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Degradation-Informed Coil Insulation Modelling by
Impedance Frequency Response Analysis

Edward J.W. Stone, Panagiotis A. Panagiotou, Member, [EEE, Johannes Miihlthaler, Member, IEEE, Andrew R.
Mills, Alexis Lambourne, Geraint W. Jewell

Abstract—The highly demanding operation of electrical
machines in aerospace ultimately leads to the degradation of the
electrical insulation system within the machine stator windings
over time. This paper presents a novel hybrid methodology for
high-frequency modelling of the insulation system in the
concentrated stator winding of a 2 MW aerospace generator. A
degradation-informed coil model is presented for purposes of
characterisation and monitoring of the coil insulation system by
the impedance responses using Bode plots in frequency response
analysis (FRA), notably electrical impedance spectroscopy. The
proposed approach utilises a finite element model which is
informed by measurements of dielectric properties on unaged and
thermally aged insulation material specimen and deployed in
tandem with an electrical equivalent circuit representation. An
analytical tool built in Matlab is used to quantify the results taken
from finite element modelling and implemented into LTSpice for
circuit considerations, so that the model considers mutual coupling
effects of inductances and high-frequency effects such as proximity
and skin effect. Dielectric properties measurements allow to
inform this model to account for degradation effects and how these
reflect in the impedance frequency spectrum. This novel
methodology allows extraction of the impedance profile with
respect to the material changes within the simulated and
experimentally measured unaged and degraded insulation system.
The theoretical results acquired by the hybrid co-simulations are
validated experimentally using thermally aged coil samples.

Index Terms— stator winding insulation, dielectrics, electrical
impedance spectroscopy, finite element analysis, permittivity.

. INTRODUCTION

0 meet global CO2 emissions targets, the transportation

sector, such as electric vehicles, railway, the more-

electric aircraft, and various aerospace applications, is
becoming more and more electric. Electrical machines are
critical for the successful advancement of these technologies.
Insulating systems for electrical machines are key elements in
electrified propulsion in terms of safety, reliability, and
efficiency [1]. The physical size of electrical machines is
reducing to meet the higher power density requirements by
reducing weight. The need for reliable and robust insulation
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systems is paramount for such safety-critical applications to
prevent catastrophic failures like short-circuits [1]-[2]. As such,
insulating components for electrical machines are being studied
with continuously increasing research interest. This research
field spans many aspects including design and material
selection, inspection and testing, health monitoring,
degradation, and estimation of remaining useful life [3]-[4].
The key factors that have a direct impact on the insulation
life are stresses due to thermal, electrical, ambient and
mechanical stresses, often encountered in literature as T.E.A.M.
stresses [1], [5]-[6]. Within aerospace applications this means
that there is always a tangible effect from all these stresses in
tandem. The demand for higher torque, results in greater
currents through the machine stator winding, while the high
frequency switching from inverters initiates dv/dt shocks that
lead to PD inception. The latter effect is intensified as the
ambient condition of low atmospheric pressure at high altitudes
reduces the threshold of the PD inception voltage due to
Paschen’s Law [7]. These electrical ageing factors increase the
winding temperature, resulting in gradual or accelerated
thermal degradation. At the same time, changing altitudes and
environmental temperatures may alter the profile of the
insulation in terms of material properties and degradation rate.
Along with mechanical stresses from loading conditions and
vibrations, insulating components such as the turn insulation are
susceptible to treeing and cracking, whereas hotspots can result
in failure of the groundwall insulation. Ultimately, any of these
faults at incipient level will evolve to a high-severity fault,
risking the electrical machine reliability and the end-user safety.
Several studies have been published on the testing and
inspection of insulation systems in electrical machines, as well
as on the health monitoring and the estimation of degradation.
Visual inspection, initial characterisation, and pass/fail testing
by IEEE/IEC standards are in place during manufacture and
factory acceptance testing [8]-[9]. Beyond these, continuous
condition monitoring may be deployed during in-service
operation, often combined with either on-wing or off-wing
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inspections. Representative studies for PD detection have been
published in works such as [10] and [11] for inverter-fed
operation and aerospace components at low pressure,
representing high altitude insulation degradation mechanisms.
Other studies have presented monitoring of insulation health
condition and degradation, by the extraction of common mode
characteristics under normal and inverter-fed operation in [12]-
[14].

