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Abstract

Online Condition Monitoring of Stator Winding Insulation State of Electric
Machines in Electrified Vehicles

Ashutosh Pate] Ph.D.
Concordia University, 2024

Electrifiedvehiclescommonly use traction machines powered by voltage source inverters
(VSI) for efficient speed and torque control. However, short circuit faults and insulation failures
remain prevalent, accounting for approximately 30% of motor fail@esn the uncertainties
surrounding insulation degradatiotietectingdegradatios of insulation in an early stage can
help prevent major failuresTherefore, this Ph.D. research focuses on online monitoring of

electrical machin& winding insulation degradation.

A comprehensive review diterature revealed certain research gaps. The first one is on
selection ofthe most effectivensulationdegradationindicator for online condition monitoring
without increasing motor drive cost$o addressthis challenge this research uses existing
signals in EV motor drives, such as line current measuremeiotsever, there is limited
information on how insulation degradation can impact the line curireth® existing literature.
Therefore,this Ph.D. workaddress this knowledge galprough conductingnvestigations of
insulation indicatorslt is found that the amésonance oscillations ime current can serve as

indicators forinsulation degradation, which was not reported in the existing literature.

Existing literature on condition monitoring methods also presents notable limitations.

Firstly, these techniques carot determine the degradatiar groundwall (GW) or turfto-turn

(TT) insulationssimultaneouslyThere is a need for a new approdshsimultaneous condition
monitoring of TT and GW insulations. This is crucial because different types of insulation are
exposed to different temperaturésading to a varied degradation raflditionally, current
methodsoverlooled the variability of noise in measured signalghich can fluctuatelue to
various factorsin realworld applications like EVsThis variability necessitates a condition
monitoring approach that can handle noise while accurately determining insulation health.
Moreover,existing methods rely on predefined thresholds and manual analysis, requiring expert

interpretation, which limits their applicability across different machines and conditi@mse



this Ph.D. work proposes novel methodologies to address these limitaiideshnique for
simultaneous monitoring of TT and GW insulation conditibas been pmmosed To address the
limitation posed by noise variability and the reliance on manual analgsesvel datalriven

methodology for robust insulation condition monitoring has been proposed.
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Chapter 1:Introduction

Electric vehiclegEVs) andelectric aircraftdave proven their candidacy as a potemtiate
of transportation for the coming futurSubstantiakfforts arebeingmadeglobally to encourage
the adoption ofelectriied vehicles.As a result,about 14 million new electric vehicleswere
registered globallyn 2023 compared tonly 3 million in 2@0 [1], this number is expected to
grow significantly To support the transition to EVs, various governments have implemented
policies and programs. In Canadhe federal governmerias introduced the ZEV (Zero
Emission Vehicles) programvhich aims to make EVs more affordable by providingnetary
incentives[2]. Similarly, at the provincial level, incentives have been offerédr instancethe
Quebec governmergroactively promotesthe use of EVs byincentivizing both purchaseand
lease of electrified vehicld8]. Moreover considerablengineering andesearchnitiatives are
currentlyunderway toenhancehe infrastructure necessarygopportthe increasing numbers of
EVs, which includeghe development of more efficient and widespread charging infrastructure
[4]. Overall, the potential benefitsf electrified vehicles and government incentives are driving
market growth ana shift towards electrified transportation. This shift plays crucial fmenot
only transportatiorsectorbut alsoin addressg carbonemissionsand promoting a greener

future.

In any electrified vehicle, a powertrain is considered as the ammponent Typical drive

system of EV isllustrated in Fig. 11, while schematic representation is shown in Eig. Most

Traction Motor Battery Pack

Fig. 1-1 Typical drive system of EY5]



Inverter output Motor terminal

A voltage A voltage
—
H Cable
DC Power |
Supply Inverter

Fig. 1-2 Schematic representation of typical drive sysfgm

of the electrifiedpowertrainsystems are equipped wilfatteries electric machineand voltage
source inverters (VSI)The batteries store the energy, while the inverter convert®itieet
Current (DC) power into Alternating Current (AC) powerdrivethe motorover a wide speed

torque envelope

Typical types of electric machines being used in the EVs are induction machine (IM),
permanent magnet synchronous machine (PMSM) awachronous reluctance machine
(SynRM). Within these machines, stator and rotor are the key components. The stator is the
stationary part of the machine which contains coils or winding. The winding produces the
magnetic field necessary for motor operation when energized by the inverter. The rotor typically
equipped with permanent magnets or windings, and it rotatles the magnetic field generated
by the stator. The interaction between tiedds generated frornthe stator and rotor ultimately
propels the vehicleDespite significant effortéo design the system in the best way possible, the
reliability and safety of sucklectrified systems get compromised due to various falts.
instance, faults related to batteries include sensor faults, actuator faults, electromechanical faults,
chargeor dischargerate related faults, and thermal fsuiay occur[6]-[10]. While faults in
inverters aremainly shortcircuit fault, open circuit fault, capacitor faults, current/voltage sensor
faults [11]-[14]. In electrical machines, faults such as bearing fault, shaft bending, shaft
misalignment, eccentricity faults, magnet demagnetization faults, short circuit faults, etc. are
prevalent[15]-[18]. Among such faults, shedircuit faults or insulation failures contribute to
approximately 30% of motor failurdd9]-[21]. There is a decent amount of research being

2



conducted to design and develop more reliable machine insul28pf27]. However, the aging

or degradatiorof insulationmaterialremains unavoidable due to various internal and external
factors[28], [29]. Moreover, the growing interest in utilizing higher DC bus voltages and faster
wide-bandgap (WBG)aseddevices like gallium nitride (GaNgnd silicon carbide (Sidh VSI

causes even higher stress on motor insul§80R[35].

Given the uncertaintiesassociated with various stresses on insulatimonitoring the
insulation condition becomes necessary to ensure the safe and reliable operation offédte VSI
electric machines, especially in applications like EVs @anttaftwhere the safety of human life
is crucial. Detecting and identifying types of insulataggradationn an early stage can help
prevent major failur@such as short circuits in the machine. Such information can also be used
for predictive maintenance and faplteventivecontrol strategies to ensuiige safe operation of
the machine. Therefore, this paper focuses on online monitofisgator winding insulation
degradation in electrical machine Firstly, the insulation system in stator winding and its
degradation are discussed. Thereafteliferature review on insulation condition monitoring
methodologies is presented. Thehge problem statement and objective of the thesis are

presented.

1.1 Insulation System

The stator of any machine typically comprises a stator core, winding and inssigiem
The stator core is typically made of silicon steel and provides low reluctance path to the flux.
The windingis made of copper or aluminum and are arranged in a specific patteraaies
rotating magnetic fieldvhen current flows through thenrihe insulation systersomprises of

different insulation materials likevarnishes, polyimide material, micaresins, and other

Groundwall Turn Insulation
Insulation :

Phase Insulation

Turn Insulation

Fig. 1-3 Various types of insulation istator[29] Fig. 1-4 Various types of insulation ihairpin $ator[36]



insulating materialsyhich areessential for ensuring electrical isolatiohcoils from each other
andfrom the statorlnsulation systems of different types of machines differ significantly from
each other. Fanstance, the insulation systemloiv voltage machines gtedrmsvoltage< 700

V) areshown in Fig1-3 and Fig. 4.

Typically, in lowvoltage machines, there are three main types of insulation. The first is
referred agurn insulation which refers to the insulation over the wilgat ensures separation
between turns. Second is the groundwall (GW) insulation, which separates the copper winding
from the stator. The third one is phase insulation, which can be found between the phases of the
winding. However, it is important to note that phase insulation might not always be present, as it
depends on the particular application or deskgpr. instance, as shown in Fig41lthe hairpin
stator does not contain any phase insulatfemlure of the insulation systenctreates a short
circuit, which putsthe safety and reliability of the whole systeat risk. Examples of the
damaged winding due turn and groundwall insulation failure are showig.id-5 and Fig. 16

respectively.

