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Abstract 

Online Condition Monitoring of Stator Winding Insulation State of Electric 

Machines in Electrified Vehicles 

Ashutosh Patel, Ph.D. 

Concordia University, 2024 

Electrified vehicles commonly 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 failures. Given the uncertainties 

surrounding insulation degradation, detecting degradations of insulation in an early stage can 

help prevent major failures. Therefore, this Ph.D. research focuses on online monitoring of 

electrical machineôs winding insulation degradation. 

A comprehensive review of literature revealed certain research gaps. The first one is on 

selection of the most effective insulation degradation indicator for online condition monitoring 

without increasing motor drive costs. To address this challenge, this research uses existing 

signals in EV motor drives, such as line current measurements. However, there is limited 

information on how insulation degradation can impact the line currents in the existing literature. 

Therefore, this Ph.D. work address this knowledge gap through conducting investigations of 

insulation indicators. It is found that the antiresonance oscillations in line current can serve as 

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

Existing literature on condition monitoring methods also presents notable limitations. 

Firstly, these techniques can not determine the degradation of groundwall (GW) or turn-to-turn 

(TT) insulations simultaneously. There is a need for a new approach for simultaneous condition 

monitoring of TT and GW insulations. This is crucial because different types of insulation are 

exposed to different temperatures, leading to a varied degradation rate. Additionally, current 

methods overlooked the variability of noise in measured signals, which can fluctuate due to 

various factors in real-world applications like EVs. This 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 conditions. Hence, 
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this Ph.D. work proposes novel methodologies to address these limitations. A technique for 

simultaneous monitoring of TT and GW insulation conditions has been proposed. To address the 

limitation posed by noise variability and the reliance on manual analyses, a novel data-driven 

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

Electric vehicles (EVs) and electric aircrafts have proven their candidacy as a potential mode 

of transportation for the coming future. Substantial efforts are being made globally to encourage 

the adoption of electrified vehicles. As a result, about 14 million new electric vehicles were 

registered globally in 2023 compared to only 3 million in 2020 [1], this number is expected to 

grow significantly. To support the transition to EVs, various governments have implemented 

policies and programs. In Canada, the federal government has introduced the ZEV (Zero-

Emission Vehicles) program, which aims to make EVs more affordable by providing monetary 

incentives [2]. Similarly, at the provincial level, incentives have been offered. For instance, the 

Quebec government proactively promotes the use of EVs by incentivizing both purchase and 

lease of electrified vehicles [3]. Moreover, considerable engineering and research initiatives are 

currently underway to enhance the infrastructure necessary to support the increasing numbers of 

EVs, which includes the development of more efficient and widespread charging infrastructure 

[4]. Overall, the potential benefits of electrified vehicles and government incentives are driving 

market growth and a shift towards electrified transportation. This shift plays crucial role for not 

only transportation sector but also in addressing carbon emissions and promoting a greener 

future. 

In any electrified vehicle, a powertrain is considered as the core component. Typical drive 

system of EV is illustrated in Fig. 1-1, while schematic representation is shown in Fig. 1-2. Most 

 

 

Fig. 1-1 Typical drive system of EV [5] 
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of the electrified powertrain systems are equipped with batteries, electric machine and voltage 

source inverters (VSI). The batteries store the energy, while the inverter converts the Direct 

Current (DC) power into Alternating Current (AC) power to drive the motor over a wide speed-

torque envelope.  

Typical types of electric machines being used in the EVs are induction machine (IM), 

permanent magnet synchronous machine (PMSM) and synchronous 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 rotates within the magnetic field generated 

by the stator. The interaction between the fields generated from the stator and rotor ultimately 

propels the vehicle. Despite significant efforts to design the system in the best way possible, the 

reliability and safety of such electrified systems get compromised due to various faults. For 

instance, faults related to batteries include sensor faults, actuator faults, electromechanical faults, 

charge or discharge rate related faults, and thermal faults may occur [6]-[10]. While faults in 

inverters are mainly short-circuit 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, short-circuit faults or insulation failures contribute to 

approximately 30% of motor failures [19]-[21]. There is a decent amount of research being 

 

 

 

Fig. 1-2 Schematic representation of typical drive system [5] 
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conducted to design and develop more reliable machine insulation [22]-[27]. However, the aging 

or degradation of insulation material remains 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) based devices like gallium nitride (GaN) and silicon carbide (SiC) in VSI 

causes even higher stress on motor insulation [30]-[35].  

Given the uncertainties associated with various stresses on insulation, monitoring the 

insulation condition becomes necessary to ensure the safe and reliable operation of the VSI-fed 

electric machines, especially in applications like EVs and aircraft where the safety of human life 

is crucial. Detecting and identifying types of insulation degradation in an early stage can help 

prevent major failures such as short circuits in the machine. Such information can also be used 

for predictive maintenance and fault-preventive control strategies to ensure the safe operation of 

the machine. Therefore, this paper focuses on online monitoring of stator winding insulation 

degradations in electrical machines. Firstly, the insulation system in stator winding and its 

degradation are discussed. Thereafter, a literature review on insulation condition monitoring 

methodologies is presented. Then, the 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 insulation system. 

The stator core is typically made of silicon steel and provides low reluctance path to the flux. 

The winding is made of copper or aluminum and are arranged in a specific pattern to creates 

rotating magnetic field when current flows through them. The insulation system comprises of 

different insulation materials like varnishes, polyimide material, mica, resins, and other 

 

Fig. 1-3 Various types of insulation in stator [29] 

 

Fig. 1-4 Various types of insulation in hairpin stator [36] 
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insulating materials, which are essential for ensuring electrical isolation of coils from each other 

and from the stator. Insulation systems of different types of machines differ significantly from 

each other. For instance, the insulation system of low voltage machines (rated rms voltage < 700 

V) are shown in Fig. 1-3 and Fig. 1-4. 

Typically, in low-voltage machines, there are three main types of insulation. The first is 

referred as turn insulation which refers to the insulation over the wires that 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 design. For instance, as shown in Fig. 1-4, the hairpin 

stator does not contain any phase insulation. Failure of the insulation system creates a short 

circuit, which puts the safety and reliability of the whole system at risk. Examples of the 

damaged winding due turn and groundwall insulation failure are shown in Fig. 1-5 and Fig. 1-6 

respectively.  