Amongst the current technologies developed for the
inspection of insulation systems and components, electrical
impedance spectroscopy (EIS) is a broadly deployed method
that is based on the acquisition of the impedance frequency
response by a broad-spectrum frequency sweep under fixed-
amplitude or variable excitation. By doing so, the impedance of
the component under test is acquired and handled as a transfer
function allowing its characterisation by means of the
amplitude and phase responses. These can then be visualised
via the well-known Bode plots [15]. In the last decade, EIS has
been continuously deployed as an inspection technique, mainly
on ex-situ applications due to its non-destructive nature,
simplicity in terms of instrumentation, and low-cost
implementation [16]-[17]. Novel research in the field is
continuously improving the technique in terms of accuracy,
instrumentation, and more in-situ application [18]-[19].

EIS is widely deployed for extraction of key parameters to
reliably model elements of electrical machine windings and coil
assemblies. Thus far, stator coil insulation systems are
modelled by deploying either finite element modelling (FEM)
for physics-based analysis, or electrical equivalent circuit-based
representations for data-based analysis. The combinations
thereof in a co-simulation setting are known as hybrid
modelling [18]. Additionally, Ruiz-Sarrio et al present in [20] a
comparison of different modelling types, showing the benefits
of different simulation frameworks. The novelty of this hybrid
co-simulation framework addresses a gap in the current state of
the art that is based upon the combination of three systems; with
real-world degraded material properties fed into the model by
dielectric measurements, in tandem with the utilisation of the
FEM analysis and the equivalent circuit, allow the prediction of
thermal degradation on coils insulation systems. Representative
studies using the discussed methods of insulation modelling are
published in [20]-[24] for concentrated winding insulation, in
[25]-[27] for distributed winding insulation, and in [28]-[30] for
hairpin and diamond shaped coils. There are different Although
the discussed studies encompass reliable modelling approaches
by different tools, there is still a significant research gap
regarding the combined modelling of degradation effects and
the mapping of changes in the material properties with respect
to the impedance frequency responses during the degradation.
To achieve reliable representation and mapping of the
behaviour and profiling of insulation systems with respect to
changes in the material properties, it is critical to deploy models
that encompass FEM modelling and a detailed electrical
equivalent representation in a co-simulation fashion, so that
different types of information can be exchanged for each
modelling component during the insulation degradation.

This paper presents a novel modelling methodology via a

hybrid co-simulation framework for stator coil insulation in
electrical machines. The co-simulation framework incorporates
FEM coupled with a detailed electrical equivalent circuit
representation. Whereas the hybrid approach entails informing
the model with measurements of dielectric permittivity of
thermally aged insulation material samples that correspond to
the insulation system of the coil. This modelling framework
creates an active feedback loop that feeds the thermal
degradation mechanism and its characteristics back into the co-
simulation via the dielectric measurements. The proposed
methodology is demonstrated on the insulation system of a
stand-alone coil. The coil is from the stator winding of the 2MW
permanent magnet generator in a hybrid aircraft demonstrator
[15], [31]-[32].

The work within this paper examines the modelling of the
dynamic changes to the insulation system using impedance
frequency response analysis (FRA). This will characterise the
changes in the material properties within the different insulation
layers for the beneficial profiling of the thermal degradation
mechanism. Through this paper the term FRA is used instead of
EIS as a naming convention, as the paper’s aim is to evaluate
the dynamic changes to the resonant frequencies due to the
material properties changing, rather than just characterisation
of a coil. This paper builds upon the co-simulated framework
originally presented in [18], however, now the co-simulation
framework is adapted into a hybrid co-simulated framework
that incorporates real-world measured material properties to aid
in the modelling of degradation effects. The results acquired
from the proposed hybrid co-simulation methodology are
validated with experimental measurements acquired on healthy
as-manufactured coils and thermally aged coil assemblies that
were initially presented in [19] and [31]. The proposed
measurement-informed hybrid approach enables reliable and
accurate modelling for insulation monitoring and degradation
assessment purposes in electrical machine windings. The
remainder of this paper is organised as follows. Section II
presents the characterisation and modelling of electrical
insulation systems, with information on the insulation material
and FRA. Section III describes the modelling procedure and
experimental methodology, discussing the modelling approach
used to represent material changes over time. Section IV
introduces the results of the impedance frequency response
analysis (FRA) method and its application for evaluating
insulation condition. Finally, Section V summarizes the main
findings and provides conclusions drawn from this study.