Fig. 1-5 Failure of turn insulatiofi37] Fig. 1-6 Failure ofgroundwallinsulation[37]

1.2 Insulation Degradation
Apart from improper insulation design and inappropriate operation of the macthee
insulationfailure is primarily due to gradual degradation over time caused by TEAM esress

thermal, electrical, ambient and mechanical stress



1.2.1Thermal Stress

Thermal stress is critical factor in the degradation process of insulatibhe insulation
material undergoes cyclexposurdo varying temperatures during the operation of the machine
This temperature variation is caused due to generation of heat from losses like copper losses,
core losses and stray lossBsie to such thermal streshe chemical and dielectric properties of
insulation are affected[29]-[39]. The thermal stress causesidation, where in the chemical
bond with the insulation breaks down and oxygen replaces the destroyed bond. Such oxidation
weakens the polymer chain and causes degradationl-FFighows the damaged insulation and
delamination caused by thermal agifgoreover, thermal stress also affects the dielectric
properties of insulation, causigeduction in dielectric strength, change in permittivity, change
in dielectric lossetc., whichultimately affect the performance and reliability of the insulation
[40]-[42]. Hence it is crucialto select appropriate insulation materials based on the operational
temperature. Insulation materials are categorizeddifierenttemperature classes, ensuring they
can withstanda specific temperature for approximately 20000 hourBhis lifetime is usually

approximatedy the Arrheniusnodel| representeds equatiorfl.l1).

b bMaR— (1.1)
YogX@u

Here, 0 is the lifetime of the materialY represents the temperatwhich is often derived
from IEC or IEEE standardg43], [44]. Usually, the electrical machines are designed to tieve

Thermal degradation [10000 hours Tind), [20000 hours Tind,
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Fig. 1-7 Insulation failure due to thermal strg4s] Fig. 1-8 Maximum voltage over the lifetimi@6]

insulation class higher thantiei ndi ngo6s h o tte gnsutea decentgiety margitu r e
Every 10C increase in the temperature causedifetime redudion of 50% Despite the
appropriate selection of temperature clad®e performance of insulation suffers due to
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degradationFor instance, Figl-8 shows the capability to withstand voltages reduces due to

degradation.

1.2.2Electrical Stress
Due tothe utilization of PWM inverters, the insulation of motor winding undergoes higher

electrical stresgompared to the gridriven machines. This is due to the nature of the output
voltage fromthe PWM inverter the outputvoltages are essentiallyulses with varying duty

cycle and frequency. Moreover, thgaadses reach the maximum value of the DC bus in a few
nanosecondgesulting ina high voltage slew rate or dv/dind hence thasulation of machine
winding undergoes higher electrical stregsich maycause premature insulatiomailure [33],

[47]. The voltage stress on the GW insulation can be up to two times the DC link and may reach
up to four times a& neutral poin{48], [49]. Moreover, the growing interest to utilize even faster
wide-bandgap (WBG) devices like gallium nitride (GaN) and silicon carbide (SiC) based
transistors in VSI causes even higher stress on motor insulation. This stress can expedite
insulation degradation and can cause insulation failure before its anticipated lifdstran.
voltage across the insulation exceeds the partial discharge inception voltage (PDIV), the partial
discharge (PD) occursh€& PDs ar¢heflow of electronghroughthe insulation or on the surface

of the insulation which degrades thi@asulation Hence, there is ongoing researchnestigate

and understandush electrical stressyhich may aid intheimprovement and optimization tfie

insulation system in VSI fed maching®]-[54].

1.2.3Ambient Stress
Ambient stress represents the stress on the insulation due to the surrounding environment.

Various environmental conditisrsuch aghe presence of foreign materiahoisture chemical
contaminants, etc. affect the properties of insulafg8]. For instancemoisture ondensation
significantly increasgthe rate of degradatidb5]-[57]. Moreover,the presence of moisture also
affects the dissipation factoinsulation capacitancgermittivity and PDIV of the insulation,

which affects the effectiveness of the insulafe8]-[61]. Similarly, other contaminants from the
environment may compromise the heat dissipation capability, causing increasing in temperature.
Some chemical contaminants react with the insulation material caasteterated degradation,
while some chemicals may affect the mechanical propertidsedisulation[29]. Additionally,
someconductive contaminants mayauseelectricaltreeingand partial discharge (PD) activity

[62]. Thereforethe prevention of electrical machines from ambient stressors is crucial.

6



1.2.4Mechanical Stress
Theinsulation ofthe machine undergoes mechanical strassnly due to vibrationtransient

forces caused bgwitching of power electronicshermalexpansion and contractipatc [29].

Such stresses weaken the insulation and may causerelegadfailure. The electrical motor
insulation undergoes vibration due to electromagnetic fproegging in machine, operation
condition of the vehicle etéThese vibrations may cause mechanical wear due to friction and
potentially delamination can occur. Such consequences are further intensified due to loosened
winding or inadequate impregnatio8imilar mechanical wear occurs due to expansion and

contraction of various materials in the toio

1.3 Literature Review

Over the years, various online insulation condition monitoring techniques have been
proposed which focus on condition monitoring of one or multiple types of insulation
degradationsThese methods measure quantities such as partial discharge (PD) activity, common
mode (CM) current, CM voltage, differential mode (DM) current, Higlguency line current
etc. to identify degradation. Howevenpst of the existing Bthods pose unique challenges and
constraintsin implementationsuch as the necessity for additional sensors or hardware
modifications. Such methodologies add complexity or cost to the existing system, itiegking
impractical. Currently, there are a few methodologibst can detect degradation with great
accuracyand minimal hardware modificationsr additional cost to the typicahotor drive
system. Given their benefits, such methods are kept in primary ifothis thesisand they can
be mainly categorized into two categoriésakage current measureméased methods and line
current measurement based methdldsese methodologies, along with their limitatidmsve

been summarized in Tablel

Table1-1 Summary of Condition Monitoring Methodologies

Ref Year | Measured Focused Degradation Validation Limitations and
Quantities Insulation Symptom Approach Comments

[63] 2019 | Leakage GW Decrease in Accelerated (1) Additional sensors
current and Cap. Thermal required
PG voltage Degradation | (2) Degradations not

classified

(3) Overlooked variation i
measurement noise

(4) Lacked theoretical
analysis

(5) Limited validation




[64] 2022 | Leakage GW Increase in Cap| Capacitance | (1), (2), (3), (4), (5)
current and and resistance
voltages based
emulation of
degradation
[65] 2021 | Leakage GW and PP | Increase in Cap,| Capacitance | (1), (3), (4), (5), and (6)
current and based Neglected simultaneous
PG voltage emulation of | degradation in
degradation classification
[66] 2021 | Leakage TT Increase in Cap.| Capacitance | (1), (2), (3), (4), (5)
current and based
PG voltage emulation of
degradation
[67] 2023 | Leakage GW and TT | Increase in Cap/| Capacitance | (1), (3), (4), (5), (6)
current and based
PG voltage emulation of
degradation
[68] 2018 | Leakage NA Decrease in Accelerated (2), (2), (3), (4), (5)
current (Overall) Cap. Thermal
Degradation
[69] 2013 | Leakage GW NA NA @), (2), (3), (4), (5
current
[70] 2010 | Leakage NA Increase in Cap,| NA (), (2), (3), (4), (5
current
[71] 2015 | Linecurrent | TT Increase in Cap,| Capacitance | (2), (3), (4), (5)
based
emulation of
degradation
[72] 2017 | Linecurrent | TT Increase in Cap.| Capacitance | (2), (3), (4), (5)
based
emulation of
degradation
[73] 2022 | Line current | GW Increase in Cap.| Capacitance | (2), (3), (4), (5)
based
emulation of
degradation
[74] 2021 | Linecurrent | TT Increase in Cap,| Capacitance | (2), (3), (4), (5)
based
emulation of
degradation
[75] 2022 | Line current | GW Increase in Cap,| Capacitance | (2), (3), (4), (5)
based
emulation of
degradation
[76] 2023 | Line current | NA Decrease in Accelerated (2), 3), (4), (5)
(Overall) Cap. Thermal
Degradation
[77] 2019 | Line current | NA Increase in Cap.| Accelerated (2), 3), (4), (5)
(Overall) Thermal
Degradation

