
[hour] | [hour] | [hour] | [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-meda&asiress of coating of
the enameled wire is reduced by replacing the epoxy 4260théh ORD epoxy.
Furthermore, if the EIS with the LORD epoxy is exposed to thme thermal
cycles, the induced mechanical cycle of the coating, in $eofnmean value is

120



7.5. Results of system simulations of the VCE machine

lower, compared to that of the EIS with epoxy 4260. If the atage/depth of the
thermal-mechanical cycles are similar for the two EIS, tbgrddation of coating
due to thermal-mechanical fatigue is slowed down and tletirlife is prolonged
for EIS with the LORD epoxy. However, the accelerated agasttare not carried
out on the motorettes molded with the LORD epoxy due to the timitation.

Thermal tests are carried out to compare the temperaturttge ohotorettes
with epoxy 4260 and with the LORD epoxy. Two motorettes (oheazh epoxy
impregnation) are thermally isolated to the surroundings are heated by DC
current through the windings. The hot spot temperaturesagomed by sensor
‘'winding 1’ in Fig. 6.9) at steady-state are compared in Fi@7. The blue and
the red curves show the temperature-versus-current of theraette impregnated
with Epoxy 4260 and with LORD Epoxy, respectively. The mette impreg-
nated with the LORD epoxy shows 40 lower at hot spot than the motorette
impregnated with Epoxy 4260 at DC current 100 A. One examplne® FEA
steady state thermal simulation of the motorette with LORDXg is attached in
Appendix. C.1.

Current [A] VS hot spot temperature [°C]
Temp [°C]| 200 40°C
e~
150 275C
16°C
100
50
0
30 50 70 80 20 100 Current [A]

Fig. 7.27 Measured temperature comparisons of the two motorettes with two differen
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 5.1e Blpplication of it is
demonstrated below, via the simulations of the VCE machine.
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Figure 7.28: Speed and torque requirements for VCE elettmiachines

7.5.1 Temperature distribution

The speeds and torques of the VCE machines (see Fig 7.28btaimed after
driving with Short Load Cycle (SLC) of the wheel loader. TheCdriving cy-
cle of the wheel loader is demonstrated in Chapter 5 and efattte SLC lasts
for 35 seconds. A total of 200 cycles are simulated. The spaed torques of
the electrical machines in front and in rear wheel are reytesi by the red and
blue curve, respectively. The electrical machines in thetfivheel are exposed
to a tougher load cycles with much higher torque demands ttiaones in the
rear wheel. Because the pallet basket is in the front, tlyeskifting the center of
gravity of the wheel loader to the front of the vehicle. Takthis factor into con-
sideration, thermal and lifetime simulation is focused ofie traction machines
in the front wheel below.

The temperature distribution of the electrical machineranf wheel is ob-
tained as shown in Fig. 7.29(a). The thermal steady stateafhiachine is reached
after 200 SLC driving cycles. The temperature in the middihne windings, sta-
tor tooth and stator iron back are presented by the blue, mddbkack curves,
respectively. The hot spot temperature is observed in thelmbf the windings.
Also, the simulation results show that the temperaturekérstator are more dy-
namic than the temperatures in the rotor (i.e. rotor shatitrryoke and magnet).
The hot spot temperature is zoomed in between approx. 6ddhd and 6,300
second as shown in Fig. 7.29(b). In this figure, each temperalycle between
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Figure 7.29: Temperature distribution of the VCE machirterafriving 200 times
of SLC

approx. 148C and 150C 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 temjpeeaof the VCE
machine. The resultis presented in Fig. 7.30, where 'X-hpmean’ represent
the amplitude 0.0z — Omin)/2) and the mean valu€d,,,a. + Omin)/2) Of @
temperature cycle in°[C], respectively. The values inraxis are the number of
temperature cycles that are calculated by the cycle caufber most frequent
thermal cycles are summarized in Table. 7.6.

