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Thermal Failure of Stator Winding Insulation and 
Useful Life Assessment by Impedance Spectroscopy 

 

Edward J. W. Stone, Panagiotis A. Panagiotou, Member, IEEE, Johannes Mühlthaler, Member, IEEE, Andrew R. 

Mills, Alexis Lambourne, and Geraint W. Jewell

Abstract—This paper presents a novel application of impedance 

spectroscopy as a means of inspection for stator winding insulation 

degradation identification. It proposes, for the first time, a tool for 

health monitoring and failure identification during thermal 

degradation effects in the insulation systems of stator coils from a 

concentrated stator winding. By periodical ex-situ inspection of 

these coils, the thermal ageing data of the insulation are profiled 

until the point of failure. The study maps this evolution of the 

thermal degradation pattern via novel interpretation of the 

differential-mode impedance frequency responses, using well 

known techniques such as the Bode and Nyquist plots. This grants 

further insight into the characteristics shown in the ageing profiles 

over time and frequency. These thermal failure profiles enable the 

identification of critical points that can act as pre-emptive 

indicators of coil health and failure inception. This is a key finding 

as it renders the capability to provide an adequate lifespan tool for 

electrical machine concentrated windings and coil assemblies in 

terms of remaining useful life and failure interpretation. The 

insulation system examined in this study is from the coils of the 

concentrated stator winding of a 2MW permanent magnet 

generator used in an aerospace application. 

 
Index Terms—Stator winding health, Coil Failure, Insulation 

degradation, Impedance Spectroscopy, Thermal Aging 

I. INTRODUCTION 

ITH the need for greener alternatives to meet low 

emission targets, electrified transportation is a 

rapidly expanding sector in market growth, 

research, and innovations. Therefore, electrical machines have 

made significant inroads in traction applications and aviation 

[1]-[3]. Amongst the various components of electrical 

machines, insulation systems are continuously attracting 

increased research interest as they are one of the key 

components relating to safety, failure mitigation, and machine 

efficiency. These systems have a critical role in the lifespan of 

electrical machines and electric drives with respect to thermal 

management, protection, and stress endurance [3]-[5]. Stress 

factors have a direct influence on the degradation of the several 
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layers in the insulation system. This degradation results in fault 

initiation with severe safety and financial risk [6]-[7]. 

Therefore, it is vital to detect, localise, and diagnose insulation 

faults timely with adequate warning time to mitigate a failure. 

Several technologies have been developed in this field, 

spanning aspects in testing procedures, inspection techniques, 

and monitoring methods. The application of in-service 

continuous condition monitoring of the electrical machine is 

one of the aspects pertaining to this research [7]-[10]. Although 

these fault detection methods work reliably for several types of 

faults, they have shown significant limitations in terms of fast 

response for failure alerts. This makes insulation failures even 

more challenging, as defects in the insulating materials can 

cause rapidly evolving short circuit faults that can damage the 

machine within a few minutes. With respect to insulation 

monitoring, several published works have contributed to the 

advancement of this field. By way of examples, one novel 

scheme for partial discharge (PD) monitoring was reliably 

implemented recently in [12], while measurements of the 

common mode voltage and impedance were shown in [13] and 

[14] respectively for the adequate health monitoring of 

insulation. Experimental testing by measurements and analysis 

of the broadband common-mode impedance spectrum was also 

shown to reliably diagnose interturn and ground wall insulation 

ageing in [15]. However, insulation monitoring requires fine 

resolution in terms of instrumentation and bandwidth 

capabilities incurring significant costs on the monitoring 

system. For most cases, a combination of sensing methods is 

needed to ensure reliability of on-board diagnostics that require 

a plethora of sensors and costly instrumentation [16]-[19]. 

Prior to in-service monitoring, stator windings and their 

insulation systems are subjected to factory acceptance testing 

after manufacturing stages by IEEE/IEC standards and safety 

regulations [7]. Further testing takes place upon the pre and post 

machine assembly stages for compliance with functional 

requirements and quality assurance. Such tests encompass a 
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variety of methods and techniques, including insulation 

resistance measurements, surge testing, dielectric withstand 

testing, high potential testing (HiPOT), etc. In-depth reviews 

elaborating on the discussed testing methods are provided with 

detail in [6], [7], [11], and [18]-[20]. Nevertheless, there is a 

considerable body of the literature that arguably criticises many 

of these testing protocols. The rationale is the fact that although 

these tests reveal valuable diagnostic indexes and information 

regarding health condition, they are limited to pass/fail 

decisions rather than fault localisation or actual estimation of 

remaining useful life. Concurrently, these testing procedures 

impose high stresses on the materials with questionable impact 

on the insulating system or component under test with regards 

to the consumption of remaining insulation loading capacity 

and useful life due to the stresses of the testing conditions. 