Leakage current measurendaised methods typically utilize the fact that the degradation in
insulation causes deviation in the CM impedance spectihisvariation s caused by variation

in insulation capacitancdue to degradationFor instance, iff63], GW condition monitoring

8



method based aifie variation of capacitance is presentaddit utilizes measurements of phase
to-ground (PG) voltage and leakage current measurement to determine equivalent capacitance
which is furtherutilized to determine insulation condition. [B4], a methodologyhatrelies on

the measurement of leakage current to identify the degradation in GW insulation is proposed,
which uses characteristics such as initial oscillation amplitude, oscillation period, and attenuation
time of leakage current to determine insulation conditlan[65], a methodology which can
monitor both GW and phase insulation condition is presenteth fhbthod relies orthe
measurement of leakage current and PG voltages, it has the unique capability to monitor the
phaseto-phase (PP) and GW insulation capacitance separatelf66ln a similar approach
utilizing leakage current and PG voltades TT insulation condition monitoring is presented. In

[67], a unique method which can classify between the TT and GW degradation is proposed. The
method requires leakage current and utilizes deviatiotherCM impedance spectrunt.his

method can be considered as a data driven method since various degradation scenarios have been
emulated andhe corresponding impedance spectrum obtainedth®y proposed simulation
model, thereafter the impedance data is further processedthsioigncipal component analysis

(PCA) method which works as features for the decision tree machine learning amadel
decision tree modeéstimatesthe insulation condition. 1f68], an analog circuit has been
proposed which is utilized to detect the peak value of the leakage canetrkviation inthe

peak value of leakage current is utilized for insulation condition monitoring69h GW
condition monitoring based on only common mode leakage current measurement is priesented.
[70], a leakage current measurement based methodology that estimates capacitance and
dissipation factor has been presentBévertheless, the leakage current measuretresed
methods are often considered less desirdble to the requiremerdf additional sensors for
leakage current and/or voltage measurememdhardware modifications. Integration of these

additional sensors into a drive system leads to increased complexity and cost.

In contrast, line current based methods are preferable in general, as the current sensors are
usually already integrated in a typical drive systém[71] and [72], methods that utilize
deviation in the frequency spectrum of measured -fighuency line current have been
proposed. This is done by calculating the frequency spectrum of the transient current and
identifying change with the reference frequency spectrum, which represents the healthy

insulation state. Bviation between these two spectrums has been interpreted as a sign of
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insulation degradatiom.hesemethod primarily focus onT T insulation condition monitoring. In

[73], a GW insulation condition monitoring methodology that focuses on degradations-in line
end coils is presented, which utilizes high frequency common mode current extraction from the
line current oscillations. The high frequency common mode current extraction is done using the
variable mode decomposition (VMD) algorithm. A similar approach that relies on transient line
current is presented [@4], where low frequency common mode current, also refdoeds Ot a i
currentao, I's extracted from HF I|ine current
mean square (RMS) value of the tail current has been used as an indicator of the insulation state
and deviation in this value is consideredaasndicator of degradation. If¥5], ringing in the
transient line current has been analyzed for condition monitoring of the GW insulation, it was
found that the RMS values and peak values of current ringing showed digg@sincrease

with the change in parasitic capacitance. Moreover, various literature reports investigate the
influence of different types of exposure dhe line current. For instangeas in [76],
investigations on the influence dne line current when accelerated aging has been performed.
Similarly, in [77] investigations orthe line current when the machine exposed to high dv/dt

PWM excitation show that line current can be utilized for reliable insulation condition
monitoring. The leakage curremheasurement based meth@ds often considered less desirable
because they require the inclusion of additional sensors for leakage current and/or voltage
measurements, or hardware modificatio8ven the advantages of the line current based
approach, thighesisfocuses on the line current measurement based approach. Therefore, this

Ph.D.thesisfocuses on methods that rely on measurement of line current.

1.4 Problem Statement

As summarized ifTable 1.1, most of the existingerature lacks theoretical analysisn
insulation condition monitoring methodologjés conduct such analysis oftermped HFstator
winding modelsare utilizel [65],[66] Such simpler models can be utilized for certain
applications butcannot be used tgimulate various insulation degradations accurately and
investigate online insulation condition monitorin§pecifically, these models have limited
capability in representing thaccurateHF behavior of the winding and the distribution of
voltages within the stator windings3]. Effective investigations for insulation condition
monitoringdemand higher accuracy in HF winding moddlserefore for the development of
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accurate HF stator winding modelghich can be further utilized fothe developmentof

condition monitoring techniques.

Another limitation is that there exists significant knowledge gap in understanding of the
influence of insulation degradations on the line current, existing literature presents limited
investigations. The existing literature presents limited investigations tha influence of
insulation degradationHF line current andcommon mode/differential mode (CM/DM)
impedancespectrumof the winding Understanding the influence of insulation degradation on
the HFline current and its correspondimmpedancespectrum is crucialo understandinghe
influence of insulation degradation and development of condition monitoring methodélogy.
comprehensivanvestigationshould be conducted to understand the influence of insulation
degradation bboth TT and GW insulation typesth varyingdegradatiorseverities andarious

locations within the winding

Existing line current measurement based techniques can be considered fairly accurate,
however thereexistsa key limitation. Existing methodologiepresent condition monitoring of
either GW insulation or TT insulation, which lack the abityquantify TT and GW insulation
degradationsimultaneously However, condition monitoring of both TT and GW insulations
simultaneously is crucial because different types of insulation are exposed to different
temperatures, potentially leading to a varied degradation Aatditionally, the impedance
spectrum deviations caused by the aging of TT insulation can be influenced by the degradation
of GW insulation[67]. Therefore, accurately classifying the degradation of each insulation type

is essential for a comprehensive assessment.

Another major shortcoming of existing methods is that the variability of noise in the
measured current signal is disregarded. In practice, the noise level in the measured signal varies
due to various factorst is crucial to make sure that the method performs well across a wide
range of noise levels, ensuring its viabilityreatworld applications Additionally, the existing
approaches rely primarily on predefined thresholds and manual analyses, which necessitates
expert knowledge for data interpretatiand feature analysis. Such dependency limits their
adoption across different machine types and operational conditions. Such complexities
associated with different degradation patterns and noise levels lead to a need for a more universal

method that has the potential to be applied to any machine-dte¢ém or machine learning
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based approaches could be beneficial in condition diagnosis due to their ability to learn and adapt
to any data. For instance, in [14], the applicatioraaghachine learningML) algorithm for
leakage current measurement based insulation condition monitoring shows promising results.
Due to the apparent advantages of such methodsth#sssproposes a novel dathiven line

current based approach for insulation condition monitoring.

1.5 Objectives

The key limitations othe existing approach anopen research problems in the fieldliok
current measurement based condition monitoring have been discliesggrimary objective of
this PhD research is to address these limitations and expdoeatialsolutions The problems

that will be addressed as part of this research work are as follows:

1 Holistic investigation of insulation degradation: This PhD research will conduct a
comprehensive investigation into thefluence of insulation degradation on Hkne
current and the common mode/differential mode (CM/DM) impedance spectrum of the
winding. Such investigations arguxial for developing effective condition monitoring
methodologies To conduct such investigations, simulationbased approach is
employed. This is because the hardware based approach does natooffet over
degradationlocation (TT and/or GW insulation) and degradatiseverity Hence
primarily aHF stator winding model is requiréd conduct such investigations.

o Implementationof stateof-the art approach tdevelopa customHF stator winding
model This PhD research aims tweatea HF stator winding moddbr custom stator
winding, that will enable comprehensive investigations to establish condition
monitoring methodologies. This modeldapableto represent the HF behavior of the
winding and the inclusion of various insulation materials. This model would enable
simulations of various types and severity of insulation degradations, laying the path for
investigation on the influence of degradation on transient current as well as impedance
spectrums.

1 Development ofline current basedcondition monitoring methodologies Utilizing the

learning from theprevious investigationshefollowing areas will be focuseoh.
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o0 To develop acondition monitoring methodology that utilizese currentto determine
the State of Health (SOH) and facilitates the differentiation of insulation degradation
types.