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

Name | Mean PC] | Amplitude [°C] | No. of cycles
A 149.9 6.2 x 107° 84

B 147 2 47

C 148 2.5 315

The thermal cycle A (see Table. 7.6) mainly represents themely small
depth of cycles, for instance the ones between approx. § &0 7,000s. Though
the total number of cycles of thermal cycle A are about twitthe cycle B and
C (see Table. 7.6), the duration of each cycle B and C is muogelothan that
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of cycle A. As a result, the thermal cycle B and C dominate iteelbss in this
application. Besides, the cycle with the greatest depthdsone with mean and
amplitude of 112.2C and 37.8C (0.5 cycles), respectively, and it represents the
overall temperature between 0 to 7,000s.

rainflow matrix

o]
(=]

@
o

)
o

number of cycles
L
(=]

20

Y - mean X - ampl

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

The L10 lifetimes of the EIS estimated by Arrhenius Law of meted wires
(see Equation 5.3 and Fig. 5.14) are given in Table 7.7. TB8anclude enam-
eled wires of different thermal grades are studied. One gi@of estimated life
loss (in [%0]) of the stator EIS of the VCE machine after driyinith 200 times of
SLC, is shown by the blue curve in Fig. 7.31. It is calculatéthwhe enameled
wire of Thermal Index (T1) 15%C.

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

Tl of enameled wireC] | L10 lifetime [hours]
155 9,684

180 122,312

200 625,564
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Fig. 7.31 Life loss (in %) of the stator EIS with the enameled wire of TI £&5after 200
times SLC

7.5.3 Thermal-mechanical stress and fatigue lifetime

The simulated thermal-mechanical stress versus time afthting exposed to the
hot spot temperature (see green curve in Fig. 7.31) is showigi 7.32(a). The
thermal-mechanical stress is simulated with epoxy thiskre# 0.05 mm, CTE of
155 ppm?C and boundary 3 and 4 free to move. The simulation resultoszal
in between approx. 6,100 second and 6,300 second as showm ih32(b) .

The mean, amplitude and number of cycles of the thermal-aréchl stress
are calculated by the Rainflow cycle counter. The result agwshin Fig. 7.33,
where 'X-ampl’, 'Y-mean’ represent the amplitude and theamealue of the
thermal-mechanical cycles in [MPa], respectively. Theugalinz-axis are the
number of thermal-mechanical cycles that are calculatethbycycle counter.
One of the typical cycles is identified with mean and ampétofi46.1 MPa and
0.98 MPa, respectively, and the respective number of cysl£86. For example,
the cycle between approx. 6,200s and 6,240s in Fig. 7.32fbpe described by
this type of cycle.

The estimated lifetime of the EIS due to mechanical fatigu#4,780 hours
with the thermal-mechanical profile in Fig. 7.32(a). Thiscmanical fatigue is
described by the stress-cycle life (S-N) equation (Fig6pdf coating 7130. The
simulation results show that if the windings are made withrealed wires of Tl
180°C or 200 C, the EIS will fail because of the thermal-mechanical steesn-
duced by thermal cycles rather than high average temperdtuother words, a
high thermal grade of enameled wires does not always ensdargahermal life-
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Figure 7.32: Mechanical stress of coating induced by thestnass of the VCE
machine stator after running 200 times of SLC

time of the EIS if it is exposed to dynamic or cycled tempematThe dynamic
thermal-mechanical stress on coatings, which is inducetidogynamic tempera-
ture and the interaction between the coating and the suwliogmaterials, results
in mechanical fatigue of the coating furthermore fatigu¢hefEIS.

The thermal-mechanical fatigue lifetime of the EIS is cited from the S-N
curve of the coating 7130 and it is obtained from the fatigest bf stress ratio
0.9. However, the stress ratios of the stress cycles in F&R i8 much smaller.
Therefore, the simulated thermal-mechanical fatiguditife of the EIS is shorter
than that is in reality. However, the data of stress-lifeN)Seurves of the coat-
ings are not completed to make more accurate estimatiore fAtigue tests with
different mean stresses and stress ratios need to be pedaymthe coatings of
interest, which is an interesting future work.