 

Fig. 1-5 Failure of turn insulation [37] 

 

Fig. 1-6 Failure of groundwall insulation [37] 

1.2 Insulation Degradation 

Apart from improper insulation design and inappropriate operation of the machine, the 

insulation failure is primarily due to gradual degradation over time caused by TEAM stresses- 

thermal, electrical, ambient and mechanical stress.  
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1.2.1.Thermal Stress 

Thermal stress is a critical factor in the degradation process of insulation. The insulation 

material undergoes cyclic exposure to 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 losses. Due to such thermal stress, the chemical and dielectric properties of 

insulation are affected [29]-[39]. The thermal stress causes oxidation, where in the chemical 

bond with the insulation breaks down and oxygen replaces the destroyed bond. Such oxidation 

weakens the polymer chain and causes degradation. Fig. 1-7 shows the damaged insulation and 

delamination caused by thermal aging. Moreover, thermal stress also affects the dielectric 

properties of insulation, causing a reduction in dielectric strength, change in permittivity, change 

in dielectric loss, etc., which ultimately affect the performance and reliability of the insulation 

[40]-[42]. Hence, it is crucial to select appropriate insulation materials based on the operational 

temperature. Insulation materials are categorized into different temperature classes, ensuring they 

can withstand a specific temperature for approximately 20000 hours.  This lifetime is usually 

approximated by the Arrhenius model, represented as equation (1.1). 

ὒ ὃϽὩὼὴ
Ὑ

Ὕ ςχσȢρυ
 

(1.1) 

Here, ὒ is the lifetime of the material, Ὕ represents the temperature which is often derived 

from IEC or IEEE standards [43], [44]. Usually, the electrical machines are designed to have the 

insulation class higher than the windingôs hotspot temperature to ensure a decent safety margin. 

Every 10°C increase in the temperature causes a lifetime reduction of 50%. Despite the 

appropriate selection of temperature class, the performance of insulation suffers due to 

 

Fig. 1-7 Insulation failure due to thermal stress [45] 

 

Fig. 1-8 Maximum voltage over the lifetime [46] 
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degradation. For instance, Fig. 1-8 shows the capability to withstand voltages reduces due to 

degradation.  

1.2.2.Electrical Stress 

Due to the utilization of PWM inverters, the insulation of motor winding undergoes higher 

electrical stress compared to the grid-driven machines. This is due to the nature of the output 

voltage from the PWM inverter, the output voltages are essentially pulses with varying duty 

cycle and frequency. Moreover, these pulses reach the maximum value of the DC bus in a few 

nanoseconds, resulting in a high voltage slew rate or dv/dt, and hence the insulation of machine 

winding undergoes higher electrical stress which may cause premature insulation failure [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 at a neutral point [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 lifespan. If the 

voltage across the insulation exceeds the partial discharge inception voltage (PDIV), the partial 

discharge (PD) occurs. The PDs are the flow of electrons through the insulation or on the surface 

of the insulation, which degrades the insulation. Hence, there is ongoing research to investigate 

and understand such electrical stress, which may aid in the improvement and optimization of the 

insulation system in VSI fed machines [50]-[54].  

1.2.3.Ambient Stress 

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

Various environmental conditions such as the presence of foreign material, moisture, chemical 

contaminants, etc. affect the properties of insulation [29]. For instance, moisture condensation 

significantly increases the rate of degradation [55]-[57]. Moreover, the presence of moisture also 

affects the dissipation factor, insulation capacitance, permittivity and PDIV of the insulation, 

which affects the effectiveness of the insulation [58]-[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 causing accelerated degradation, 

while some chemicals may affect the mechanical properties of the insulation [29]. Additionally, 

some conductive contaminants may cause electrical treeing and partial discharge (PD) activity 

[62]. Therefore, the prevention of electrical machines from ambient stressors is crucial. 
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1.2.4.Mechanical Stress 

The insulation of the machine undergoes mechanical stress mainly due to vibration, transient 

forces caused by switching of power electronics, thermal expansion and contraction, etc. [29]. 

Such stresses weaken the insulation and may cause wear-related failure. The electrical motor 

insulation undergoes vibration due to electromagnetic forces, cogging in machine, operation 

condition of the vehicle etc. These vibrations may cause mechanical wear due to friction and 

potentially delamination can occur. Such consequences are further intensified due to loosened 

winding or inadequate impregnation. Similar mechanical wear occurs due to expansion and 

contraction of various materials in the motor. 

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 

degradations. These methods measure quantities such as partial discharge (PD) activity, common 

mode (CM) current, CM voltage, differential mode (DM) current, high-frequency line current, 

etc. to identify degradation. However, most of the existing methods pose unique challenges and 

constraints in implementation such as the necessity for additional sensors or hardware 

modifications. Such methodologies add complexity or cost to the existing system, making them 

impractical. Currently, there are a few methodologies that can detect degradation with great 

accuracy and minimal hardware modifications or additional cost to the typical motor drive 

system. Given their benefits, such methods are kept in primary focus in this thesis, and they can 

be mainly categorized into two categories: leakage current measurement based methods and line 

current measurement based methods. These methodologies, along with their limitations have 

been summarized in Table 1.1. 

Table 1-1 Summary of Condition Monitoring Methodologies 

Ref Year Measured 

Quantit ies 

Focused 

Insulation 

Degradation 

Symptom 

Validation 

Approach 

Limitations  and 

Comments 

[63] 2019 Leakage 

current and 

PG voltage 

GW Decrease in 

Cap. 

Accelerated 

Thermal 

Degradation 

(1) Additional sensors 

required 

(2) Degradations not 

classified 

(3) Overlooked variation in 

measurement noise 

(4) Lacked theoretical 

analysis 

(5) Limited validation 
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[64] 2022 Leakage 

current and 

voltages 

GW Increase in Cap. Capacitance 

and resistance 

based 

emulation of 

degradation 

(1), (2), (3), (4), (5) 

[65] 2021 Leakage 

current and 

PG voltage 

GW and PP Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(1), (3), (4), (5), and (6) 

Neglected simultaneous 

degradation in 

classification 

[66] 2021 Leakage 

current and 

PG voltage 

TT Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(1), (2), (3), (4), (5) 

[67] 2023 Leakage 

current and 

PG voltage 

GW and TT Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(1), (3), (4), (5), (6) 

[68] 2018 Leakage 

current 

NA 

(Overall) 

Decrease in 

Cap. 

Accelerated 

Thermal 

Degradation 

(1), (2), (3), (4), (5) 

[69] 2013 Leakage 

current 

GW NA NA (1), (2), (3), (4), (5) 

[70] 2010 Leakage 

current 

NA Increase in Cap. NA (1), (2), (3), (4), (5) 

[71] 2015 Line current TT Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(2), (3), (4), (5) 

[72] 2017 Line current TT Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(2), (3), (4), (5) 

[73] 2022 Line current GW Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(2), (3), (4), (5) 

[74] 2021 Line current TT Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(2), (3), (4), (5) 

[75] 2022 Line current GW Increase in Cap. Capacitance 

based 

emulation of 

degradation 

(2), (3), (4), (5) 

[76] 2023 Line current NA 

(Overall) 

Decrease in 

Cap. 