Over the electrical machine lifespan, testing for purposes of 

on-wing and off-wing periodical inspection is performed using 

several sensing methods and novel instrumentation. Electrical 

impedance spectroscopy (EIS) is an inspection method utilising 

the measurement of the insulation system impedance to allow 

its characterisation by the response of the impedance function 

over a broad frequency range [17]. EIS evolved from prior 

techniques such as dielectric spectroscopy and electrochemical 

impedance spectroscopy and became more established as a 

practical measurement due to its simplicity, applicability, and 

non-destructive nature [17], [21]. Several published studies on 

the application of EIS have exploited its applicability for testing 

and diagnostic inspection purposes. Nevertheless, EIS is mainly 

applied as ex-situ means of inspection and has limited 

application in-situ due to several reasons including ease of 

access to the winding terminals, instrumentation volume and 

weight, and level of sensitivity to machine elements, e.g., the 

machine iron core, or neighbouring rotor components such as 

the magnets in PM machines. However, its applicability, 

versatility, and non-destructive nature make it a very promising 

technology suitable for strategies incorporating lineside 

inspection, health assessment, and life prediction tools. 

In this paper, a novel application of differential-mode EIS is 

utilised as a means of ex-situ inspection and health assessment 

of thermally aged coils from a concentrated stator winding. The 

winding is from the stator of a 2MW generator deployed in the 

hybrid architecture of an aircraft demonstrator [17], [21]-[26], 

[27]. Thus far, published insulation monitoring techniques are 

currently limited with respect to the complete thermal 

degradation mapping until a confirmed point of coil failure. The 

examined coils were thermally aged at a temperature slightly 

above the rated for this insulation class, emulating gradual 

ageing effects. The paper demonstrates an extension of the 

work presented in [21] and [28], with emphasis on a new 

concept of insulation degradation and failure profiling. Here, 

the trend lines derived from tracking the maximum impedance 

value over frequency, identify for the first time the insulation 

system thermal failure points for concentrated stator coils with 

enamel wire (Litz) bundles of strands making up the coil turns. 

These failure points are validated using well-established EIS 

representations, such as Bode plots and Nyquist locus. The 

findings of this work contribute to the existing body of research, 

by adding the value of mapping the complete thermal 

degradation profile of an insulation system from its start of life 

up until electrical failure of the coil due to thermal degradation. 

This methodology for identification of critical failure points 

provides a tool to threshold and facilitate failure warnings that 

can alert for mitigation actions. Further, an additional 

contribution of this work is the foundation of a lifespan tool by 

the combination of the identified thresholds with the impedance 

Nyquist responses. Key contributions of the presented work’s 
findings include profiling the complete coil insulation system’s 
thermal degradation up to the point of coil failure, while 

capturing and mapping the thermal failure incident. These are 

followed by the identification of critical failure points by the 

impedance trend reversal and the interpretation of the failure 

via theoretical analysis; this is further validated by intrinsic coil 

inspection using CT imaging that show the changes within a 

coil structure’s areas that are linked to the thermal failure 

mechanism. 

II. STATOR WINDING INSULATION & INSPECTION BY EIS 

A. Insulation Stresses & Failures 

The stress factors experienced by the electrical machine 

insulation system have several origins generating what are 

referred to as T.E.A.M. stresses (thermal, electrical, ambient, 

mechanical) [7], [20]-[21]. Their distribution and impact 

directly relate with application related requirements, notably 

environmental conditions, and mission profile during operation. 

For example, in terrestrial traction applications electrical 

machines experience intense vibrations, torque profiles and 

currents with transient dynamics, and frequent start-stops. 

These result in intensified mechanical and electrical stresses 

and periodical thermal overloads that are highly likely to create 

weak spots on or within the insulation layers. Aerospace 

applications are even more challenging due to the increased 

environmental and application constraints. The key factors are 

mechanical stresses from vibrations, electrical stresses like PD 

due to reduction of the inception voltage at high altitudes with 

low pressure, and thermal stresses due to high currents and 

voltages with converter switching [7], [19], [22], [25], [29]. 

Such adverse conditions and intensified stresses initiate the 

ageing of the insulation, accelerating failure mechanisms. As 

degradation of the insulation layers progresses, the profile of 

the insulation system with respect to structural, electrical, and 

material properties is continually changing. The repercussion is 

the creation of a local defect at very low severity leading to an 

undetectable fault at incipient level [30]-[31]. Although such 

faults are initially localised in a small fraction of the insulation 

layer, they impose gradual damage on the insulation system 

resulting in accelerated ageing. Eventually, this situation leads 

to a severe fault that will cause in-service failure of the machine 

inflicting costs and safety risks [31]-[33]. 