To conclude, the application of the system simulation (Bid.) is demon-
strated via the simulations of the VCE machine with the SLi€inly cycle in this
section. Both the FEA thermal and the FEA thermal-mechéasicaulations are
carried out to estimate the temperature distribution aedntiechanical stresses
due to the dynamic loadings of the machine, respectivelgthEtmore, the re-
sulted thermal and thermal-mechanical stresses are usadcidate the lifetime
losses caused by thermal oxidation and mechanical fati§tieeccoating of in-
terest, respectively. The lifetime of the EIS of the VCE miaehis eventually
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Fig. 7.33 Result from Rainflow cycle counter of the maximum mechanical streaénof-
ing coating (Fig. 7.32(a))

determined by the shorter lifetime among the two calculatealve.

7.6 Results of system simulation of RWD machine

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

The LPA thermal model (Fig. 5.4) is verified against tests presented in
[3,82,108]. The temperature distribution of the RWD maclafier driving with
the USO06 driving cycle is shown in Fig. 7.34. The temperaatethe middle of
end and active part of the windings are shown by the red ancentagurves,
respectively, which are the first and second highest tenyreisaof the machine.

The ambient temperature is set to°in accordance with the average coolant
temperature at the inlet. As shown in Fig. 7.34, the hot spoperature is below
180°C at most of the time but with two peaks exceeding 18dor a short while.
The frequent accelerations and regenerative brakes okthielg 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 dléotrical machine
because of the demands of the high and dynamic torques. Treased tempera-
tures and the frequent cycles between 500 and 600 secondete such factors.

However, the thermal steady state of the machine has notieeehed af-
ter one USO06 driving cycle in this simulation. The hot spobperature slightly
exceeds 200C when the driving cycle is terminated. If the same loadingd a
cooling are continued, over-heating will occur eventudllyerefore, an improve-
ment of the cooling system of the RWD machine is required toreoodate the
high way driving condition.

In the following calculations, we assume the temperatufethe machine
are cooled to the ambient temperature of°@before the next driving cycle is
started, therefore the temperature cycle as Fig. 7.34 caepleated. The lifetime
of the RWD machine estimated by the two different cycle counie shown in
Table. 7.8.

Table. 7.8 shows the lifetime of the EIS with enameled wire$10155°C,
180°C and 200C, respectively. Shorter lifetime is observed if the dynaimt
spot temperature is processed by the RainFlow cycle cotimer that by the
Mean edge 2 method, when other conditions are identical décause that some
of the deep and long period cycles, which can be captured &yRidinFlow
counter, cannot be captured by the Mean edge2 counter. Raiickcle counting
algorithm, which slightly overestimates the lifetime, pethe designer to choose
the machine windings from the safe side.

128



7.7. Results of on-board off-line diagnostic tests

Table 7.8: Estimated lifetime of RWD machine by Arrhenius Law

Tl of enameled| Lifetime by mean| Lifetime by Rain-
wire [°C] edge 2 [hours] 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 {iCyeases between
windings and between winding and ground during degrada#\mprox. 4% to
6% and 11% to 14% of capacitance changes are observed atahecttions be-
fore failures, respectively. Therefore, the on-boardio#-method is investigated
via a master thesis [107] within the Ph.D. project. The tégcts and test set-up
are presented in Chapter 6.3 and Chapter 6.4.2, respgcBahe of the results
are picked from the thesis [107] and presented below.

Fig. 7.35 illustrates the simplified equivalent circuit betparasitic capaci-
tance of the studied machines (see table 2.6 and Chapterdhg)of the mea-
surements is carried out on the RWD machine with and withoirhalated fault.
The simulated fault is simulated by connecting a 1 nF capatitparallel with
one phase winding. The DC excitation voltage of 50V is appfar 10 us. The
means of applying the excitation voltage is discussed irp@&h#®.4.2. As a result,
the measured currents for both cases (with and without sitedfault) in the time
domain and the frequency domain are shown in Fig. 7.36. Thectwrents in the
frequency domain show clearer differences than they afeeitime domain. For
instance, the second and the third peaks of the current tuthed are observed at
a lower frequency with the 1 nF capacitor.