Accelerated 

Thermal 

Degradation 

(2), (3), (4), (5) 

[77] 2019 Line current NA 

(Overall) 

Increase in Cap. Accelerated 

Thermal 

Degradation 

(2), (3), (4), (5) 

Leakage current measurement-based methods typically utilize the fact that the degradation in 

insulation causes deviation in the CM impedance spectrum, this variation is caused by variation 

in insulation capacitance due to degradation. For instance, in [63], GW condition monitoring 
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method based on the variation of capacitance is presented, and it utilizes measurements of phase-

to-ground (PG) voltage and leakage current measurement to determine equivalent capacitance 

which is further utilized to determine insulation condition. In [64], a methodology that relies 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 condition. In [65], a methodology which can 

monitor both GW and phase insulation condition is presented. This method relies on the 

measurement of leakage current and PG voltages, it has the unique capability to monitor the 

phase-to-phase (PP) and GW insulation capacitance separately. In [66], a similar approach 

utilizing leakage current and PG voltages for 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 deviation in the CM impedance spectrum. This 

method can be considered as a data driven method since various degradation scenarios have been 

emulated and the corresponding impedance spectrum obtained by the proposed simulation 

model, thereafter the impedance data is further processed using the principal component analysis 

(PCA) method which works as features for the decision tree machine learning model and 

decision tree model estimates the insulation condition. In [68], an analog circuit has been 

proposed which is utilized to detect the peak value of the leakage current and deviation in the 

peak value of leakage current is utilized for insulation condition monitoring. In [69], GW 

condition monitoring based on only common mode leakage current measurement is presented. In 

[70], a leakage current measurement based methodology that estimates capacitance and 

dissipation factor has been presented. Nevertheless, the leakage current measurement-based 

methods are often considered less desirable due to the requirement of additional sensors for 

leakage current and/or voltage measurements, and hardware 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 system. In [71] and [72], methods that utilize 

deviation in the frequency spectrum of measured high-frequency 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. Deviation between these two spectrums has been interpreted as a sign of 
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insulation degradation. These methods primarily focus on TT 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 in [74], where low frequency common mode current, also referred to as ótail 

currentô, is extracted from HF line current for condition monitoring of TT insulation. The root 

mean square (RMS) value of the tail current has been used as an indicator of the insulation state 

and deviation in this value is considered as an indicator of degradation. In [75], 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 a quasi-linear increase 

with the change in parasitic capacitance. Moreover, various literature reports investigate the 

influence of different types of exposure on the line current. For instance, as in [76], 

investigations on the influence on the line current when accelerated aging has been performed. 

Similarly, in [77] investigations on the line current when the machine is exposed to high dv/dt 

PWM excitation show that line current can be utilized for reliable insulation condition 

monitoring. The leakage current measurement based methods are often considered less desirable 

because they require the inclusion of additional sensors for leakage current and/or voltage 

measurements, or hardware modifications. Given the advantages of the line current based 

approach, this thesis focuses on the line current measurement based approach. Therefore, this 

Ph.D. thesis focuses on methods that rely on measurement of line current. 

1.4 Problem Statement  

As summarized in Table 1.1, most of the existing literature lacks theoretical analysis on 

insulation condition monitoring methodologies, to conduct such analysis often lumped HF stator 

winding models are utilized [65],[66]. Such simpler models can be utilized for certain 

applications but cannot be used to simulate various insulation degradations accurately and 

investigate online insulation condition monitoring. Specifically, these models have limited 

capability in representing the accurate HF behavior of the winding and the distribution of 

voltages within the stator winding [53]. Effective investigations for insulation condition 

monitoring demand higher accuracy in HF winding models. Therefore, for the development of 
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accurate HF stator winding models which can be further utilized for the development of 

condition monitoring techniques. 

Another limitation is that there exists a 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 on the influence of 

insulation degradation HF line current and common mode/differential mode (CM/DM) 

impedance spectrum of the winding. Understanding the influence of insulation degradation on 

the HF line current and its corresponding impedance spectrum is crucial to understanding the 

influence of insulation degradation and development of condition monitoring methodology. A 

comprehensive investigation should be conducted to understand the influence of insulation 

degradation of both TT and GW insulation types with varying degradation severities and various 

locations within the winding.  

Existing line current measurement based techniques can be considered fairly accurate, 

however, there exists a key limitation. Existing methodologies present condition monitoring of 

either GW insulation or TT insulation, which lack the ability to quantify TT and GW insulation 

degradations simultaneously. 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 rate. Additionally, 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 factors. It is crucial to make sure that the method performs well across a wide 

range of noise levels, ensuring its viability in real-world applications. Additionally, the existing 

approaches rely primarily on predefined thresholds and manual analyses, which necessitates 

expert knowledge for data interpretation and 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. Data-driven 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 application of a machine learning (ML) algorithm for 

leakage current measurement based insulation condition monitoring shows promising results. 

Due to the apparent advantages of such methods, this thesis proposes a novel data-driven line 

current based approach for insulation condition monitoring. 

1.5 Objectives 

The key limitations of the existing approach and open research problems in the field of line 

current measurement based condition monitoring have been discussed. The primary objective of 

this PhD research is to address these limitations and explore potential solutions. The problems 

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

¶ Holistic investigation of insulation degradation: This PhD research will conduct a 

comprehensive investigation into the influence of insulation degradation on HF line 

current and the common mode/differential mode (CM/DM) impedance spectrum of the 

winding. Such investigations are crucial for developing effective condition monitoring 

methodologies.  To conduct such investigations, a simulation-based approach is 

employed. This is because the hardware based approach does not offer control over 

degradation location (TT and/or GW insulation) and degradation severity. Hence 

primarily a HF stator winding model is required to conduct such investigations. 

o Implementation of state-of-the art approach to develop a custom HF stator winding 

model: This PhD research aims to create a HF stator winding model for custom stator 

winding, that will enable comprehensive investigations to establish condition 

monitoring methodologies. This model is capable to 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. 

¶ Development of line current  based condition monitoring methodologies: Utilizing the 

learning from the previous investigations, the following areas will be focused on.  
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o To develop a condition monitoring methodology that utilizes line current to determine 

the State of Health (SOH) and facilitates the differentiation of insulation degradation 

types.  

o To develop a condition monitoring methodology focused to address the variability such 

as noise in measured line current. The objective is to ensure this methodology's 

practical applicability, especially in environments with pronounced noise variability, 

such as EVs. The methodology should be capable of performing well across different 

levels of measurement noises. 

1.6 Thesis Organization 

Based on the research objectives, this thesis is organized into the following chapters.  

Chapter 1 presents introduction to the insulation failure and emphasizes on the importance of 

insulation condition monitoring. A comprehensive review of existing condition monitoring 

methodologies has been presented. The research problem statement, objectives, and 

contributions have been presented.  

Chapter 2 presents the development of the HF model of the stator winding. The modeling 

procedure and validation of the developed model have been discussed. The developed model 

enables detailed investigations required for understanding and development of online insulation 

condition monitoring methodology.  

Chapter 3 presents comprehensive investigations on the influence of different insulation 

degradations on the HF line current, CM impedance and DM impedance. Based on the results of 

the investigations, the utilization of dominant antiresonance oscillations in line current has been 

proposed for insulation condition monitoring. 