0 To develop a condition monitoring methodoldggusedo address the variabilityuch
as noise in measuredine current. The objective is to ensure this methodology's
practical applicability, especially in environments with pronounced noise variability,
such as EVsThe methodology should be capablepefformingwell acrossdifferent

levels of measurement noises.

1.6 ThesisOrganization

Based on theesearclobjectives, thighesisis organized intahefollowing chapters

Chapter Ipresentsntroduction to thensulation failureandemphasizes on the importance of
insulation condition monitoringA comprehensivereview of existing condition monitoring
methodologies has been presented.The research problem statement, objectivesmd

contributions have been presented.

Chapter Zpresentsthe development of the HF model of the stator windiige modeling
procedure and validation of the developed model have been discussed. The developed model
enablegdetailedinvestigationgrequired for understanding and development of online insulation

condition monitoring methodology.

Chapter 3presentscomprehensive investigations on the influence of different insulation
degradations on the HF line curre@M impedance and DM impedandgased orthe results of
the investigationsthe utilization of dominant antiresonance oscillations in line curtebeen

proposedor insulationcondition monitoring.

Chapter4 proposesa novel insulation condition monitoring technique, which employs
wavelet packet decomposition (WPD) to analyze high frequency (HF) line current and extract
indicators for monitoring the state of health (SOMhe proposed technique can provide the

SOH indicators of turto-turn (TT) and groundwall (GW) insulation simultaneously

Chapter5 presents anovel datadriven insulation condition monitoringhethodology.The
methodology utilizes a machine learning (ML) algorithm to quantify the insulation degradation

by utilizing the features obtained by processing Ikte current. This methodologyutilizes
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wavelet scattering transform (WSID) extract cruciateaturedfrom HF line current This chapter
also presentsa comprehensive frameworklesigned for developing insulation condition

monitoring using the proposed ML based approach.
Chapter6 presents the conclusion of this thesis and possible future works.
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Chapter 2:Developmentof Custom HF Stator Winding
Model

2.1 Introduction

This chapter focuses on developmenttlod high frequency (HF) modeling of the stator
winding, developmentof the HF stator winding model playes crucial role in investigating
condition monitoring methodologiekirstly, a brief overviewof existing modelingapproaches
has been provided. Thereafter, the detadn theHF modeling of stator winding using the
multiconductor transmission line modeling (MCTL) approacave beenpresented The
developed modehasthe capability to incorporate frequency depentresistancefrequency
dependent inductances as well as detailed insulation sydading to the accurate
represetation of the HF behavior of the windindvloreover the accuracy of this simulation
model isinvestigatedthrough anexperimentalinvestigation The developed modenill be
utilized in the following chaptersn studying insulation degradation and further developing
condition monitoring methodologies.

2.2 Brief Literature Review on HF Stator Winding Modeling Methodology

There exist various winding modeling approaches in the literaBome of the very first
practices of HF stator winding modeling can be found in-b90G. For instance, 78], the
utilization of multiport network for stator winding modeling has been presented.983, as in
[79], a scattering matrix solutidoased approacivaspresented to investigate interturn voltages.
Different approaches have been presented over the.yearsinstance, lumped parameter
equivalent RLC circutbased approacfv9]-[81], transmission line based approgd82]-[85],
finite element based approaf86], [87], [88], and multiconductor transmission line (MCTL)
based approad®9]-[94]. Detailedcomparativecomparisorof variousmodeling approaches has
been presentedto determine the most promising apprgataéking into account both the
advantages and limitatiof95], [96]. Among the existing approacheiere are two approaches
that show great results due to their capability to consider frequency dependent parameters and
capability to consider detailed insulation materibése approachesn be considered stabé
the-art. These approaches are Fijite element (FE)based approac[86], [87], [88], and 2)
multiconductor transmission line (MCTIbased approaci®1], [92], [90]. In the context of HF
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modeling, it is critical to consider frequency dependssitaviori n t he wi ndi ngods
inductanceln [86], the FE basedmodel was used to analyze voltagressduring switching
transients the modelconsidered frequency dependent inductance, but frequency dependent
resistance was not consider@chich showsfairly good match between the predicted and actual
voltages.However, this approach requires extremely large computation resources since the
magnetic field solveto determine frequency dependent paramedeesolved for each time

step, which idess feasibleOn the other handhe MCTL based approach effectively addresses

the limitation of the FE based approach by including frequency dependent inductance as well as
resistanceMoreover, the MCTL approach significantly reduces the computatregairements
compared to the FE methddowever, the initial complexity and effort requiréat the MCTL
modelare much more than the FE based approach. Howeam ibe viewed as a worthwhile
investment Once the model is developed, it requires much less computation resources and less
time to utilize the model As discussed, the developed model will be utilized to conduct
investigatiols on insulation degradation anthe development of condition monitoring
methodology. Such investigations require repetitive simulations of various degradation
scenarios.Furthermore, the abilityfo conduct these simulations with fewer computational
resources and less time, malesuitable for ongoing condition monitoringlence, this thesis

work utilizes theMCTL basedapproach de to thepromising resultsreduced computation cost

andability to providefaster results.

2.3 HF of Stator Winding using MCTL approach

This sectiondiscusseshe HF modeling of stator winding using tMCTL approach.The
key processes involved in the modeling are presented i2-HigA stator of any machine mainly
consists of three components: the stator core, conductors or wires, and insdieios the first
step involveghe creation ofa detailed slot model in the FEA tool, Ansys Electronics Desktop
(AEDT). The created slot model should include detailed arrangeraedtproperties oivires
insulation material and iron corén order to simplify investigtions and modeling, a winding
with 8 coils or 24 turns ideveloped and modeled using MCTL approach. The developed model
adequately serves the purpose of investigating online insulation condition monitoring
methodologiesThe properties of stator andsulation systems are summarized in Tg2d).
The experimentaktator windingis shown in Fig2-2, while Fig.2-3 shows thewinding pattern

and slot modetreated model IMAEDT. The cross section of a slehowsthe arrangement of
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wiresandtheinsulation systemrhe winding consists of a total of 8 coils or 24 turns (3 turns per
coil). Thetotal number of turns in each slot is 6 and there are 16 wires peHente there are
96 wires in each slofhe TT insulation is the insulation over the wires wkileGW insulation

is the insulatiorthat separates wires from the stattiris important to note that the developed
model assumethe samearrangement of wires in all slots, as tnedel isprimary utilized to
investigate the impact of insulation degradatio

Motor Design
Parameters

[ Define slot model in FEA J

Electrostatics
Solver

Eddycurrent
olver

\nsys

Capacitance Freq dependent
Matrices R and L Matrices

Ladder Circuit Parameter

Calculation using

2l . MATLAB 4
Vector Fitting Algorithm SIMULINK

[ Multiconductor Transmission Line Model J

Validation of Developed Model
Through Experiments

Fig. 2-1 HF stator winding modeling using MCTL approach




Groundwall
Insulation

Turn ‘

Fig. 2-3 llustation of stator winding and slot cressection in FEA

Table2-1 Properties of Insulation

Insulation Type Material Thickness (mm)  Dielectric Constant
Groundwall insulation Nomex® 410 0.18 2.7
Wire Insulation (Enamel Epoxy Kevlar 0.07 4.88

After defining the slot model in the FEA tool, the next step involhescomputation of
parameters. The inductance and resistance of the winding changes significantly with the
frequency. Moreover, the wires or turns inside the slot have mutual coupling among them, which
varies with the frequency. Apart from such electromagnetic coupling, there exist capacitive
coupling among the turns as well as with the iron core. It is crucial to incorporate such capacitive
and electromagnetic coupling to obtainaccurate HF winding model. Henam electrostatics
solver is utilized to obtain the capacitive coupling. To solve electromagnetic coupling and obtain
frequency dependent resistance and inductances, thecedént solver has been utilized. The

detailed parameter computation is discusadte following section.