Different sensitivity studies are carried out and presinigd107]. Some in-
teresting findings are highlighted as follows:

1. The measurement method shows good repeatability on no#ii and
large sized PMSM machines (see Fig. 5.2 and 5.3 in [107]);

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

3. The currentresponses are independent on temperatstesasin Fig. 7.37(a);
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Phase-to-Ground Capacitance

1N

il

! ruIlM

Turn-to-Turn Capacitance

Fig. 7.35 Simplified equivalent circuit of parasitic capacitance for electrical nmeshand
simulated fault with a capacitor paralleled to one phase winding [107]

4. The cable capacitance between the drive and machineriofisehe total
measured capacitance and therefore influence the curemt~g. 5.11

and 5.12 in [107]). Placing the sensors close to the macHimgarest is
recommend;

5. High frequency current sensor and A/D converter are reeeslgprox. 15

MHz current sensing and logging are required to measureuirerds in
Fig. 7.36.

In conclusion, the parasitic capacitance is gradually ghdnvith aging of EIS
of electrical machines. This diagnostic method providegams to indirectly keep
track of the above-mentioned changes by recording the higguéncy current
when switch on the six-bridge converter to any switchirejespf the drive and
comparing them over time. A clear connection between thie th@gjuency current
and the parasitic capacitance relies on detailed FEA awditsimulations and
has not been established in this study, which is an veryasterg future work.
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and at steady state 56 sizes of paralleled capacitors (Fig. 7.35)

Figure 7.37: Current responses in frequency domain - exe@srfpbm sensitivity
study
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Chapter 8

Conclusions and future work

This chapter concludes the results and describes the tfiomgaof the research.
Furthermore, some interesting future investigations aopgsed.

The usage of the electrical machines for traction purpas@svestigated by
system thermal modeling. The model uses driving cycles aivetcain param-
eters of the studied vehicles as inputs and simulates theeterture distribution
within the traction electrical machines. Two thermal siatidn methods, FEA and
LPA are applied on two types of electrical machines (the VCi&hme and the
RWD machine, see Chapter 5) used for a wheel loader and a speatesely, and
are simulated with their corresponding driving cycles.Bsimulations identify
the middle of the machine winding bundles as the hot spotidBssit is observed
that the temperatures in the stator are quite dynamic owex tompared to the
temperatures in the rotor. The simulated hot spot temperaiuelation to time is
the input to further estimate the lifetime of the electriceulation system (EIS)
due to the dynamic temperature loading in the stator.

The accelerated aging testings are carried out for both eleahwire and
motorette specimens to identify the degradation mechanafithe EIS. For the
motorette specimens, numerical simulations are impleettiatestimate the mea-
surement ranges to further understand the measuremenisr:. fitalings from
both the accelerated aging tests and numerical simulatiendiscussed below.

Comparison tests with accelerated temperatures are d¢amuieon enameled
wires in different gas environments with and without thesprece of oxygen.
These tests represent stator windings without and with éee@ncapsulation,
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respectively. Compared to the thermal aging in air, londetime is obtained

for the same enameled wire under the same temperature, but @mbsence of
air. In other words, if the high temperature oxidation is sidered as the only
degradation cause of polymer coating, the complete imptémm of windings

should prevent the enameled wire coating from oxidatioarehy prolonging its
lifetime.

However, from the accelerated degradation tests of thenettés with com-
plete impregnation, it shows that the lifetime of the wirglzoatings of the mo-
torettes is shorter than the lifetime estimated by Arrhgmiguations as shown in
table 7.5. The Arrhenius equations are obtained with stansts of enameled
wires and the wires are tested with constant high tempestur the presence
of air. Whereas, the accelerated aging tests of motoreteesaried out with
cycled temperatures and the wires are not directly expasad tue to the com-
plete impregnation. This emphasizes the motivation to fookther degradation
mechanisms when the wire coatings in EIS is exposed to cyetageratures.