Chapter 4 proposes a 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 (SOH). The proposed technique can provide the 

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

Chapter 5 presents a novel data-driven insulation condition monitoring methodology. The 

methodology utilizes a machine learning (ML) algorithm to quantify the insulation degradation 

by utilizing the features obtained by processing HF line current. This methodology utilizes 
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wavelet scattering transform (WST) to extract crucial features from HF line current. This chapter 

also presents a comprehensive framework designed for developing insulation condition 

monitoring using the proposed ML based approach.  

Chapter 6 presents the conclusion of this thesis and possible future works. 

1.7 Contributions  

Journal papers: 

¶ A. Patel, C. Lai and K. L. Varaha Iyer, " Wavelet Packet Decomposition based Detection 

and Classification of Stator Winding Insulation Degradation for Electric Machines," in 

IEEE Transactions on Industry Applications [Under second review] 

 

¶ A. Patel, C. Lai and K. L. V. Iyer, " A Data-Driven Approach for Stator Winding 

Insulation Degradation Monitoring Considering Measurement Noise" in IEEE 

Transactions on Industry Applications [Under review] 

 

¶ A. Patel, C. Lai and K. L. V. Iyer, " Online Insulation Condition monitoring based on 

Antiresonance Oscillation in Line Currentò Will be submitted to the IEEE Transactions 

on Industrial Electronics. 

 

Conference papers: 

¶ A. Patel, C. Lai and K. L. Varaha Iyer, "A Machine Learning based Approach for 

Detection and Quantification of Insulation Degradations in Machines' Stator Winding," 

2023 IEEE International Conference on Power Electronics, Smart Grid, and Renewable 

Energy (PESGRE), Trivandrum, India, 2023. 

¶ A. Patel, C. Lai and K. L. V. Iyer, "A Novel Approach towards Detection and 

Classification of Electric Machinesô Stator Winding Insulation Degradation using 

Wavelet Decomposition," 2023 IEEE International Electric Machines & Drives 

Conference (IEMDC), San Francisco, CA, USA, 2023. 

 

Patent: 

¶ A. Patel, C. Lai, N. C. Kar, G. Schlager, M. Winter, A. Exl and K. L. Varaha Iyer, 

ñDetermination and Classification of Electric Motor Winding Insulation Degradationò 
World Intellectual Property Organization (WIPO), WO2022094726A1. (Application filed 

in Nov, 2021) 
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Chapter 2:Development of Custom HF Stator Winding 

Model  

2.1 Introduction  

This chapter focuses on development of the high frequency (HF) modeling of the stator 

winding, development of the HF stator winding model plays a crucial role in investigating 

condition monitoring methodologies. Firstly, a brief overview of existing modeling approaches 

has been provided. Thereafter, the details on the HF modeling of stator winding using the 

multiconductor transmission line modeling (MCTL) approach have been presented. The 

developed model has the capability to incorporate frequency dependent resistance, frequency 

dependent inductances as well as detailed insulation system, leading to the accurate 

representation of the HF behavior of the winding. Moreover, the accuracy of this simulation 

model is investigated through an experimental investigation. The developed model will be 

utilized in the following chapters in 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 literature. Some of the very first 

practices of HF stator winding modeling can be found in mid-1900s. For instance, in [78], the 

utilization of multiport networks for stator winding modeling has been presented. In 1983, as in 

[79], a scattering matrix solution-based approach was presented to investigate interturn voltages. 

Different approaches have been presented over the years. For instance, lumped parameter 

equivalent RLC circuit-based approach [79]-[81], transmission line based approach [82]-[85], 

finite element based approach [86], [87], [88], and multiconductor transmission line (MCTL) 

based approach [89]-[94]. Detailed comparative comparison of various modeling approaches has 

been presented to determine the most promising approach, taking into account both the 

advantages and limitations [95], [96]. Among the existing approaches there are two approaches 

that show great results due to their capability to consider frequency dependent parameters and 

capability to consider detailed insulation material, these approaches can be considered state-of-

the-art. These approaches are 1) Finite element (FE) based approach [86], [87], [88], and 2) 

multiconductor transmission line (MCTL) based approach [91], [92], [90]. In the context of HF 
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modeling, it is critical to consider frequency dependent behavior in the windingôs resistance and 

inductance. In [86], the FE based model was used to analyze voltages stress during switching 

transients, the model considered frequency dependent inductance, but frequency dependent 

resistance was not considered, which shows fairly good match between the predicted and actual 

voltages. However, this approach requires extremely large computation resources since the 

magnetic field solver to determine frequency dependent parameters are solved for each time-

step, which is less feasible. On the other hand, the MCTL based approach effectively addresses 

the limitation of the FE based approach by including frequency dependent inductance as well as 

resistance. Moreover, the MCTL approach significantly reduces the computational requirements 

compared to the FE method. However, the initial complexity and effort required for the MCTL 

model are much more than the FE based approach. However, it can be 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 

investigations on insulation degradation and the development of condition monitoring 

methodology. Such investigations require repetitive simulations of various degradation 

scenarios. Furthermore, the ability to conduct these simulations with fewer computational 

resources and less time, makes it suitable for ongoing condition monitoring. Hence, this thesis 

work utilizes the MCTL based approach due to the promising results, reduced computation cost 

and ability to provide faster results.  

2.3 HF of Stator Winding using MCTL approach 

This section discusses the HF modeling of stator winding using the MCTL approach. The 

key processes involved in the modeling are presented in Fig. 2-1. A stator of any machine mainly 

consists of three components: the stator core, conductors or wires, and insulation. Hence the first 

step involves the creation of a detailed slot model in the FEA tool, Ansys Electronics Desktop 

(AEDT). The created slot model should include detailed arrangements and properties of wires, 

insulation material and iron core. In order to simplify investigations and modeling, a winding 

with 8 coils or 24 turns is developed and modeled using MCTL approach. The developed model 

adequately serves the purpose of investigating online insulation condition monitoring 

methodologies. The properties of stator and insulation systems are summarized in Table (2.1). 

The experimental stator winding is shown in Fig. 2-2, while Fig. 2-3 shows the winding pattern 

and slot model created model in AEDT. The cross section of a slot shows the arrangement of 
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wires and the insulation system. The winding consists of a total of 8 coils or 24 turns (3 turns per 

coil). The total number of turns in each slot is 6 and there are 16 wires per turn. Hence there are 

96 wires in each slot. The TT insulation is the insulation over the wires while the GW insulation 

is the insulation that separates wires from the stator. It is important to note that the developed 

model assumes the same arrangement of wires in all slots, as the model is primary utilized to 

investigate the impact of insulation degradation. 

 

 

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

  

Fig. 2-2 Experimental stator winding and slot cross-section 
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Table 2-1 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 involves the computation 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 obtain an accurate HF winding model. Hence, an electrostatics 

solver is utilized to obtain the capacitive coupling. To solve electromagnetic coupling and obtain 

frequency dependent resistance and inductances, the eddy-current solver has been utilized. The 

detailed parameter computation is discussed in the following section. 