II. CHARACTERISATION AND MODELLING OF ELECTRICAL
INSULATION SYSTEMS

A. Electrical Insulation Materials and Properties

Electrical insulation within an electrical machine is made up
of several different components. A combination of these
components makes up an insulation system that is required to
give high quality electrical protection in terms of, endurance,
dielectric strength, and the absorption of mechanical and
thermal stress. The typical materials for insulation systems
within electrical machines are shown in Table I [1], [2], [4].



TABLE I
TYPICAL INSULATION MATERIALS [1], [2], [4]
Components Materials
Polyamide-

Strand Insulation imide/polyimide/polyester or glass

fabric tape

Turn Insulation Kapton/polyimide/mica/epoxies

Groundwall Insulation | Mica/ PET/epoxy resins

Slot Insulation Impregnated PET/Nomex/mica

Slot Wedge Silicone/glass filled epoxies
Semiconductive Single array containing the
Coating & PD gle aray g
. frequencies for modelling.
protection

VPI varnish and resin-
rich material
combinations

Varnishes/alkyd resins/silicone
resins/polyester/polyester-
imide/polyurethane

The combination of materials within the insulation system of
a coil are broadly made from components in the strand
insulation, turn insulation, ground wall insulation and the
semiconductive coating sections. The slot insulation and slot
wedges are primarily insulation material that forms part of the
stator slots and is integrated into the insulation system of the
coils when the coils are placed into the stator, in the case of
concentrated windings. When these windings are integrated
into the stator slots and the different slot insulations are in place,
it is common practice for a form of vacuum pressure infiltration
(VPI) resin to be applied to the winding and slot insulation
system, which is a universal procedure for high performance
machines. The primary function of this process is to eliminate
air voids, which will ensure an enhanced dielectric and
mechanical strength, as well as improved resilience to moisture
and environmental factors in aerospace applications.

In electrical machines, there is a large volume of research
dedicated to thermal modelling and thermal management. By
[33], thermal sources within the machine consist of iron loss,
copper loss and high-frequency loss. High-frequency losses can
come in the form of copper losses and iron losses. For high-
frequency copper losses, the issue arises from increased skin
and proximity effects with increasing operating frequency.
Meanwhile, high-frequency losses can manifest as high-
frequency eddy currents within the laminations of the
rotor/stator cores, causing iron losses due to high frequency
currents [34], [35]. These cause a rise in the overall temperature
of the machine, leading to faster insulation degradation and
winding failure. To counteract this, different thermal
management and cooling methods are deployed to remove heat
and excess thermal fluctuations [36].

B. Winding Insulation and Modelling of Material Changes

Thus far, it has been seen by the literature that the key stress
aspect for electrical machine windings is thermal degradation
due to increased temperature in tandem with electrical and
mechanical stresses. With the exposure to temperature, the
electrical insulation material properties diminish, and hence the
insulating system degrades. While the reduction of heat and the
subsequent thermal effects are well-known and ongoing