The mechanical fatigue induced by cycled temperature isnasd to be the
other degradation mechanism. We studied this mechanissadhrthermal- me-
chanical modeling and fatigue data of the wire coating nietérhe thermal cycle
lifetimes estimated by thermal-mechanical stress sinmratand S-N relation of
coating material are closer to the lifetime obtained froroederated tests com-
pared to the estimated lifetime estimated by the Arrhergus |

From a lifetime estimation perspective, if electrical maels with complete
encapsulations are exposed to dynamic loading, the themmaehanical stress
analysis of the primary electrical insulation, i.e. the ety coating, followed
by a fatigue life estimation based on Inverse power law andelk rule (see Ta-
ble 2.2) is proposed. This simulation together with theilifie estimation based
on Arrhenius law (see Table 2.2) represents the degradetioged by cycled
temperature and average high temperature, respectivedyddminating degrada-
tion mechanism among the two above-mentioned factors isabbéis the one that
results in a shorter lifetime, despite the linked degraataéffects between these
two. The dominating degradation mechanism is differentdifierent types of
machines due to distinctive driving cycles, material préips, slot filling-factors
etc. However, the use of a simplified single wire geometrystineate the worst
case scenario has its limitations and future studies usulgjpte wires of a full
slot might provide a more precise conclusion.

Both the tested and simulated lifetime shows that the thenmeghanical fa-
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tigue is the dominating degradation mechanism for the stUdiCE machine with
complete encapsulation. The thermal-mechanical fatiguneast likely caused by
the high thermal expansion ratio of the epoxy matrix makevidich induces
relatively high cycled thermal-mechanical stress on efedneire coatings and
also leads to the mechanical fatigue. Therefore, from artrédal machine design
perspective, decreasing the thermal-expansion ratioeefioxy from the root
will eventually weaken the degradation mechanism causdiadmgnal-mechanical
stress under cycled thermal loadings. For this reason, alL&bxy was tested
for its thermal performance and simulated for its thermakhanical stress. Com-
parison tests of LORD epoxy and epoxy 4260 show that a lowepéeature is
obtained for the motorette with the LORD epoxy with the sameent loading.
Together with a lower thermal expansion ratio, the LORD gpioxiuces lower
thermal-mechanical stress on coatings compared to thieakigpoxy 4260. How-
ever, LORD epoxy has a higher density and is more rigid thaxeg260, there-
fore its performance in vehicles generating high frequeribyations would be
interesting to investigate.

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

Another important result of the accelerated aging testeisrteasured trend of
the dielectric parameters changes during degradation®bkithe the condition
monitoring approaches.

We propose a new approach to measure the health conditidredhsula-
tion inside the winding bundles through measuring the Btsoh resistance (IR)
and insulation capacitance (IC) between two randomly sgedrstrands of wind-
ings. Numerical simulations are utilized to understand estinate the expected
measurement ranges. Because of the random distributiomliatathce between
wires inside a slot, the numerical model is not precise iswdating the IR and
IC exactly, but it is useful when calculating expected randéhe test results of
the motorettes at the initial state are within the predictatye by simulations.
Furthermore, the analytical model was used for the furteesisivity studies. The
sensitivity studies show that the IR of the EIS is mainly cimited by the coat-
ing of wire since it has much higher electric resistivity itthe epoxy and the
IC of EIS was contributed by both the coating and the epoxytdukeir similar
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dielectric constant.

Using the information provided by the simulations of the amettes at initial
state, the analytical model is used to simulate the propdranges of the EIS
caused by the degradation of the coating. This provides portymity to under-
stand the link between the individual EI material and the gosed EIS. However,
in these models, the property change of individual El is $ified by assuming
that each wire segment inside a slot is aged in the same manmgassumption
may be different in reality, considering the temperatusegnts of winding bun-
dles in a slot (see Fig. 4.10). More advanced models of thditton monitoring
should be developed to include this effect.

The parameter changes of EIS during the three acceleratgddigion tests
are recorded with the above-mentioned condition monitpntethods. The tests
show that the IR in relation to degradation time displayadiht trends, but the
IC changes display similar trends at different levels ofgiemature cycle. Results
from the IC measurements are used for further on-board tiondnonitoring.
Besides, compared to the IC measurement, the IR measurenesed on mea-
suring low leakage current of the insulation system anddssfore very sensitive
to the environment, such as temperature, humidity, etcs Tel IR measurement
can easily be applied in controlled lab environment, bufiaift to be utilized
as an on-board approach. The on-board condition monitagipgoach, which is
based on the theory that the parasitic capacitance changesg diegradation, is
investigated further in this study via a mater thesis. Is theasurement, a volt-
age pulse excitation is set by switching the motor drive eot@r from the zero
state to any other switching state, and furthermore theesponding current is
measured. Because of the parasitic capacitance changg diegradation, the
current magnitude and frequency, in the frequency domaamgés accordingly.
The measurement approach shows high repeatability afel défpendency on
temperatures. However, the current sensor sampling rgtéregl for this type
of measurement is much higher than the control need. A daemarstanding
between the measured current and parasitic capacitanegused to identify a
threshold current (the current level at which severe degdiawl is starting) and it
has to rely on more detailed FEA and circuit modeling, whiah be an important
future study.