The next step after parameter computation involves the computation of ladder circuits (LCs) 

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, 

 

 

 

Fig. 2-3 Ilustation of stator winding and slot cross-section in FEA 
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which can replicate the frequency dependent behavior. A vector fitting (VF) algorithm has been 

utilized to extract these LC parameters from the previously calculated frequency dependent 

resistance and inductances. The comprehensive procedure to determine LC parameters is 

discussed in the next section. 

Once the required parameters and LCs are obtained, the MCTL model can be created as 

shown in Fig. 2-4. The developed model shows 8 coils, each coil containing 3 turns totaling 24 

turns. The inductance and resistance of each turn can be modeled using equation (2.1), where ὠ 

is the voltage across one turn Ὥ, which represents the voltage due to self impedance and mutual 

coupling with other turns. For each turn Ὥ, Ὑ  and ὒ  represents the self-resistance and 

inductance respectively, while Ὅ is the current flowing through it. Hence, the first term in 

equation (2.1) represents voltage ὠ due to self parameters. In the second term, parameters Ὑ  

and ὒ  represent the resistive and inductive coupling between turns Ὥ and Ὧ, while Ὅ is the 

current through the kth turn. Here, the term restive coupling refers to the voltage drop caused due 

to skin and proximity effect. Hence, the second term represents turn voltage due to mutual 

coupling ὠ  with other turns. Here, the term ὔ 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.  

ὠ Ὑ ὪὍ ὒ Ὢ
ὨὍ

Ὠὸ
Ὑײ ὪὍ ὒ Ὢ

ὨὍ

Ὠὸ
 

(2.1) 

To represent the first term in the equation in frequency dependent manner, an LC is 

utilized which replicates frequency dependent self resistance and self inductance. The second 

term in the equation represent the voltage drop ὠ  due to currents mutual coupling, which is due 

to the effect of skin and proximity effect and mutual coupling. Which is modeled using the 

current dependent voltage source. For each turn Ὥ, the current in each coupling turn (Ὅ) 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 voltage drop ὠ , current 

dependent voltage source can be utilized which represents the voltage drop due to the mutual 

coupling. Hence, when considering a coil with 3 turns, a single LC circuit captures the voltage 

drop from the turn's self parameters. While 2 distinct LC can be utilized to model the voltage 
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drops due to mutual coupling with remaining turns. Apart from LCs and current-dependent 

voltage sources, there are other parameters including: 1) ὒ  represents the overhang inductance 

per turn 2) Ὑ which represents per turn core loss 3) ὅ  represents the capacitance between two 

turns, (́  representation)  4) ὅ   represents half the value of turn to ground capacitance ( ́

representation). The details of 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 stage, parameters such as capacitances, frequency 

dependent resistance and inductances, ladder circuit (LC) parameters, overhand inductance per 

turn (ὒ ) and core loss resistance per turn (Ὑ) are required to be calculated. This subsection 

discussed the procedure to calculate the aforementioned parameters.  

 

 

 

Fig. 2-4 HF Modeling of Stator Winding using MCTL approach 
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2.4.1.Capacitance Calculation 

Electrostatics solver in the AEDT has been utilized to compute capacitance. The 

electrostatics computes the static electric field that exists in a structure given a distribution of DC 

voltages and static charges and provides a capacitance matrix, which can be further processed to 

compute the capacitive coupling among the conductors [97]. The capacitance represents the 

amount of energy stored in the electric field due to a voltage differential across a dielectric. This 

energy can be given by the equation (2.2). 

ὡ
ρ

ς
ὅὠ  

(2.2) 

Here, the ὡ  is the stored energy, ὅ is the capacitance and ὠ is the voltage across the 

dielectric. The Electrostatics solver computes the capacitance between two conductors by 

simulating the electric field due to various voltage excitations. Then the energy stored in the field 

is computed followed by calculating the capacitances. Each turn in the winding is mainly 

distributed over two different regions: 1) 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 different. It is important to consider this variation in 

parameters.  

Capacitance Calculation in Slot Region: The first step is to assign voltage excitation to 

the turns of the coil among which the capacitance coupling will be calculated. The standard 

practice is to assign 1V to one of the turn voltages and the rest can be assigned 0V. Moreover, 

 

 

Fig. 2-5 Illustration of capacitance coupling in the slot 
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the stator is also assigned a voltage. The next step includes the assignment of appropriate matrix, 

boundary conditions, mesh settings, and analysis settings. Thereafter, the electrostatics solver 

calculates the capacitance coupling among the conductors with excitation and provides a 

maxwell capacitance matrix. Here, each coil contains 3 turns, the resultant capacitive coupling is 

as shown in Fig. 2-5. The capacitor ὅ  represents the capacitor between turn Ὥ and turn Ὦ. While 

capacitor ὅ  represents the capacitance with respect to the stator. The capacitance matrix 

provided by the solver is shown in equation (2.3), while for a system with N conductors, the 

matrix can be given by following equation (2.4). Here, diagonal elements in the matrix represent 

the self-capacitance of each turn while off-diagonal elements represent mutual capacitances. 

Using the given relation, ὅ  and ὅ   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. 

ὗ
ὗ
ὗ

ὅ ὅ ὅ ὅ ὅ
ὅ ὅ ὅ ὅ ὅ
ὅ ὅ ὅ ὅ ὅ
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(24.) 

  

Overhang region capacitance: In the overhang region, the winding is in the air so there 

is no capacitive coupling with the stator. Only the capacitances between turns (ὅ  required to 

be considered and capacitances with respect to the stator ὅ  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 accurate properties of insulation and the properties of 

wires are required to be considered while developing a slot model in AEDT. Moreover, it is 

extremely important to replicate the accurate arrangement of wires and insulation. The properties 

of insulation are presented in Table (2.1). 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. 

The details are discussed in the following subsection.  

2.4.2.Determination 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 (from the datasheet) [98]. Hence, the 

insulation thickness is determined to be 0.07mm. To obtain the dielectric constant of the 

insulation, a capacitance measurement-based 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 investigations [99], [100], 

[101] . Hence, a similar approach is used to determine the dielectric constant of the insulation. 

Firstly, a total of 22 twisted pairs of different lengths were created, which are shown Fig. 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 insulation. The average 

capacitance is calculated from all the samples. Table (2.2) summarizes the average capacitance 

obtained from 22 twisted pairs. 