The next step after parameter computation invotkesomputation ofadder circuitqLCs)
parameters from the frequency dependent resistances and inductances obtained from the previous
stage. To model frequency dependent resistance and inductance, a ladder circuit (LC) can be

used.A LC comprise of various inductances and resistance organized in a ladder formation and,
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which can replicate the frequency dependwttavior A vector fitting (VF) algorithmhas been
utilized to extracttheseLC parameters from the previously calculatieelquency dependent
resistance and inductanceBhe comprehensive procedure to determine LC parameters is
discussed in the next section.

Once the requiregarameters and LCs are obtainfte MCTL model can be created
shown in Fig.2-4. The developed model shows 8 coils, each coil containing 3 turns totaling 24
turns.The inductance and resistance atle turn can be modeleingequation(2.1), wherew
is the voltage across one tufpwhich represents theoltagedue to self impedance and mutual
coupling with other turnsFor each turnQ'Y and 0 representsthe selfresistance and
inductancerespectively, while'Ois the currentflowing throughit. Hence, the first term in
equation(2.1) represents voltag® due to self parametert the second term, parametérs
and 0 represent the resistive and inductive coupling between tGamsl 'Q while O is the
current through th&" turn. Here, the term restive coupling refers to the voltage drop caused due
to skin and proximity effectHence,the second term represents turn voltage due to mutual
couplingw with other turnsHere, the termb represents the total number of turns per coil.
Utilizing the equation, the equivalent MCTL model of the winding can be created as shown in
Fig. 2-4.

O Y 0 b e Y Q0 0 e D
Qo Qo
To represent the first term in the equation in frequency dependent mannet, is
utilized which replicates frequency dependent self resistance and self inductance. The second
term in the equation represent the voltage doomlue to currents mutual coupling, which is due
to the dfect of skin and proximity effect and nual coupling.Which is modeled using the
current dependent voltage source. For each@time current in each coupling turi®)f causes
opposing voltage drop due to the mutual coupling. This coupling is also frequency dependent,
which can be represented using a LC as well. To model this the voltagewdragpurrent
dependent voltage source can be utilized whegresentshe voltage drop due to the mutual
coupling. Hencewhen considering aoil with 3 turns, a single LC circuit captures the voltage

drop from the turn's self parametevghile 2 distinct LC can be utilized to model theoltage
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Fig. 2-4 HF Modeling of Stator Windingsing MCTL approach

drops dueto mutual coupling with remaining turngpart from LCs and currerdependent
voltage sources, there are other parameters including: Iepresents the overhang inductance
per turn 2)Y which represents per turn core los®3)represents the capacitance between two
turns, ( representation) 49 represents half the value of turn to ground capacitance (
representation). The detai$ the calculation of these parameters are discussed in the following

section. The model can be built in any circuit simulation tool, this thesis work utilizes
MATLAB/Simulink environment.

2.4 Parameter Computation for MCTL Model

As briefly discussed in the previous stagarametersuch as capacitances, frequency
dependent resistance and inductances, ladder circuit (LC) parameters, overhand inductance per
turn © ) and core loss resistance per tui)(are required to be calculated. This subsection

discussed the procedure to calculate the aforementioned parameters.
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2.4.1Capacitance Calculation
Electrostatics solver in the AEDT has been utilized to compute capacit&hee.

electrostatics@mputes the static electric field that exists in a structure given a distribution of DC
voltages and static chargasdprovidesa capacitance matrjpwhichcan be further processed to
computethe capacitive coupling among the conduct®8]. The capacitance represents the
amount of energy stored in the electredd due to a voltage differential across a dielecffius

energy can be given by the equat{@r®).

o Loa
C

(2.2)
Here, thew is the stored energyj is the capacitance and is the voltage across the
dielectric. The Electrostatics solvecomputes the capacitance between two conductors by
simulating the electric fieldue to variousoltageexcitations Thenthe energy stored in the field
is computed followed by calculating the capacitandeach turn in the winding is mainly
distributed over two different regiongd) slot region where the wires are covered by the core.
And 2) overhang region or end winding region where the wires are in the air. For both regions
the capacitive coupling among the turns is differéins important to consider this variation in

parameters.

Capacitance Calculationin Slot Region The first step is to assign voltage excitation to
the turns of the coil among which the capacitance coupling will be calculBtedstandard

practice is to assign 1V to one of the turn voltages and the rest can be assighvaddyer,

Fig. 2-5 lllustration of capacitance coupling in the slot
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the stator is also assigned a voltafee next step includdhe assigment ofappropriatematrix,
boundary conditions, mesh settings, and analysis setflitngseafter, he electrostatics solver
calculates the capacitance coupling among the conductors with excitation and provides a
maxwell capacitance matriklerg each coil contains 3 turns, the resultant capacitive coupling is
as shown irFig. 2-5. The capacitord represens the capacitor between tui@and turnQWhile
capacitor0 represents the capacitance with respect to the sféb@.capacitance matrix
provided by the solver is shown eguation(2.3), while for a system with N conductorthe

matrix can be given by following equati¢2.4). Here, diagonal elements in the matrix represent
the selfcapacitance of each turn while -affagonal elements represent mutual capacitances.
Using the given relatiod) andd capacitances can be obtained. It is important to know that
the matrix obtained provides capacitance per meter. Depending on the length, the matrix must be

converted to obtain correct capacitances.
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0 0 0 0 o] 0 w
. 24.
v o] 0 E o] § (24,
- I !
) 11 1 d)
0 9 0 E 0 T
e L . . e
5o e & E & g
[l
Il 9 o] E o n
u U

Overhang region capacitancein the overhang region, the winding is in the air so there
is no capacitive coupling with the stator. Only the capacithe®veen turngd0 requiredto
be considered and capacitanegth respect to the statod can be disregarded. A similar

procedure as can be followed to obtain the capacitance matrix for the overhang region.

Here, it is crucial to note that the accurgisoperties of insulation anithe properties of
wires are required to be considered while developing a slot model in AlMfeover, it is
extremelyimportantto replicate thaccuratearrangement of wires and insulatidrhe properties
of insulation are presented in Tal{z1). The required properties of GW insulation including

thickness and dielectric constant have been obtained from the datasheet. However, information
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on turn insulation is readily available. Given the importance of the accurate parameters in
capacitance calculation, these properties have been approximated through some measurements.

Thedetailsare discussed in the following subsection.

2.4.2Determination of Turn Insulation Properties
The required properties are thickness and the insulation dielectric constant. The accurate

information on these parameters is not available in the datasheet, especially the dielectric
constant. To obtain the insulation thickness, the overall diameter of the wire is measured which
was 0.81mm while the copper wire diameter is 0.67mm (frloedatasheet]98]. Hence, the
insulation thickness is determined to be 0.07mm. To obtain the dielectric constant of the
insulation, a capacitance measurerdeaged technique is used. It is common practice to use
wires of twisted pair (two wires twisted against each other) for the capacitance of dielectric
material and partial discharge inception voltage (PDIV) correlation investigd88ihs[100],

[101] . Hence, a similar approach is used to determine the dielectric constant of the insulation.
Firstly, a total of 22 twisted paid different lengthsverecreated, which are showsig. 2-6 and

Fig.2=7. Then using an impedance analyzer, the capacitance between two wires is obtained,
which is due to 0.14mm (for one wire thickness is 0.07mm) of insulaiibe. average
capacitance is calculated from all the sampledle (2.2) summarizes the average capacitance

obtained from 22 twisted pairs.
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Fig. 2-6 Twisted pairs of wires (130mm) Fig. 2-7 All the samples of twisted pairs of wires
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Table2-2 Measuredcapacitances for various twisted pairs of wires

Approx. Twisted Pair Length ~ Sample No. Measured Capacitance (pF)  Actual Length (mm)