challenges within insulation systems and high-voltage machine
design, the overall effect of higher temperature on the material
properties within the insulation system is less known and
understood in integrated coil assemblies. In [37], a
comprehensive study is provided on the effects of the relative
permittivity (RP) of epoxy mica insulation tape when exposed
to thermal aging. This exposure resulted in a gradual reduction
of the relative permittivity with respect to aging. The reduction
was in part attributed to the post-curing effect and formation of
voids within the insulation epoxy. The incomplete curing of
epoxy resins during manufacturing stage causes the discussed
post-curing effect, which restarts the curing process when
insulation is subjected to the thermal levels witnessed within
the machine [38]. Such imperfections and the associated
phenomena contribute to the reduction of relative permittivity
in the insulation system layers. A compelling analysis is
presented in [39] explaining the effect of reducing relative
permittivity in the insulation material on the electric field
strength around the conductors and the insulation system of a
cable assembly. The latter study determined that as the relative
permittivity is reduced, the electric field strength is varied.
With reference to electrical machines, the first and last turn of
a coil will see a variation of capacitance due to the geometrical
changes and permittivity reduction caused by thermal aging.
This phenomenon can be observed between the coil and the
stator core, or between the turns of the coil (turn-to-turn). This
variation in the distribution and magnitude of the electric field
can alter and decrease the capacitive effects between the
winding and the core or between the adjacent turns due to the
relationship between capacitance C and the electric field
strength E. This is shown by:

C=Q/Ed), (D

where Q is the electric charge, E the electric field strength and
d the distance between conductors. Here, d can also represent
the thickness of insulating elements or the thickness of the
different layers in the insulation system depending how the
distance of the conductors is defined. In terms of an electrical
equivalent circuit for a tested insulation system or coil
assembly, the impedance of a coil can be expressed in terms of
the coil inductance L, resistance R, and the capacitance C of (1).
A key challenge in the modelling of stator winding coils and
their insulation is the consideration of both the electromagnetic
(FEM) model in combination with a reliable electrical
equivalent to acquire critical values of the coil circuit. Although
the direct modelling of phenomena such as ageing and stresses
is not possible, a significant contribution can be found in
reliable models for emulation of similar effects that reflect the
influence of changes in the material characteristics. The aim of
frequency response-based characterisation like EIS is to
identify characteristics and map the behaviour of changing
material properties in the physical representation, i.e., FEM
model, and the electrical equivalent circuit.

C. Impedance Frequency Response Analysis (FRA)

The examination of the impedance response over frequency
has provided valuable results for the characterisation of
insulation systems and materials. By utilising Bode plots, this
type of analysis allows a visualisation of the impedance



amplitude and phase angle over the frequency spectrum. This
allows identification of the resonance characteristics as well as
any elements of change within the electrical equivalent circuit
for the component or system under test. The impedance Z is
acquired under a low voltage excitation as a function of the
voltage over current flowing through the component. This is
represented by:

Z(w) = |Z| £p =Re{Z} +jIm{Z} , 2)

where |Z| is the impedance magnitude, and ¢ the phase. The
amplitude and phase parts of (2) are evaluated individually by
separate Bode plots. As shown in several published works,
changing the properties of the dielectrics within insulation
systems results in a change of the resistive, capacitive, and
inductive elements encapsulated in the real and imaginary parts
of the complex impedance expressed by (2). These changes are
reflected in the Bode plots through an increase in the peak
impedance and shifts of the resonant frequency at that
maximum peak. This paper presents a novel method for
modelling this complex behaviour within the material
properties.

II1. MODELLING PROCEDURE AND EXPERIMENTAL METHODOLOGY

A. High-Frequency Modelling and FEM setting

The FEM discussed in this paper needs to consider all the
proximity and skin effects of the Litz wire strands within the
turns over the full frequency sweep range. High-frequency
modelling of windings presented in [23], [40]-[41] refer to the
skin effect within single conductors as a significant issue
regarding the high-frequency behaviour within motor windings.
The model uses a frequency domain FEA and as the resonant
frequency locations for these coils are roughly known due to the
experimental results, hence the frequency sweep is set about the
resonant frequency. For example, if the resonant frequency is at
2MHz, the frequency sweep is set between 1MHz and 3MHz.
The more frequency points taken between these values the more
accurate the depiction of the resonant frequency will be;
however, the longer the simulation will take to complete. The
results in this paper were achieved using 33 simulation
frequency points, one at each end frequency, one at the centre
point where the location of the desired frequency is expected to
be, and then 15 for either side of the centre frequency. As a
practice, this method serves well in plotting resonant
frequencies. More frequency points over this short frequency
range offered no greater accuracy. Fig. 1 illustrates a 2D cross-
section of the coil examined in this paper (Fig. 1a) and the
insulation system components (class H insulation) with
different colour annotations as described through Fig. 1b. The
copper bundles (orange in Fig. 1a) are separated by the turn
insulation (black in Fig. 1a) which is a polyimide film (class H
Kapton tape). The groundwall insulation consists of two layers
(purple & green areas in Fig. 1b) which are of the same material
as each other, notably multilayer glass cloth mica paper,
impregnated with thermosetting epoxy resin and enhanced by a
layer of polyethylene terephthalate film as the thermoplastic
polymer. The turn-to-turn and groundwall insulation material