Thermal stresses form the most significant factor incurring 

degradation and failures in electrical machine insulating 

systems. They are directly related to mechanical stresses from 

vibrations and noise as well as electrical stresses due to high 
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currents, voltage surges, and PD [2], [7], [20], [34]. A vast 

amount of research in the literature is investigating the ageing 

of insulation materials and systems focusing mainly on 

accelerated thermal ageing, thermal cycling, estimation of 

remaining useful life, and insulation breakdown in several 

different conditions [35]-[42]. These include studies with 

measurements for direct condition monitoring, statistical 

evaluation, etc. The failure rate of insulation samples or 

winding components observed in such studies varies from 600 

to 2600 hours of ageing, depending on the type and conditions 

of the emulated stresses. The reason for this broad range of 

values is the acceleration of ageing by different factors during 

the stressing process. During this acceleration, the alteration of 

the ageing profile has a variable pattern that relates to the 

structure of the component under test and its materials, the 

conditions of testing, and the emulated multi-stress effect [7], 

[20]-[21]. With a plethora of forced accelerated ageing there is 

novel room within the state of the art for a true understanding 

of a coil life span under more realistic thermal degradation 

scenarios. The purpose of this study is to map the effects of 

thermal ageing at only 20°C above the rated temperature for the 

insulation class. This small increase accounts for a realistic 

exposure at temperatures that can occur during operation, either 

by additional heat from electrical stresses or due to 

environmental factors surrounding the coils. 

B. Coil Inspection & Electrical Impedance Spectroscopy (EIS) 

As discussed in the introduction, EIS measurements have 

rendered valuable results for material characterisation and 

health condition assessment. As an inspection method, EIS has 

been developing in tandem with other diagnostic approaches as 

a non-destructive method with promising potential for in-situ 

application. With regards to the evaluation of stator windings 

and components such as coil assemblies, EIS performs a 

frequency sweep to measure the function of the global 

impedance 𝑍(𝜔) over the frequency spectrum: 

 𝑍(𝜔) =  |𝑍|∠𝜑 =  𝑅𝑒{𝑍} +  𝑗 ⋅ 𝐼𝑚{𝑍}, (1) 

 

where |𝑍| is the impedance amplitude, 𝜑 the phase angle, while 𝑅𝑒{𝑍} and 𝐼𝑚{𝑍} express the real and imaginary part of the 

complex impedance, respectively, with 𝑅 and 𝐿 being the total 

coil resistance and inductance, respectively: 

 R𝑒{𝑍}  =  𝜔 / [(1 −  𝜔2𝐶𝐿 )2 + (𝜔 𝑅𝐶 )2], (2) 

 𝐼𝑚{𝑍} = 𝜔(𝐿 − 𝑅2𝐶 − 𝜔2𝐶𝐿2)/[(1 − 𝜔2𝐶𝐿 )2 (𝜔𝑅𝐶 )2]  (3) 

 

During EIS measurements, the amplitude and angle terms 

shown in (1) are analysed and evaluated for the identification 

of the resonant frequencies and peak impedance in the Bode 

plots [17], [43]-[49]. The natural, undamped resonant 

frequency 𝑓0 = 1/[(2𝜋)(𝐿𝐶)1/2] defines the frequency fmax at 

which the impedance magnitude becomes maximum [27]. 

As explained in [17] and [21] using EIS for the ex-situ 

periodical inspection of these coils, thermal ageing has a direct 

influence with tangible effect on the amplitude term of (1), and 

negligible effect on the angle term. In terms of novel inspection, 

the key effect of thermal degradation is the increase of the peak 

impedance with the progression of thermal ageing in tandem 

with a shift of the frequency fmax towards higher ends of the 

spectrum in the Bode plots. These observations are validated by 

the behaviour of the impedance Nyquist plots, where the locus 

of the terms of (2) and (3) are examined. This paper states that 

in these plots it was seen that; although the impedance locus 

retains the same circular or elliptical shape over the ageing 

timeline, the degradation effect was responsible for expanding 

the impedance locus with the progression of the ageing. With 

the angle term measured nearly constant in the Bode plots over 

ageing, this Nyquist expansion directly reflects the increasing 

trend of the amplitude due to the increase of the terms described 

by (3). By the discussed rationale, the next section presents a 

novel utilisation of this methodology using an EIS-based 

strategy to enable the detection of critical points pertaining to 

the failure of the insulation system. The identification of these 

failure points is supported by the impedance extrema in the 

Nyquist locus, which reverses the profile of its trendline 

followed by gradual drops in the maximum impedance tracking 

of the Bode plots from the critical point onwards. 

III. EXPERIMENTAL METHODOLOGY & TEST HARDWARE 

The coils from the concentrated stator winding of a 2 MW 

generator have been used in this study. The stator coils are 

shown in Fig. 1a. A cross section of the coil side and the 

individual insulation layers are shown in Fig. 1c. This is a Class 

H (180°C) insulation system, as also described in [21] where 

the initial degradation rate of this insulation system was 

investigated at the early stages of ageing. Each coil side consists 

of 8 turns made of PAI-coated enamel wire bonded in bundles 

of 350 strands with encapsulation varnish in between. The 

bundle turns are surrounded by several insulation layers, 

illustrated in Fig. 1b under microscope view with a ×50 

magnification. Figure 1b depicts the strand insulation of the 

enamel wire components in a coil at two different instances, at 

the start-of-life and at 3000 hours of thermal ageing. 