130 mm 1 17.1 132
2 16.5 131.5
3 15 127.5
4 15.6 129.5
5 15.3 127.5
Average 15.9 129.6
Capacitance/100mm 12.26 pF
200 mm 1 21.7 195.5
2 21.1 202.5
3 23.7 207.5
4 23.2 208.5
5 21.2 208
6 21.8 208
7 22.2 204
Average 22.13 204.85
Capacitance/100mm 10.8 pF
400 mm 1 45 394
2 45.9 395.5
3 47 397
4 44.8 395.5
5 46.7 397
Average 45.88 395.8
Capacitance/100mm 11.59 pF
600 mm 1 65.9 575
2 62.4 569.5
3 66.8 570
4 66 571
5 64.3 570.5
Average 65.08 571.2
Capacitance/100mm 11.39 pF
All samples Capacitance/100mm 11.51 pF

The average capacitance is 11.51 pF/100 nriiis information is furtherused to
determine thedielectric constant is determined using thlectrostatics solvein AEDT. In
AEDT, two wires aranodeled to bén close contact with eaalther The diameter of the wire is
0.67mm and the thickness of the insulation is 0.07mm. Each wire is assigned voltage excitation,
other necessary settings a@@ne,and the capacitance is obtained between two wires. Then the
dielectric constant is adjusted to obtain the same capacitance which was obtained from the

measurement i.e. 11.51pF/100 mmeTetermined dielectric constant is 4.88

24



2.4.3FrequencyDependentResistance and Inductance Calculation
Resistance and Inductance of the wires vary depending on the frequency due to skin and

proximity effects.Pulses froma PWM inverter can be considered asuperposition of multiple
frequency componesit For instance, machine operating frequency, switching frequency, the
frequency corresponding to the rise time of the pulse, etc. For accurate determination of
electrical stress, it is important to consid@riationsin resistance and inductances due to the
frequency.The excitation pulse is a typical voltagelsethatcan be considered as HF excitation

to the winding, withan excitation frequency that extends up the frequency (df
pZl Eb . Here,o is rise time and is thefall time of the PWM pulseldeally, inductance

and capacitance variation up’® should be considered. Here, thénimum rise or fall time is
20ns, which corresponds to tife of 50Mhz. So, the modehas been developed teplicate
the frequencyependenbehavior up to 55MHzSo, the eddy current solver inAEDT has been
utilized to calculate frequency dependent resistance and inductafbiss also includeghe
calculation ofmutual resistive and inductive coupling among various turns in a slot also varies
with the frequency which is also obtained using the eddy current s@umilar to the
capacitance calculation, each turn in the coil is assignedandthirent excitation blA. Apart
from this,appropriatematrix, boundary conditions, mesh settinffegquency sweemndanalysis
settingsare applied. The solver solv®e electromagnetidield within the coil andprovides a

matrix for each frequency point.

The diagonal elements in the matngpresentself impedance while the offiagonal
elementsrepresentthe mutual coupling among the turns. Hence, the impedance matrices for
seven frequency points (50Hz, 500Hz, 5KHz, 50KBP0KHz, 5MHz, and 55MHz) are
obtained Theseparametersvill be furtherused to createariousladder circuis (LCs), whichare

discussed in the nexulsection.

2.4.40verhang Inductance Calculation
The total overhang inductance of the winding is considered tohgtant This is because

thewires areplacedin the air and the influence of frequency@nparativelysmallerthan in the

slot region. The overhang inductance per turn has been determined using the e2usation (

(2.5)

b ghggf)‘ﬁf) a

cqnN
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Here,Q is a constant that accounts fbereduction in inductance due to skin effattis the
number of turns per phask, is geometry coefficient and is the length ofthe overhang in

each turnThe determine® per turn isl.016e H .

2.4.5Core loss Resistance Calculation
There is not enough research or establishethodsfor the calculation of R However,

there is arelation between the core loss resistance and the stator outer diameter, which can be
used to determin® [92], [102]. According to[92], core loss resistance per phase is estimated a

2 kY for astatorwith adiameter of 16.19 cn{2010 Toyota Prius machiné)he windinghas 11

turns per coil and 8 series coils per phdmance thevalue of det er mi ned tThe be s
developed windingn this thesis has stator has a diameter of 20 cm, hemwséng the same
approximatiorthe core lossesistanceer phase would be 24%0. The windinghas3 turns per

coil and 8 series coils per pha8ased on the winding arrangement, the core loss resistance per
turn R is obtained a402.91Y .

2.4.6Ladder Circuit Parameters Calculation
This subsection presents the procedure to obtain thepdr@meterdrom frequency

dependent resistances and inductances acqulieel Ladder circuit isessentially multiple
inductances and resistances connected in step forragptoximate the variation in parameters

due to frequencyThe parameters obtained from the eddy current solver are requilized to
createLCs so the frequency dependent winding parameters can be modeled. To calculated LC
parametersa vector fitting (VF)basedalgorithmhas beeremployed As shown in Fig 2-8, this
algorithm processes the parameters derived from the previous stage to determine the final LC

values Detailedprocedureso obtain parameters of LC are shown in &@.

As outlined in the provided flowchathe LC parameters for each level are sequentially
calculated.The process is repeated for each level until all LC parameters are ob@iuedall
the parameters for LC are obtained, the frequency response of the LC can be compared against
the desired response or (parameters from the eddy current solver) to ensure that the LC is capable
of replication similar behavior. For instance, F2g10 and Fig. 211 showparameters obtained
from the eddy current solver atide response dan LC, it is quite clear that LC can replicate

input behavior
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Turn 1 (Self Parameters)

Freq R L (0H)
50 0.001471812 1.39876E-06
500 0.001641277 1.39176E-06
5 kHz 0.008855967 1.16104E-06
50 kHz 0.029464836 8.9502E-07
500 kHz 0.088956736 8.4708E-07
5 MHz 0.29690206 8.2988E-07
50 MHz 1.0232537 8.5214E-07

Vector Fittiing
Based Algorithm

Ladder Circuit

Lijz

LijN A

Lijj2

Fig. 2-8 High level overview of procedutte obtainLCs
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Fig. 2-9 LC parameter computation using VF algorithm
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Fig.2-11Turn1 and turn 2 mutugdarameters: LC response vs desired response (parameters from AEL

To model each coupling this procedure is followed and corresponding LC parameters are
obtained. The implementation of th@forementionedvVF based algorithm is carried oin
MATLAB. The implementations very challenging due toncertainties associated with the VF
algorithm.Implementation is nastraightforward there is no single code that would work for all
the casedlt is crucialto understand and optimizerioussettingsat each level of ladder circuit

calculationto ensure that the obtained laddéercuit accurately replicates the desired behavior.
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Moreover, the VF algorithm igypically considereds a black bxa which is often used in various
literature.Ultimately, the critical measure of success for theb@sedalgorithm is its abilityof

LC to accurately replicate trdesired frequency dependent parameters.

2.5 Experimental Validation: Validation of the Developed HF Winding Model

The developed model has been developed to conduct investigations on insulation degradation
and the development of insulation condition monitoring methodologies, which require accurate
replication of HFbehaviorof the winding. To validate the developed model various experiments
have been conducted/arious measurements from simulation and experiments have been
obtained for comparative analysis of Cpmmon mode M) and Differential mode DPM)
impedancsand?2) voltage distributionnside the windingThese comparisorsdf theCM and DM
impedances reflects tlparasitic couplings of the windingherefore the comparison oCM and
DM impedancdrom the HF modeWwith the experimental measurement is a common practice to
validate the mode]53],[54],[91]. This ensurewalidation of the modebver a wide frequency
range.On the other hand, other commapproachto validate such HF models is through
comparison of voltage distribution inside the winding. A typical inverter is applied to the winding
and voltages at variolscationsinside the winding are measured and compared, such comparison

validates the model in timedomain.

2.5.1.Comparison of Common mode CM) and Differential mode (DM) impedances
The CM and DM impedances from both the developed model and experimental setup have

been acquired for comparison. The model has been implemented in Matlab/Simulink
environment,andthe impedances have been acquired usingripedance Measurement block
functionalityin Simulink. Theimpedance measurements frtme experimental setup are acquired
using OMICRON Lab manufacture@odel100 impedance analyzdhe Bode 100 impedance
analyzercan measure the impedanmeer a frequency range frequency range from 1 Hz to 50
MHz. The complete setup is illustrated in Fig12, Bode100 impedance analyzer is connected to

the stator windingandthe measurement data has been acquired from PC connected to Bode100.
As shown inFig. 2-13, the connectionso acquired CM and DM impedances have bemue.