 

Fig. 2-6 Twisted pairs of wires (130mm) 

 

Fig. 2-7 All the samples of twisted pairs of wires 
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Table 2-2 Measured capacitances 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 mm. This information is further used to 

determine the dielectric constant is determined using the electrostatics solver in AEDT. In 

AEDT, two wires are modeled to be in close contact with each other. 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 are done, 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 mm. The determined dielectric constant is 4.88.  
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2.4.3.Frequency Dependent Resistance and Inductance Calculation 

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

proximity effects. Pulses from a PWM inverter can be considered as a superposition of multiple 

frequency components. 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 consider variations in resistance and inductances due to the 

frequency. The excitation pulse is a typical voltage pulse that can be considered as HF excitation 

to the winding, with an excitation frequency that extends up the frequency of Ὢ

ρȾÍÉÎὸȟὸ . Here, ὸ is rise time and ὸ is the fall time of the PWM pulse. Ideally, inductance 

and capacitance variation up to Ὢ  should be considered. Here, the minimum rise or fall time is 

20ns, which corresponds to the Ὢ  of 50Mhz. So, the model has been developed to replicate 

the frequency dependent behavior up to 55MHz. So, the eddy current solver in AEDT has been 

utilized to calculate frequency dependent resistance and inductances. This also includes the 

calculation of mutual resistive and inductive coupling among various turns in a slot also varies 

with the frequency which is also obtained using the eddy current solver. Similar to the 

capacitance calculation, each turn in the coil is assigned with a current excitation of 1A. Apart 

from this, appropriate matrix, boundary conditions, mesh settings, frequency sweep, and analysis 

settings are applied. The solver solves the electromagnetic field within the coil and provides a 

matrix for each frequency point.  

The diagonal elements in the matrix represent self impedance while the off-diagonal 

elements represent the mutual coupling among the turns. Hence, the impedance matrices for 

seven frequency points (50Hz, 500Hz, 5KHz, 50KHz, 500KHz, 5MHz, and 55MHz) are 

obtained. These parameters will be further used to create various ladder circuits (LCs), which are 

discussed in the next subsection. 

2.4.4.Overhang Inductance Calculation 

The total overhang inductance of the winding is considered to be constant. This is because 

the wires are placed in the air and the influence of frequency is comparatively smaller than in the 

slot region. The overhang inductance per turn has been determined using the equation (2.5). 

ὒ ḙὯϽ
ρ

ὔ
Ͻ‘ὔ Ͻ

ς

ὖ
ϽʇϽὰ  

(2.5) 
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Here, Ὧ is a constant that accounts for the reduction in inductance due to skin effect, ὔ is the 

number of turns per phase, ʇ is geometry coefficient and ὰ  is the length of the overhang in 

each turn. The determined ὒ  per turn is 1.016 ɛH. 

2.4.5.Core loss Resistance Calculation 

There is not enough research or established methods for the calculation of Re. However, 

there is a relation between the core loss resistance and the stator outer diameter, which can be 

used to determine Ὑ [92], [102]. According to [92], core loss resistance per phase is estimated at 

2 kÝ for a stator with a diameter of 16.19 cm, (2010 Toyota Prius machine). The winding has 11 

turns per coil and 8 series coils per phase, hence the value of Ὑ determined to be s 22.73 ɋ. The 

developed winding in this thesis has a stator has a diameter of 20 cm, hence using the same 

approximation the core loss resistance per phase would be 2470 Ý.  The winding has 3 turns per 

coil and 8 series coils per phase. Based on the winding arrangement, the core loss resistance per 

turn Re is obtained as 102.91 Ý.  

2.4.6.Ladder Circuit Parameters Calculation 

This subsection presents the procedure to obtain the LC parameters from frequency 

dependent resistances and inductances acquired. The Ladder circuit is essentially multiple 

inductances and resistances connected in step format to approximate the variation in parameters 

due to frequency. The parameters obtained from the eddy current solver are required utilized to 

create LCs so the frequency dependent winding parameters can be modeled. To calculated LC 

parameters, a vector fitting (VF) based algorithm has been employed. As shown in Fig. 2-8, this 

algorithm processes the parameters derived from the previous stage to determine the final LC 

values. Detailed procedures to obtain parameters of LC are shown in Fig. 2-9.  

As outlined in the provided flowchart, the LC parameters for each level are sequentially 

calculated. The process is repeated for each level until all LC parameters are obtained. Once all 

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, Fig. 2-10 and Fig. 2-11 show parameters obtained 

from the eddy current solver and the response of an LC, it is quite clear that LC can replicate 

input behavior. 
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Fig. 2-8 High level overview of procedure to obtain LCs 

 

Fig. 2-9 LC parameter computation using VF algorithm 
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Fig. 2-10 Turn 1 self parameters: LC response vs desired response (parameters from AEDT) 

 

Fig. 2-11 Turn 1 and turn 2 mutual parameters: LC response vs desired response (parameters from AEDT) 

 

To model each coupling this procedure is followed and corresponding LC parameters are 

obtained. The implementation of the aforementioned VF based algorithm is carried out in 

MATLAB. The implementation is very challenging due to uncertainties associated with the VF 

algorithm. Implementation is not straightforward, there is no single code that would work for all 

the cases. It is crucial to understand and optimize various settings at each level of ladder circuit 

calculation to ensure that the obtained ladder circuit accurately replicates the desired behavior. 
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Moreover, the VF algorithm is typically considered as a black box. which is often used in various 

literature. Ultimately, the critical measure of success for the VF based algorithm is its ability of 

LC to accurately replicate the desired 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 HF behavior of the winding. To validate the developed model various experiments 

have been conducted. Various measurements from simulation and experiments have been 

obtained for comparative analysis of 1) Common mode (CM) and Differential mode (DM) 

impedances and 2) voltage distribution inside the winding. These comparisons of the CM and DM 

impedances reflects the parasitic couplings of the winding. Therefore, the comparison of CM and 

DM impedance from the HF model with the experimental measurement is a common practice to 

validate the model [53],[54],[91]. This ensures validation of the model over a wide frequency 

range. On the other hand, other common approach to validate such HF models is through 

comparison of voltage distribution inside the winding. A typical inverter is applied to the winding 

and voltages at various locations inside the winding are measured and compared, such comparison 

validates the model in time-domain. 

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, and the impedances have been acquired using the Impedance Measurement block 

functionality in Simulink. The impedance measurements from the experimental setup are acquired 

using OMICRON Lab manufactured Bode100 impedance analyzer. The Bode 100 impedance 

analyzer can measure the impedance over a frequency range frequency range from 1 Hz to 50 

MHz.  The complete setup is illustrated in Fig. 2-12, Bode100 impedance analyzer is connected to 

the stator winding, and the measurement data has been acquired from PC connected to Bode100. 

As shown in Fig. 2-13, the connections to acquired CM and DM impedances have been made. 