 

  

a)                                              b) 
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c)                                              d) 

Fig. 1. Stator coils examined in the thermal ageing study: a) Set 

of coil assemblies, b) Microscope view (×50 magnification) of 

the strand insulation of the enamel wire in the coil at the start-

of-life stage (top) and after 3000 hours of thermal ageing 

(bottom), c) Components of a coil insulation system, d) Cross-

section of one of the coil sides. 

 

The coils were thermally aged at 200°C up to 5600 hours using 

the ovens shown in figure 2a and 2b in cycles of 100 hours, as 

described in [21]. After each 100-hour interval, they were 

inspected by differential-mode EIS to collect the impedance at 

every 100-hours ageing point. For the measurements, the 

impedance analyser WK–1J6500B was used, shown in figure 2b. 

The measurements were taken at the coil terminals (tap points), 

hence evaluating the overall insulation health of a coil structure 

under test by differential-mode impedance spectroscopy. The 

data collated every 100 hours were taken after allowing the coils to 

settle at room temperature and then analysed and profiled by the 

Bode plots for tracking the peak impedance changes with respect 

to the resonance frequency changes and the overall degradation 

time. As final step, the locus of the impedance Nyquist plots was 

used to validate the changes as well as the identified failure points 

of each coil after more than 5500 hours of thermal ageing. 

 

   

(a) (b) (c) 

Fig. 2. Thermal degradation setting and instrumentation: a) 

Oven to thermally degrade the examined coils, b) Coils 

assemblies in the degradation oven, c) Impedance analyser used 

for the EIS measurements. 

 

With the coil voltage rating at 1.6 kV, two sets of HiPOT testing 

were performed as in factory acceptance testing stage, at twice the 

rated voltage +1kV as set out in the related standards for this type 

of testing IEC 60034-27-1, IEC 60034-27-3, IEC 60034-15 [50]-

[52]. The first HiPOT test was performed at 4000 hours of thermal 

ageing and indicated a clear pass outcome for all the coils. The 

second HiPOT test was performed on each coil after the first point 

of failure identified by the presented analysis. In both cases, the 

effect of the high potential testing did not affect the impedance 

response of the coils with any degradation rate compared to the 

tangible effect of thermal ageing in shifting the peak impedance 

values towards a higher resonance frequency range. 

IV. RESULTS AND DISCUSSION 

A. Identification of Critical Failure Points by Peak Impedance 

Tracking & Degradation Profiling 

The impedance response measurements over frequency are 

shown in Fig. 3 for coil C1. The responses of magnitude and 

phase over the complete sweep’s spectrum are shown in Fig. 3a 

and Fig. 3b, respectively, at the thermal degradation instances 

of 0 hours (black curve, start of life), 2000 hours (red), 4000 

hours (yellow), 5100 hours (blue) and 5600 hours (green). 

Furthermore, Fig. 3c focuses in the frequency zone of the first 

resonance peak for all hours of thermal ageing, with each curve 

from left to right representing every 100 hours of exposure to 

thermal ageing along the x-axis. As also described in [21] and 

[28], there is a clear monotonic increase of the peak impedance 

with the progression of thermal ageing in tandem with an 

increasing trend in the shifting of the frequency fmax towards 

higher ends of the spectrum. The values of the peak impedance 

corresponding to the frequency response peaks of Fig. 3c are 

shown in Table I up to the point of obsolete failure for the 

examined coils. The values in Table I and impedance peaks 

shown in Fig. 3c at each resonance frequency shift validate 

through equations (2)-(3). The results of the measured 

frequency responses shown through all subfigures of Fig. 3 

illustrate one of the examined coils (C1) for demonstration 

purposes by a representative coil from the examined batch, as 

all the other coils of this type and manufacture show similar 

behaviour in their responses and trend. 

 
a) 

 
b) 
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c) 

Fig. 3. Impedance sweep frequency response analysis (SFRA): 

a) magnitude plot (|Z| vs. frequency f), b) phase plot (∠Z vs. f), 

c) peak impedance tracking showing the changes in the 

impedance amplitude versus the resonance frequency shift in 

coil C1 from 0 to 5800 hours of thermal ageing. 

 

TABLE I 

IMPEDANCE AMPLITUDE PER COIL FOR THERMAL AGEING 

FROM 0-5800 HOURS AT THE RESONANCE FREQUENCY 𝜔𝑚𝑎𝑥  
 

 

Hours 

Coil Impedance Amplitude (kΩ) 

C1 C2 C3 C4 

0 2.1 2.1 2.24 2.48 

400 3.05 2.95 2.99 3.49 

800 3.29 3.28 3.32 3.99 

1200 3.55 3.49 3.47 4.19 

1600 3.61 3.63 3.62 4.3 

2000 3.77 3.77 3.78 4.49 

2400 3.88 3.78 3.78 4.46 

2800 4.06 3.87 3.92 4.56 

3200 4.15 4.02 4.06 4.59 

3600 4.2 4.13 4.19 4.76 

4000 4.4 4.28 4.36 4.96 

4400 4.5 4.37 4.45 5.07 

4800 4.63 4.39 4.38 4.78 

5200 4.56 4.44 4.42  

5600 4.3 4.4 4.31  

5700   4.2    

5800     

 