The CM impedance is measured between the shorted terminals of the winding and stator core.
The DM impedance ismeasureetween the terminals of the winding and the stator core kept

floating.
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Fig. 2-12 Experimental setup for CM and DM impedance measurement
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Fig. 2-13 Schematic of CM and DM impedance measurement
The comparison of CM impedances and DM impedances from hardware and simulation is shown
in Fig. 2-14 and Fig.2-15 respectively.The impedance show good agreement, indicating that
the developed HF model is accurate. Moreover, it is crucial to note that the resonance and

antiresonance frequenciggtchquite well.

The resonance in electrical circuits is characterized by a significant increase in the circuit's
impedance response at a specific frequency, known as the resonance frequency. Conversely, the
antiresonance frequency is the frequency whe
minima. In CM impedance, the first antiresonance frequeifey from the HF model is at

1.92 MHz while the hardware results show antiresonance at 1.88 MHz. Similarly, the second
antiresonance frequencie€) are also in close proximity, 22.5 MHz from simulatiamnd

19.8 MHz from hardware measurements. In DM impedatiee resonance and antiresonance
frequencies can be found in close proximigar instance, the resonance frequen®y

from the HF model is at 2MIHz while the measured resonance frequency is at 2.35 Mphrt

from resonance and antiresonance frequentmesamplitude of impedance and phadso show

great agreement with each otthreplicataheiHgbkhlaviog ht i ng

of the winding
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Table2-3 Comparison ofintiresonance and resonance frequencies fromlaiion and experiment

Impedance Freq Experiment Simulation
CM Impedance Q- 1.88 MHz 1.92 MHz
Q- 19.8 MHz 22.5 MHz
Q- 3.84 MHz 3.81 MHz
DM Impedance Q- 3.87 MHz 3.78 MHz
Q- 21.6 MHz 22.6 MHz
Q- 2.35 MHz 2.1 MHz

However, the developed mdds not perfect due to uncertainties involved with the modeling
and measurememrocedure Thesediscrepancies can be duethe unknown position of wires
inside the slot, approximation of dielectric properties of insulation, negligence of nonidealities,
lumped endvinding modeling etc. However, it shoulthe acknowledgethe MCTL modelng
approach useds considered statef-the-art and outperformsther modeling approaché¢s4],

[90], [91], [92] Moreover,even though sucHiscrepancy does impact the time domain model
performance, it does not do so in a manner, which significantly impedes the model performance
for the purpose ofoltage distributiof91]. There could be sommprovementsnade to improve

the model. However, this thesis does not focughenimprovement of HF modeling, rather it
focuses onthe utilization of sucha model for investigatingthe influence of insulation
degradation on CM/DM impedances anithe development of condition monitoring
methodologies. In summary, the CM and DM impedafaidy match with the hardware
measurement including resonance frequencies and antiresonance frequEmesesthis HF

model is utilized for investigations on condition monitoring methods.

2.5.2.Comparison of Voltage Distribution
As discussed the developed HF model through experiments, a voltdgribution

measuremerbased approach is used. This involves iappbn of an inverter pulse and
measurement of voltages at various locations inside the winding. Thereafter, the measured
voltages from experiment and simulation are compared. The experimental setup is shown in Fig.
2-16.
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Ahigh dv/dt (17.7 kV/egs) volbricgg<hC ipvertensodulet o t he
The utilized SiC module isWolfspeedCAB450M12XM3 with a peakvoltagerating of 1200V
andpeakcurrentof 450A. After the application of voltage pulseégltages at the terminals as well

as theat each coilaremeasuredThe voltages have been measured using Yokogawa differential
probes witha bandwidth of 100 MHz and measure voltages up to 140Dhe utilized
oscilloscope is Rhode & Schwarz RTM3004 with bandwidth of 500 MHz. Typical
measurements of voltages are shown in Big7 and 218. The peak voltage refers to the
maximum voltage measured, while steady voltage corresponds to the voltage level after initial
oscillations in the voltages have been dampdigr acquisition of these voltadeom experiment

the same applied voltages as in the experiment is fed to the HF model to obtain voltages at each
coil of the winding. Obtained voltages at each coil through experiment and simulation are
compared with each other, and results are shown in FA§. &nd Table (2.4). e steady and

peak voltages match quite well, indicating that the developed HF model is acasrdiscussed,

these exists somediscrepancies due tthe unknown position of wires inside the slot,
approximation of dielectric properties of insulation, negligence of nonidealities, lumped end
winding modelingetc. These are some potential improvements that can be made.

Table2-4 Comparison of peak and steady voltages from simulation and experiment

Applied Pulse Coil No. Peak Voltage (V) Steady Voltage (V)

vt Simulated Experiment | Simulated Experiment

dv/dt: 7.7k V/ ¢ | C1 526.074 526.07 289.272 287.79
Cc2 424.1954 437.21 252.9208 249.71
C3 367.1785 339.55 213.22 208.69
Cca 298.7104 279 176.8681 172.56
C5 293.1471 270.22 140.5151 129.59
C6 289.7331 265.33 104.1624 92.48
Cc7 270.3356 263.38 71.57419 63.18
C8 224.9542 183.3 35.22583 22.17
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2.6 Summary

This chapter briefly discussesthe HF modeling of stator winding using the
multiconductor transmission line modeling (MCTL) apprqashich has been further utilized
for the investigations on condition monitoring methodoldgyorder to simplify modelingand
validation a winding with 8 coils or 24 turns is modeled, which adequately serves the purpose of
investigating online insulation condition monitoring methodologi€ke developed model
incorporates frequency dependent resistance and inductances, leading to the accurate
represetation of the HF behavior of the windingd comparative study was carried out to
validate the developed model against experimental resilihe momparative analysisovered
commonmode (CM) impedance, differentialode (DM) impedance, and peak and stestdye
voltages at various coilsThe results shova good match betweesimulation and hardware.
However, this modethowssomediscrepancieslue to various uncertainties associated with the
modeling procedureNonetheless, it's crucial to acknowledge that the model demonstrates a
reasonable level of accuracy when compared to actual hardware measurements, particularly in
terms of matching resonance and antiresonance frequengtesh provesthe model's
effectiveness in capturing key electrical characteristics. Consequently, despite the identified
limitations, this highfrequency (HF) model proves to beucial for investigations orcondition
monitoring methods.Comprehensive investigations dhe influence of various types of
insulation degradatioon transient line current and corresponding frequency spedambe

conducted which would help in developiagcuratecondition monitoring methodologies.
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Chapter 3: Utilization of AntiresonanceQOscillations for
I nsulation Condition Monitoring

As discussed, one of thiemitations in existing literaturds that there exists asignificant
knowledge gapn understanding ofhe influence of insulation degradatsoon the HF line
current There is a need to address this knowledge gap through investigations, and learning can
be furtherutilized to develop appropriateondition monitoringnethodology. Hence, his chapter
presents @mprehensive investigations on the influence of different insulation degradations on
the HF line currentThe investigationsaim toidentify the underlying mechanisms and patterns
associatedhsulation degradation and HF line current. To conduct these investigations, HF stator
winding model presented in the previous section has been utiBaseéd on the investigations
results, utilization of the dominant antiresonance oscillations in line curfent condition
monitoringhasbeen proposed.he first subsection introducebaracteristics of the oscillation in

the line current due to inverter switching. The second subsection presents investigations on the
influence of various degradations on the line current and CM impedances, proposing the

utilization of dominant oscillation in condition monitoring.