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

The DM impedance is measured between 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 

 

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 impedances show good agreement, indicating that 

the developed HF model is accurate. Moreover, it is crucial to note that the resonance and 

antiresonance frequencies match quite 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 where the circuitôs impedance response reaches 

minima. In CM impedance, the first antiresonance frequency Ὢ ͺ  from the HF model is at 

1.92 MHz while the hardware results show antiresonance at 1.88 MHz. Similarly, the second 

antiresonance frequencies Ὢ ͺ  are also in close proximity, 22.5 MHz from simulation and 

19.8 MHz from hardware measurements. In DM impedance, the resonance and antiresonance 

frequencies can be found in close proximity. For instance, the resonance frequency Ὢ ͺ  

from the HF model is at 2.1 MHz while the measured resonance frequency is at 2.35 MHz. Apart 

from resonance and antiresonance frequencies, the amplitude of impedance and phase also show 

great agreement with each other, highlighting the modelôs capability to replicate the HF behavior 

of the winding.  
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Fig. 2-14 Comparison of CM impedance acquired from MCTL model and hardware 

 

 

Fig. 2-15 Comparison of DM impedance acquired from MCTL model and hardware 
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Table 2-3 Comparison of antiresonance and resonance frequencies from simulation and experiment 

Impedance Freq Experiment Simulation 

CM Impedance Ὢ ͺ  1.88 MHz 1.92 MHz 

 Ὢ ͺ  19.8 MHz 22.5 MHz 

 Ὢ ͺ 3.84 MHz 3.81 MHz 

DM Impedance Ὢ ͺ  3.87 MHz 3.78 MHz 

 Ὢ ͺ  21.6 MHz 22.6 MHz 

 Ὢ ͺ 2.35 MHz 2.1 MHz 

 

However, the developed model is not perfect due to uncertainties involved with the modeling 

and measurement procedure. These discrepancies can be due to the unknown position of wires 

inside the slot, approximation of dielectric properties of insulation, negligence of nonidealities, 

lumped end-winding modeling, etc. However, it should be acknowledged the MCTL modeling 

approach used is considered state-of-the-art and outperforms other modeling approaches [54], 

[90], [91], [92]. Moreover, even though such discrepancy does impact the time domain model 

performance, it does not do so in a manner, which significantly impedes the model performance 

for the purpose of voltage distribution [91]. There could be some improvements made to improve 

the model. However, this thesis does not focus on the improvement of HF modeling, rather it 

focuses on the utilization of such a model for investigating the influence of insulation 

degradation on CM/DM impedances and the development of condition monitoring 

methodologies. In summary, the CM and DM impedance fairly match with the hardware 

measurement including resonance frequencies and antiresonance frequencies. Thus, this 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 voltage distribution 

measurement-based approach is used. This involves application 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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Fig. 2-16 Experimental validation setup for comparison of voltages 

 

Fig. 2-17 Typical measurement for measured voltages 

 

Fig. 2-18 Typical measurement for measured voltages 

(Enlarged View) 

 

Fig. 2-19 Comparison of peak and steady voltages from simulation and experiment 

 

Peak Voltage 

Steady Voltage 

Peak Voltage 
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A high dv/dt (17.7 kV/ɛs) voltage pulse to the winding using a half-bridge SiC inverter module. 

The utilized SiC module is Wolfspeed CAB450M12XM3 with a peak voltage rating of 1200V 

and peak current of 450A. After the application of voltage pulse, voltages at the terminals as well 

as the at each coil are measured. The voltages have been measured using Yokogawa differential 

probes with a bandwidth of 100 MHz and measure voltages up to 1400V. The utilized 

oscilloscope is Rhode & Schwarz RTM3004 with a bandwidth of 500 MHz. Typical 

measurements of voltages are shown in Fig. 2-17 and 2-18. 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 damped. After acquisition of these voltage from 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 Fig. 2-19 and Table (2.4). The steady and 

peak voltages match quite well, indicating that the developed HF model is accurate. As discussed, 

these exists some discrepancies due to the unknown position of wires inside the slot, 

approximation of dielectric properties of insulation, negligence of nonidealities, lumped end-

winding modeling, etc. These are some potential improvements that can be made. 

 

Table 2-4 Comparison of peak and steady voltages from simulation and experiment 

Applied Pulse 

dv/dt 

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

Simulated Experiment Simulated Experiment 

dv/dt: 17.7 kV/ɛs C1 526.074 526.07 289.272 287.79 

 C2 424.1954 437.21 252.9208 249.71 

 C3 367.1785 339.55 213.22 208.69 

 C4 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 

 C7 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 discusses the HF modeling of stator winding using the 

multiconductor transmission line modeling (MCTL) approach, which has been further utilized 

for the investigations on condition monitoring methodology. In order to simplify modeling and 

validation, a winding with 8 coils or 24 turns is modeled, which adequately serves the purpose of 

investigating online insulation condition monitoring methodologies. The developed model 

incorporates frequency dependent resistance and inductances, leading to the accurate 

representation of the HF behavior of the winding. A comparative study was carried out to 

validate the developed model against experimental results. The comparative analysis covered 

common-mode (CM) impedance, differential-mode (DM) impedance, and peak and steady-state 

voltages at various coils. The results show a good match between simulation and hardware. 

However, this model shows some discrepancies due to various uncertainties associated with the 

modeling procedure. Nonetheless, 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 frequencies, which proves the model's 

effectiveness in capturing key electrical characteristics. Consequently, despite the identified 

limitations, this high-frequency (HF) model proves to be crucial for investigations on condition 

monitoring methods. Comprehensive investigations on the influence of various types of 

insulation degradation on transient line current and corresponding frequency spectrum can be 

conducted which would help in developing accurate condition monitoring methodologies. 
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Chapter 3: Utilization of Antiresonance Oscillations for 

Insulation Condition Monitoring  

As discussed, one of the limitations in existing literature is that there exists a significant 

knowledge gap in understanding of the influence of insulation degradations on the HF line 

current. There is a need to address this knowledge gap through investigations, and learning can 

be further utilized to develop appropriate condition monitoring methodology. Hence, his chapter 

presents comprehensive investigations on the influence of different insulation degradations on 

the HF line current. The investigations aim to identify the underlying mechanisms and patterns 

associated insulation degradation and HF line current. To conduct these investigations, HF stator 

winding model presented in the previous section has been utilized. Based on the investigations 

results, utilization of the dominant antiresonance oscillations in line current for condition 

monitoring has been proposed. The first subsection introduces characteristics 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 devices carry information 

related to the HF behavior of the winding. This information can be extracted using the PWM 

voltage pulses from the inverter, these pulses can be considered as HF excitation which spreads 

up to a maximum frequency of Ὢ ρȾÍÉÎὸȟὸ . Here, ὸ is rise time and ὸ are and fall 

time of the PWM pulse. A 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 asymmetrical trapezoid 

as illustrated in in Fig. 3-1. The key properties that define such trapezoid pulse are the rise time 

(ὸ), fall time (ὸ), duty ratio (Ὀ), switching period (Ὕ). 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 frequency of 
Ὢ
“Ὀ, which is mainly the function 

of switching frequency Ὢ  and duty ratio. In the next region, the amplitude reduces at the rate of 

-20db/dec as the frequency increases. This decrease is up to a frequency of ρ“ὸ, hence mainly 
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determined by the rise time of the pulse. In the third region, the amplitude decreases even faster 

at the rate of -40db/dec and extends up to frequency of ρȾÍÉÎὸȟὸ . However, as a rule of 

thumb, typically this maximum frequency is considered to be ρȾ“ϽÍÉÎὸȟὸ  as the spectral 

component after this frequency are insignificant. Hence, the rise and fall times are critical 

parameters as they determine the highest frequency components present in the PWM signal. A 

shorter rise or fall time results in higher frequency components. Hence, 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 through understanding the HF line current and itôs oscillations 

behavior due to the application of such PWM voltage pulse. The HF excitation to the winding 

induces the resultant line current to contain HF component which are function of CM and DM 

impedances. To conduct the investigations, the HF stator winding model have been utilized. The 

illustration of the setup is shown in the Fig. 3-2, it contains a half-bridge inverter to apply a 

PWM voltage excitation pulse ὠ  to the winding and the HF line current Ὥ  is measured. 