The key objective is to extract the comparative trendline of these 

peaks with respect to the degradation time and with respect 

frequency as shown in Fig. 4 and Fig. 5, respectively. Although the 

ageing data were collected every 100 hours, the results presented 

Fig. 3 and Table I are shown for every 400 hours for illustration 

clarity. The trendline of the peak impedance changes with respect 

to the hours of thermal ageing is shown in Fig. 4 for all coils. The 

black colour represents C1, while blue, red, and green represent 

C2, C3, and C4 respectively. Three zones of different profile trends 

are identified, labelled as “Zone #1”, “Zone #2”, and “Zone #3” in 
Fig. 4, marked by the vertical dashed lines. The area of Zone #1 

indicates the start of life and the initial thermal ageing effect for an 

examined coil demonstrating a nearly exponential trend. The area 

of Zone #2 represents the degradation profile curve over the span 

of hours at temperature exposure demonstrating a linear trend in 

the impedance increase over the aging hours. As will be shown 

through Fig. 4 and 5, Zones #1 and #2 represent the overall coil 

useful life. Finally, Zone #3 represents the area where the 

degradation profile reverses towards a negative gradient indicating 

the critical point of failure and the end of the coil’s useful life. 

 

 
Fig. 4. Comparative plot of the thermal degradation profiles 

over time for all coils from 0 – 5700 hours of ageing: C1 

(black), C2 (red), C3 (blue), C4 (yellow). 

 

 
Fig. 5. Comparative plot of the thermal degradation profiles 

versus the resonance frequency for all coils from 0 – 5700 hours 

of ageing: C1 (Black), C2 (Red), C3 (Blue), C4 (Yellow). 

 

While the profile transits from Zone #2 to Zone #3, this gradient 

becomes zero, thus allowing the identification of the critical points 

shown in Fig. 4. These points act as the key enablers for thresholds 

alerting for withdrawing from service or maintenance and repair 

action, as they are clearly signalling the initiation of thermal failure. 

By Fig. 4, C4 exhibits an outlier value with the peak impedance 

trendline being by an offset higher compared to the other three 

coils of this batch. This observation is expected, as C4 was 

characterised with a borderline pass outcome during factory 

acceptance testing and was later diagnosed as healthy with 

minor defects by EIS inspection at the earlier stages of this work 

presented in [17]. Despite this offset, C4 exhibits the same 

profile behaviour in terms of monotonic trend and gradient in 
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the impedance peak with the progression of the thermal ageing. 

Additionally, the high potential testing of C4 at 4000 hours 

rendered a pass outcome as in all the other coils of this study. 

These findings indicate that although minor defects may be 

present in the insulation system, the coil experiences the same 

thermal degradation rate with a completely healthy coil with 

respect to time. The differences observed are the offset in 

amplitude and the fact that the critical point for this coil appears 

only a few hours earlier than the other coils by 400-500 hours. 

The critical point for C1 occurred at 5600 hours, for C2 at 5700 

hours, C3 at 5500 hours, and for C4 at 4800 hours of thermal 

ageing. As such, the useful life span of coils C1, C2, and C3 

varies by an offset of 100-200 hours from each other, whereas 

C4 being minor defective reached its end-of-life state by the 

thermal failure at 4800 hours having an offset of 700-900 hours 

from the other three coils in the examined batch. 

As mentioned, the ageing trendline with respect to frequency 

response is depicted in Fig. 5. It visualises the thermal 

degradation profile versus the resonance frequencies changes 

with the progression of the ageing. In a very similar trend with 

Fig. 4, the thermal ageing profile of Fig. 5 exhibits an increasing 

trend until the profile behaviour reverses. This indicates two 

distinguished zones of the coil ageing trendline. The first one is 

the linear increase area, labelled as coil useful life in Fig. 5, and 

includes the start-of-life and ageing curve with reference to Fig. 

4. The second one is the end-of-life stage, marked by the critical 

points where the reverse profile behaviour is initiated in the 

same way with the critical points shown in Fig. 4. 

Very similar observations are drawn from Fig. 5 with regards 

to the profile of C4, as it shows from its start of life slightly 

higher impedance and fmax values compared to the other coils. 