3.1 Dominant High Frequency Line Current Oscillations

The HF current oscillations during the switching of power electronics devicegsitmmation
related to theHF behaviorof the winding.This information can be extracted using tA&/M
voltage pulses from the invertghese pulsesan be considered as HF excitation which smead
up toa maximumfrequency of Q pZl. Ebd . Here,0 is rise time and are and fall
time of the PWM pulseA typical PWM pulse and corresponding spectral envelope are show in
Fig. 3-1. A typical PWM pulse from an inverter can be considered as an asymmgtjoetoid

as illustrated in in Fig3-1. The key properties that define sutifapezoid pulse are the rise time
(0), fall time © ), duty ratio ©O), switching period“(Jy. The corresponding spectral envelope is

shown in Fig.3-1. The spectral envelope can be mainly divided into three regions. In the first

region, the amplitude remains constant up to frequenc@ of gwhich is mainly the function
of switching frequencyQ and duty ratio. In the next region, the amplitude reduces at the rate of

-20db/dec as the frequency increadéss decrease isp toafrequency of « ¢, hence mainly
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determined by the rise time of the pulse. In the third regi@amplitude decreases even faster
at the rate of40db/dec and extends up to frequencyp®f E © D . However, as a rule of
thumb, typicallythis maximum frequency is considered tod¥e* d E b  as the spectral
component after this frequency are insignificadence,the rise and fall times are critical
parameterss they determine th@ghest frequency components present in the PWM signal. A
shorter rise or fall time results in higher frequency componelatsce, a PWM pulse works as a

HF excitation which can be utilized to extract the information on the HF impedance of the
winding. This can be achieved throughderstanding the HF i ne c ur roscifldgtiona nd it
behaviordue tothe gplication of such PWM voltage pulséhe HF excitation to the winding
inducesthe resultant line currend contain HF component which are function of CM and DM
impedancesTo conductthe investigationsthe HF stator windingnodel have been utilized. The
illustration of the setup is shown in the Fi§2, it contains a halbridge inverter to appla

PWM voltage excitation pulsew to the winding and the HF line curréft is measured
Here,’Q rises as a steady raa@dthereexists some oscillationsvhich can be represented by
equation(3.1).

Q o0 0 o

31
oﬂ ® 006 (3.1)

Here Q is the |line current that rises latw a stead
is voltage excitation pulse, an represents thénigh frequency current which mainly
represents current through the higbquency CM and DM coupling paths. Hen& can be

utilized to extract the information on the CM and DM impedances.
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To extractQ  from, firstly linear trend in the current needed to be captured and mitigated.
steady increase ii® . Fig. 3-3shows'Q and’Q  obtained the prominent oscillations can
be clearly observed in both the currefiitst-order polynomial is sufficient to capture this trend,
this is represented by equatid2). In MATLAB, the coefficientsry andn can be determined
using the@olyfitd function, whichcan fita firstorder polynomial t6Q . Once the coefficient
n andr are obtained, the transient curré@dt can be obtained using equatid3j, which
essentiallysubtractghe linear trend from th&
QO No N (3.1)

M o0 M o0 no n (3.2)
As shown in Fig3-3, theobtained transient currei?  can be characterized by two prominent
oscillations The first is the IF oscillations observed in the beginning ahd second is the
subsequent low frequency (LF) oscillatiofhe HF oscillations oscillate at 22.5 MHz,
corresponding to the second antiresonance frequéficy of the CM impedance. The LF
oscillations oscillates at 1.92 MHz, the first antiresonance frequeidLy of the CM
impedance. This oscillatory behavior has significant potential for insulation condition
monitoring. By understanding the relationship between these oscillations and insulation
degradationinsulation condition monitoringtrategiexan be developetiowever, the existence
and nature of this relationship require thorough investigation to establish a robust correlation.

This chapter presents such investigatiosmgthe developedHF model

3.2 Analysis of Influence of TT and GWInsulation Degradation on the CMDM
Impedance Spectrum and HF Linecurrent

This sulsection presents analysis on the influence of various degradation scenarios on the CM

impedance, line curreriQ and transient currenQ . Using the HF winding model, both

frequency and time domain analysis have been conducted for various insulation condition

scenarios, including: 1) good insulation 2) GW insulation degradation 3) TT insulation

degradation 4) overall degradation where both TT and GW insulation deghsd@iscussed in

the Chapter 1ljncrease in capacitands the most common symptom of degradatitims

increment can be up to AD% before failureHence,this section presents comprehensive

analysis ofthe implication of aforementioned insulation condition scenarios with varying

degradation severity ranging from 10% to 406BCM impedance, line curreif2 and transient
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current’Q . The analysis has been done using the HF model. Fidséyartalysis begins under
good insulation conditionhich senesas the baselind.he capacitances in the model kept the
same as determined usiagelectrostatics solver in AEDT during the model development stage.
Thereafter, other degradation scenarios sireulatel for varying degradationseverity. To
simulate TT degradation scenario, where on the turn insulation or the insulation over the wires
degradethe values of the capacitances representing TT insulation are increased by 10% to 40%.
Similarly, to simulate GW degradation, the capacitances corresponding to GW insulation are
adjusted to reflect the same range of degradation seviritile overall degradation scenario,
both TT and GW insulation are simultaneously degraddds has been achieved through
adjustment ofcapacitances representing both TT and GW insulation are increased by 10% to
40% For each of the degradation case, the frequency domain and time domain analysis have
been conductedFrequency domain analysis reveals how th@ectrum, resonance and
antiresonance frequencigst affectedvith increasing capacitance due to insulation degradation.
This is critical for understanding the hiffequency behavior of the winding and identifying
specific frequency ranges where degradation effects are most pronolinedrbquency domain
analysis comprisean investigation on both CM and DM impedances. However, this subsection
focuses on CM impedance onlyThe impedance measurement functionality in
MATLAB/Simulink environment have been utilized to measure CM impedance, it is measured
between the shorted terminals of the winding and stator botle time domainline current

‘Q and transient curreriQ  are acquired and investigated feach degradationase.The
analysis shows how the amplitude and frequency of tbesentschange with varying degrees

of insulation degradation, providing insights intee influence of degradation on these current.
The investigation®lucidate the relationship between insulation degradation and its impact on
CM impedance,Q andQ . By understanding these relationships, effective insulation

condition monitoringnethodologiegan be developed.

3.2.1.Analysis of CM impedance forVarious Degradations
For the aforementioned degradation scenarios, F@illustrates CM impedance for TT

degradations, FigB-5 for GW degradations, and Fig-6 for overall degradations. Eadigure
contains twasubfigures (a) shows the CM impedances for different levels of degradation, while
(b) shows the deviation from the good insulation conditiam.the aforementioned degradations,

analysis fromthese plotsare crucial as they provide detailed insights into how CM impedance
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varies across different degradation levels, and their deviation from the baseline good insulation

condition is clearly depicted.
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Fig. 3-4 TT degradation: (a) CM impedances for various degradation scenarios (b) Deviation in CM impec
due to degradation
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Fig. 3-5 GW degradation: (a) CM impedances for various degradation scenarios (b) Deviation in CM impe
due to degradation
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(a) (b)
Fig. 3-6 Overall degradation: (a) CM impedances for various degradation scenarios (b) Deviation in
impedances due to degradation

For good insulation scenario, as seen from the CM impedance, it exhibi€3 the at
about1.92 MHz, and™Q  at about 22.5 MHzFor TT degradation scenariotje CM
impedancesnddeviation in CM impedanciom thegood insulation scenarshowsdeviatiors
in the amplitude ( @Zz) fdar hlrdegnagaiian sdveritteetow £ZWM s p e c
MHz, these deviations are relatively minor while the most deviation can be observed at about
resonancefrequency "Q . This indicates that the lofvequency components of the CM
impedance are less sensitive to TT degradafidoreover, minor deviation near th@
these changes amparatively smallethan those at the resonance frequency, Hreystill
indicaie some sensitivity to TT degradatiom the 3-50 MHz range moresignificantchangs
can be observedncluding at"Q . With increasing levels of degradation severity, more
deviation can be observed@he increasen amplitude deviationgs thedegradation severities
increase indicatethat this frequency range could lbetical in detecting and assessing TT
insulation degradatior-or GW degradation scenaridbge results are shown kig. 3-5 (a) and
3-5 (b). Analysis show similar findings where noticeable deviatioan be found throughout the
frequency range. However, the deviations are more substantial than in the TT degradation
scenarios, particularly below 2.5 MHz. Moreover, the deviation near the resonance frequency is
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