Here, Ὥ  rises as a steady rate and there exists some oscillations, which can be represented by 

equation (3.1). 

Ὥ ὸ Ὥ ὸ  
ρ

ὒ
ὠ ὸ Ὠὸ 

(3.1) 

Here, Ὥ  is the line current that rises at a steady rate due to the windingôs inductance ὒ , ὠ  

is voltage excitation pulse, and Ὥ  represents the high frequency current which mainly 

represents current through the high-frequency CM and DM coupling paths. Hence, Ὥ  can be 

utilized to extract the information on the CM and DM impedances.   

 

 

 

Fig. 3-1 Typical PWM inverter pulse and corresponding spectral envelop 
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Fig. 3-2 Prominent oscillations in i t and i trans during inverter switching 

 

 

Fig. 3-3 Prominent oscillations in i line and i trans during inverter switching 
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 To extract Ὥ  from, firstly linear trend in the current needed to be captured and mitigated. A 

steady increase in Ὥ . Fig. 3-3 shows Ὥ  and Ὥ  obtained, the prominent oscillations can 

be clearly observed in both the currents. first-order polynomial is sufficient to capture this trend, 

this is represented by equation (3.2). In MATLAB, the coefficients ὴ and ὴ can be determined 

using the ópolyfitô function, which can fit a first-order polynomial to Ὥ . Once the coefficient 

ὴ and ὴ are obtained, the transient current Ὥ  can be obtained using equation (3.3), which 

essentially subtracts the linear trend from the Ὥ . 

Ὢὸ ὴὸ ὴ (3.1) 

Ὥ ὸ Ὥ ὸ ὴὸ ὴ (3.2) 

As shown in Fig. 3-3, the obtained transient current Ὥ  can be characterized by two prominent 

oscillations. The first is the HF oscillations observed in the beginning and the second is the 

subsequent low frequency (LF) oscillation. The HF oscillations oscillate at 22.5 MHz, 

corresponding to the second antiresonance frequency Ὢ ͺ  of the CM impedance. The LF 

oscillations oscillates at 1.92 MHz, the first antiresonance frequency Ὢ ͺ  of the CM 

impedance. This oscillatory behavior has significant potential for insulation condition 

monitoring. By understanding the relationship between these oscillations and insulation 

degradation, insulation condition monitoring strategies can be developed. However, the existence 

and nature of this relationship require thorough investigation to establish a robust correlation. 

This chapter presents such investigations using the developed HF model 

3.2 Analysis of Influence of TT and GW Insulation Degradation on the CM/DM 

Impedance Spectrum and HF Line-current  

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

impedance, line current Ὥ  and transient current Ὥ . 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 degrades. As discussed in 

the Chapter 1, increase in capacitance is the most common symptom of degradation, this 

increment can be up to 40-50% before failure. Hence, this section presents a comprehensive 

analysis of the implication of aforementioned insulation condition scenarios with varying 

degradation severity ranging from 10% to 40% on CM impedance, line current Ὥ  and transient 
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current Ὥ . The analysis has been done using the HF model. Firstly, the analysis begins under 

good insulation conditions which serves as the baseline. The capacitances in the model kept the 

same as determined using an electrostatics solver in AEDT during the model development stage. 

Thereafter, other degradation scenarios are simulated for varying degradation severity. To 

simulate TT degradation scenario, where on the turn insulation or the insulation over the wires 

degrade, the 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 severity. In the overall degradation scenario, 

both TT and GW insulation are simultaneously degraded. This has been achieved through 

adjustment of capacitances 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 conducted. Frequency domain analysis reveals how the spectrum, resonance and 

antiresonance frequencies get affected with increasing capacitance due to insulation degradation. 

This is critical for understanding the high-frequency behavior of the winding and identifying 

specific frequency ranges where degradation effects are most pronounced. The frequency domain 

analysis comprises an investigation on both CM and DM impedances. However, this subsection 

focuses on CM impedance only. The 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 core. In the time domain, line current 

Ὥ  and transient current Ὥ  are acquired and investigated for each degradation case. The 

analysis shows how the amplitude and frequency of these currents change with varying degrees 

of insulation degradation, providing insights into the influence of degradation on these current. 

The investigations elucidate the relationship between insulation degradation and its impact on 

CM impedance, Ὥ  and Ὥ . By understanding these relationships, effective insulation 

condition monitoring methodologies can be developed. 

3.2.1. Analysis of CM impedance for Various Degradations  

For the aforementioned degradation scenarios, Fig. 3-4 illustrates CM impedance for TT 

degradations, Fig. 3-5 for GW degradations, and Fig. 3-6 for overall degradations. Each figure 

contains two subfigures: (a) shows the CM impedances for different levels of degradation, while 

(b) shows the deviation from the good insulation condition. For the aforementioned degradations, 

analysis from these plots are 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. 

  

(a)                                                                               (b)                                      

Fig. 3-4 TT degradation: (a) CM impedances for various degradation scenarios (b) Deviation in CM impedances 

due to degradation 

 

  

(a)                                                                               (b)                                      

Fig.  3-5 GW degradation: (a) CM impedances for various degradation scenarios (b) Deviation in CM impedances 

due to degradation 
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For good insulation scenario, as seen from the CM impedance, it exhibits the Ὢ ͺ  at 

about 1.92 MHz, and Ὢ ͺ  at about 22.5 MHz. For TT degradation scenarios, the CM 

impedances and deviation in CM impedance from the good insulation scenario shows deviations 

in the amplitude (ȹZ) throughout the CM spectrum for all degradation severities. Below 2.5 

MHz, these deviations are relatively minor while the most deviation can be observed at about 

resonance frequency Ὢ ͺ . This indicates that the low-frequency components of the CM 

impedance are less sensitive to TT degradation. Moreover, minor deviation near the Ὢ ͺ , 

these changes are comparatively smaller than those at the resonance frequency, they are still 

indicate some sensitivity to TT degradation. In the 3-50 MHz range, more significant changes 

can be observed, including at Ὢ ͺ . With increasing levels of degradation severity, more 

deviation can be observed. The increase in amplitude deviations as the degradation severities 

increase indicates that this frequency range could be critical in detecting and assessing TT 

insulation degradation. For GW degradation scenarios, the results are shown in Fig. 3-5 (a) and 

3-5 (b). Analysis shows similar findings where noticeable deviation can 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 

 

(a)                                                                               (b)                                      

Fig. 3-6 Overall degradation: (a) CM impedances for various degradation scenarios (b) Deviation in CM 

impedances due to degradation 




























































