Nevertheless, the ageing profile of C4 follows a consistent trend 

over frequency with slightly higher gradient and increased fmax 

at the critical point. Due to its slightly defective nature by 

manufacture, the slope (gradient) of the C4 curve (yellow) in 

Zone #2 (useful life) is steeper than the other coils (C1, C2, C3), 

indicating a faster increase in impedance per unit frequency 

shift. This is due to the different frequencies exhibited in the 

impedance frequency response of C4, imposed by the coil 

resonance frequencies –which are slightly altered in C4 due to 

the inherent anomaly identified during factory acceptance 

testing. Similar with the identified critical points in Fig. 4, the 

critical points of changing profile with respect to frequency 

provide a pre-emptive indicator for signalling the need of 

actions such as maintenance and service requirement, stator 

winding repair or replacement, or refurbishment -all of which 

are significant aspects of the machine lifecycle. It is clear to see 

in Table I that the unaged baseline result and the critical point 

of failure are just over two times the impedance value; C1 at 2.2 

times, C2 at 2.1 times, C3 at 2.0 times and C4 at 2.0 times. This 

suggests a key point of interest to identify thermal failure points 

for the inspected coils, which potentially allows to set an 

empirical threshold with regards to when the peak impedance 

in the EIS Bode plot reaches an impedance value that is twice 

the initially measured value at manufacture stage (coil’s start of 

life). This threshold analysis by the change in the impedance 

profile is particularly significant for coil health assessment via 

the proposed analysis as a non-destructive inspection tool. For 

comparison with conventional tests, the examined coils 

received a “pass” outcome during Hi-POT testing at 4500 hours 

(before critical point) as well as at 5100 hours (near critical 

point) and at 5700 hours (after critical point). 

The zones defined through the analysis of Fig. 4 are linked to 

the overall coil structure’s health state after extensive thermal 

stresses, thus reflecting the health state of the insulation system 

made up from the individual components. The coil’s “start of 

life zone” (Zone 1) reflects the period of as-manufactured coils 

or coils at 0 hours of thermal aging; in this zone the coils start 

to age with a prominent effect of the thermal exposure at 

increased rate lasting for approximately 1000 hours. The 

impedance profile of the coils’ insulation system then enters the 

“main degradation zone” (Zone 2); this zone the lengthiest zone 

in terms of time span, however the thermal degradation effects 

are inflicted on the coils with a slower rate with the gradient of 

the curve decreasing. Although Zone 1 links to start of life and 

Zone 2 to the degrading period of the coil, in terms of insulation 

health both zones comprise the healthy state of the overall coil 

insulation system. These two make up the coil’s useful life span 

of the degradation vs. frequency shift curves of Fig. 5. Further 

than these zones, the on-set of the critical points where the 

impedance profile starts reversing (gradient changes to 

negative) designate the “near-failure” zone condition in terms 

of the overall coil insulation health. From these points onwards, 

the coil enters the “end of life” zone in terms of the thermal 

stress effects initiating the insulation failure and its propagation. 

The reverse behaviour in the impedance profile from the 

critical point onwards designates the failure and relates with the 

change in the coil inductance inflicted by the extended effect of 

thermal degradation beyond a stress endurance threshold. As 

the thermal degradation progresses, the encapsulation varnish 

(VPI) and the PAI-based coating insulation of the copper wire 

conductors diminishes in terms of dielectric strength, thermal 

endurance and mechanical adhesiveness. This diminishing 

mechanism is accelerated as the insulation aging nears the 

critical point area up to a point where there is a local loss of the 

latter two insulating components in several locations within a 

coil side. As such, the wire strands agglomerate locally with 

areas of strands coming in contact. Therefore, the inductance of 

the coil and the insulation system starts to decrease from the 

critical point onwards. This inflicts a drastic change in the 

impedance profile which reverses compared to the observed 

trend prior to the critical point. These findings provide further 

insight into the complete impedance profile up to the point of 

failure, thus rendering the critical point thresholds provided by 

Fig. 4 and Fig. 5 for identification of the ending of useful life 

and initiated failure. The discussed rationale for the inductance 

reduction during the failure occurrence is supported by the 

literature, where similar inductance reductions were discussed 

for cases of faulted coils and aged insulation systems in 

electrical machines [53]-[55], transformer windings [56]-[60] 

and wire fault location in coaxial cables [61]. Additionally, the 

effects of AC resistance, skin effects and proximity losses in 

Litz wire formed coils, reflected by reductions in the coil 

inductance, are discussed by physics-informed interpretations 

in [63]-[68]. The discussed degradation effects on the overall 

coil insulation system will also be shown through the next 

sections, validating these changes via inductance drops in 
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simulations and via equations (2)-(3), as well as by intrinsic 

inspection of the insulation system. 