The lifetime modeling method (approach A) (Fig.5.1) andrieasurements
of the parameter changes of the EIS during degradation bglithmm monitor-
ing (approach B) discussed above are also two approachpeefdiction of State

136



of Health (SoH) or Residual Useful Life (RUL) of electricabechines. Both ap-
proaches must rely on knowledge of the electrical machiageisThe difference
is that approach A relies on the degradation database ofitteatEl material (for
instance the changes of volume resistance of coating) antiféfime modeling
of the EIS, whereas approach B relies on a degradation dagalh¢he EIS of mo-
torettes or entire machines (for instance the changes adidB®)most importantly
the measurement feedback. The two above-mentioned dé¢igradatabases are
both obtained from extensive tests with stresses of intategifferent mean and
amplitude levels. Completing the databases by compreletests are important
for future studies of SoH or RUL prediction. The tests withtarettes and com-
plete machine are much more expensive than tests with thdivimaterials.

Several important issues regarding the motorette proslucire observed.
Since motorettes are seldom the standard products of artyiedd machine man-
ufacturer, procedures for designing and producing mdesedre not standard-
ized. From the design point of view, there is a balance batwee simplification
of the motorette to save cost of materials and the oversizgtideqjuipment and
its ability to represent the real winding slot and all typéstoess that insulations
could be exposed to. It is also important to keep the potentdevant failures of
the assisting system (see cooling water leakage problerh@api@r 6.2) outside
the motorette during the accelerated aging tests. Fromduption point of view,
since it is not a standard manufacturing procedure, comeatioh between the
designer and the manufacturer as well as between diffeggratrtinents along the
production line is quite important to ensure that the finatonettes 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 accelerdégpladation tests are
attached.
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Fig. A.1 Control schematics for accelerated aging test - logging of flow ratepaietures
of motorette iron and coolant
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Appendix B

Motorette specimen

B.1 List of motorette specimens

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

Total
number
of speci-
mens

Name

Function

15t group of specimens

To study the insulation leakage current or the

1 - insulation resistance (IR) at transient and sted
state when specimens are new
8 S1-S8 To study the insulation capacitance (IC) when

specimens are new

29 group of specimens

S1 to S6 are used to study both the IR and the

8 S1-S8 during degradation with thermal cyélé1. S7
and S8 are the reference samples.
5 S1.52 To study both the IR and the IC during
' degradation with thermal cycle #2
5 To study both the IR and the IC during
S1m,S2m| degradation with thermal cycle #3

C
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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 tempesatéithe six mo-
torettes tested simultaneously.

winding temperature for 6 samples
T T T T

ol PRI LI EEEERELE

25 |

temperature [C)
-
£

N

-
Lo

o

N
=
o
@
3
=]
@
o~

6.8 6.9 7 71 72
time [hour]

Fig. B.1 Measured hot spot temperature in windings of the 6 motorette specimews in
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 stestdye 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 madhom the
FEA electromagnetic simulation.

maglLoss

Torque [Nm]

=~

0
0 1000 2000 3000 4000 5000 6000
Speed [rpm]

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

Abbreviations

EV Electrified Vehicles

TEAM . . .
Thermal, Electrical, Ambient and Mechanical stresse$

stresses

El 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

Pl Polarization Index

DAR Dielectric Absorption ratio

PD Partial Discharge

PDIV Partial Discharge Inception Voltage
CIiv 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 10 modules
P.U. Per Unit

RUL Residual Useful Life

LT Lifetime

VCE Volvo Construction Equipment
RWD Rear Wheel Driven
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