B. Validation via the Impedance Nyquist Plots 

In tandem with the above analysis of the frequency responses, 

the impedance Nyquist plots are examined to visualise the 

trends of the real and imaginary components of the coil 

impedance. This plot is illustrated in Fig. 6. As in the case of 

Fig. 3, only the plots of C1 are shown as the analysis is the same 

for any coil. As described in [21], the circular or elliptical shape 

of the coil impedance locus is retained during thermal ageing, 

while it expands with the progression of the hours at 

temperature exposure. However, considering the profile plots 

over the ageing span presented in Fig. 4 and the lifing plots over 

frequency in Fig. 5, there is a certain point of degradation at 

which the locus ceases to expand. At that point, the locus 

reverses its behaviour and starts shrinking back to lower values 

of the real and imaginary components. These coincide with the 

critical points identified through Fig. 4 and Fig. 5 indicating the 

end of useful life in the coil due to the tangible change in the 

inductance, thus reversing the impedance profile. As with the 

critical points, the profile change occurs in the Nyquist plots is 

at 5600, 5700, 5500, and 4800 hours of thermal ageing for C1, 

C2, C3, C4, respectively. The key finding of this analysis 

combined with the lifespan plots of the previous section, is the 

identification of the actual failure profile due to thermal 

degradation effects. It is significant to note that the above 

analysis and thresholds pertain to the effects and ageing of 

thermal stresses only, whereas the effect of mechanical or other 

stresses is not considered in these laboratory conditions. 

 

 
Fig. 6. Nyquist plots showing the evolution of the impedance 

locus and critical point where the locus reverses. 

C. Validation via Simulations of Coil Impedance in Frequency 

Response Analysis (FRA) 

In [28] and [62], an equivalent RLC circuit model was used 

as the electrical equivalent of a coil assembly to demonstrate 

the variability of the impedance via the Nyquist plots with the 

progression of aging by the consecutive capacitance drops per 

ageing cycle. In the latter study, this demonstrated the drops in 

the capacitance resulting in expansion of the Nyquist locus. In 

this work, the same corresponding RLC equivalent as in [28] 

and [62] was simulated to demonstrate the newly identified 

critical points validating the inductance drops that result in 

reversing the impedance profile. To this end, Fig. 7a shows the 

impedance FRA for the above coil equivalent reflecting 

consecutive changes in the capacitance (solid lines represent 

capacitance changes). The first peak change in the equivalent 

occurs when the capacitance drops from its initial value (C) to 

half (0.5C). From the peak illustrating the biggest capacitance 

drop onwards (at 0.25C), gradual changes in the inductance 

(dashed lines) are considered showing the impedance profile 

change that corresponds to the critical point identified via the 

experimental measurements due to the decreases taking place 

in the inductance of the coil. Furthermore, Fig. 7b depicts the 

impedance Nyquist plot, showing the locus expansion by 

capacitance drops (solid arrow) and then reversing its trend with 

the impedance profile change ensued by the inductance drops 

(dashed arrow). 

 

 
a) 

 
b) 

Fig. 7. Demonstration of changes in the impedance profile by 

the equivalent RCL due to changes in the capacitance and 

inductance: a) peak impedance tracking via the Bode plots and, 

and b) Nyquist locus and profile change. Baseline reference 

parameter values: R=2.5 Ω, L=2.75 μH, and C=1.47 nF. 
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As also explained by [27], the drops in the global capacitance 

of the coil result in the increase of the total impedance with the 

frequency fmax shifting to the higher end of the spectrum as 

shown in Fig. 7a. These capacitance changes correspond to the 

increasing impedance trendlines of Zone #1 and #2, reflecting 

the degradation profile and coil useful life as well as the 

expansion of the impedance Nyquist locus (Fig. 7b). The 

gradual drops in the inductance of the system correspond to the 

change in the impedance profile, which reverses demonstrating 

a decreasing trend that is opposite to the one prior to the critical 

point. This also corresponds to the Nyquist locus reversing its 

behaviour, shrinking back towards lower impedance values. 

These render by simulations the validation of the critical points 

and their interpretation, as discussed through Fig. 4 and Fig. 5. 

D. Validation by Intrinsic Inspection with Microscopy and CT 

For the physical validation of the discussed degradation effect 

and the interpretation of the failure mechanism through the 

identified critical points, this section provides a comparison of 

two coils during unaged stage and aged near to the critical point 

(~4500-4600 hours). This comparison is performed by intrinsic 

inspection with microscopy and tomography (CT scans). To 

this end, Fig. 8 shows the comparison of the microscopy view 

at 175x magnification of the interturn strands and encapsulation 

varnish. The healthy (unaged) VPI between the copper wire 

conductors is denoted with arrows in Fig. 8a. In Fig. 8b, the 

degradation effect and failure mechanism are seen by the 

evaporated VPI (circled) and agglomerated strands in several 

areas (dashed circles) as well as by the discoloration of the wire 

due to the diminished insulation coating. 

 

  
      a)                                                 b) 

Fig. 8. Microscopy view (175x magnification) of coil interturn 

strands and insulation layers: a) healthy (unaged) VPI, and b) 

coating degradation and missing VPI due to thermal aging. 

 

For additional validation, the aged and unaged coil were 

subjected to CT scans. The tomography comparison is shown 

in Fig. 9, where the unaged insulation system is shown at the 

left side of each subfigure versus the aged one at the right. The 

arrows in left-side subfigures of Fig. 8a and 8b point to the areas 

of healthy unaged insulation system components, visible as 

areas with more shades. The arrows in the right-side subfigures 

of Fig. 8a and 8b show the progression of degradation and 

component loss in several areas due to the thermal stress, with 

notably less shaded areas over the coil sides. In Fig. 9c, the 

circles in the left-side subfigure show examples of areas within 

coil turns with healthy (unaged) wire coating and adequate 

penetration of the encapsulation varnish within strands. The 

circles in the right-side subfigure of Fig. 9c point to examples 

of areas where the discussed degradation mechanism has 

eliminated the latter two insulating components. This is due to 

thermal stress that to an extent that results in the failure 

initiation allowing the conductors to make contact. This failure 

mechanism accommodates the inductance drops beyond the 

critical point due to the fused conductors in several areas within 

bundle turns as shown in Fig. 9c (left), which results in the 

change of the impedance profile. 

 

  
a) 

  
b) 

  
c) 

Fig. 9. Tomography comparison of unaged (left) versus aged 

(right) coil: a) top view of one coil side, b) side view of copper 

turn bundles, and c) front view of turns and copper strands area. 

 

The observations drawn from the microscopy images of Fig. 

8 and the CT scans of Fig. 9 point to the loss of insulating 

components within the coil insulation system due to 

components reaching their end-of-life stage after the identified 

critical point. These observations are linked with the drop in the 

overall coil impedance after the critical point, which is 
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attributed to the reduction of the coils’ inductance at the end-

of-life stages. The rationale for the decrease of inductance after 

the thermal failure point is also validated through Fig. 10. The 

latter figure depicts a magnification of the impedance frequency 

response in the frequency range of up to 100 kHz, 

demonstrating the decrease in the inductance when comparing 

the impedance profile before the thermal failure (blue line, at 

5100 hours) and past the critical point while entering the failure 

zone (green curve, 5600 hours). 

 

 
Fig. 10. Comparative impedance response of coil C1 up to 

100kHz, before the critical point (5100 hours) and after the 

thermal failure (5600 hours) demonstrating the decrease of 

inductance due to insulating materials failure. 

V. CONCLUSIONS 

This paper presented a novel application of EIS for purposes 

of ex-situ inspection and health assessment of coils from a 

concentrated stator winding. Using the two key aspects of 

impedance spectroscopy, the frequency response of the Bode 

plots and the impedance locus of the Nyquist plots, the thermal 

degradation profile was mapped until the point of thermal 

failure. The monotonic behaviour of the impedance changes by 

the peak impedance tracking in the frequency responses. The 

trendline of these peaks and the failure mechanism were 

profiled with respect to the hours of ageing, as well as the 

resonant frequencies, for the first time until the point of thermal 

failure profiling, thus revealing critical points as indicators of 

the failure mechanism initiation under the sole effect of thermal 

stress. These profiles were used to identify key areas in the 

lifespan curve and critical lifespan points of the stator coil 

insulation system. The discussed results were validated by the 

well-known impedance Nyquist plots as well as by simulations 

and intrinsic inspection of the insulation system. These 

validations confirmed the critical points initiating a reverse 

behaviour of the locus with monotonic reduction of the real and 

imaginary components of the impedance. The impedance 

profiles were tracked and interpreted with respect to changes in 

the insulation system capacitance correlated with the 

progression of ageing. On the other hand, the initiation and 

mechanisms of the thermal failure only were interpreted and 

correlated with changes in the overall impedance profile due to 

changes in the inductance of the system from the critical points 

onwards. Such lifespan indicators enable a significant leap 

forward in the state of the art for remaining useful life 

prediction with a great potential to further enable a life 

estimation tool for coils insulation via impedance profiles. This 

is a key contribution of the presented work, as it identifies the 

critical points where the insulation failure is initiated and 

provides an interpretation of the failure with regards to the 

impedance profile change. The presented methodology is 

limited to concentrated stator coils using Litz wire in the coil 

turns, while further investigation is required for other types of 

windings and insulation grades. 

Although the presented methodology for the identification of 

life thresholds has been thoroughly validated, the effects of 

solely thermal stresses were examined in this work. This is a 

significant contribution to the state of the art compared to 

existing studies. The proposed methodology maps the exact 

trendline of ageing and thermal failure profile under the gradual 

degradation effects at near rated temperature rather than 

accelerated stresses or accelerated thermal cycling that can 

compromise the behaviour of the impedance profile. Future 

work in this direction aims to map the effect of multi-stress 

factors such as electrothermal and electromechanical effects, or 

other combinations of T.E.A.M. stresses on the insulation 

system. Despite the limitation of evaluating thermal failure 

effects only, the approach presented in this work renders a 

technique to map the degradation profile of any individual 

stress type separated from other stresses, that affects the 

insulation system’s material properties in a way that causes 

alterations in the impedance profile of coils and stator windings. 

Moreover, elements of future work to this direction ought to 

explore the evaluation of the potential impact of multi-stress 

effects on the presented life tool, as well as the establishment of 

a database to support degradation-informed coil insulation 

modelling that considers the effects of different stress types. 
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