properties are utilised for simulation within this paper, being the
materials that are thermally aged and measured to inform this
hybrid model. Due to the negligible length of the end-winding
vs the active length for these coils, the active length was instead
taken as the length as though the coils would have been cut
down the centre of the end windings. The addition of a very
small length to the 2D model length was therefore added.

The coil’s turn bundles, depicted in the orange areas of Fig.
1b, are made from 350 enamel wire Litz strands per turn. It was
necessary to model the overall turns material properties
changes, due to the skin effects from the Litz wire bundles and
the effect they would have on each turn. Initially, these effects
were calculated at each discrete frequency point using another
FEM model that outputs the relative permeability of the
bundled copper wire conductors at each desired frequency. As
this process involves the skin and proximity effects between
each turn, the mesh in this simulation was redefined at each
frequency point, for finer meshing at each step. The skin depth
was first calculated and then the mesh was set to 8 times the
skin depth (i.e., 8 mesh elements across the skin depth) to
adequately capture phenomena of interest. This can cause
problems within the model itself, since as the frequency
increases and the skin depth decreases the mesh will refine more
and more, leading to increased solving times. A mesh
refinement multiplier of 8 times the skin depth provided the best
trade-off between accuracy and solver time for this model
geometry.

The discussed FEM component provides the material
properties information for lumped modelling of Litz wire turns
and was derived from the initial analysis presented in [42]. This
frequency-dependent output array is inserted into the material
properties for the turns in the two main FEM coil models. The
insulation material is also analysed with a mesh that is 8 times
the skin depth of a conductor. This approach renders a reliable
representation of the high-frequency behaviour of the coil with
regards to the copper conductors and insulation. After this
initialisation, a validation takes place by the dielectric
measurements described later in Section III-C. Then, the model
is further informed by these measurements to input in the model
the values of permittivity acquired from the thermally aged
insulating layer material specimen. As a last step after all data
have been collated, the coil global impedance is extracted to
visualize via the frequency response. The latter is then
compared with measurements of coil assemblies as will be
described in Section III-C.

Colour Object

Orange Turn (copper Litz
bundle)

Internal Black Turn-turn insulation

Purple Ground wall
insulation layer 1

Green Ground wall
insulation layer 2

External Black PD shielding

a) b)

Fig. 1. Coil model: a) 2D FEM structure, and b) description of insulation system
components.



B. Co-Simulations of FEM with Electrical Equivalent Circuit

As mentioned in the previous subsection, the initial FEM
analysis evaluates relationships between conductors and
insulation layers within the geometric confines of the coil
structure. As a second stage, an equivalent circuit is used to
collate all the different relationships derived by the Ansys
software package and build the final high-frequency parameter
setting. The code developed for the latter calculation of
electrical parameters also generates the spectroscopic response
over the required frequency range. The FEM model is split into
two different simulations within Ansys Maxwell 2D. The first
model is based on the eddy-current solver of Ansys Maxwell,
and focuses on deriving the resistances, inductances and mutual
coupling information for the 2D coil geometry shown in Fig. 1.

The second FEM simulation is based upon the AC
conduction solution in the same software package and is
focused on solving the electrostatic variations for the
conductance’s and capacitive effects through the individual
insulation layers between turns. The solver outputs the resistive
part of this solution as a conductance (//R) as it is working in
electrostatics mode and that facilitates more efficient
differentiation. This part is acknowledged in the LTSpice model
as a resistance (//G). The output results from these FEM
simulations are in the form of nxn reduced matrices, n being the
number of turns in a coil. There is one for each of the resistive,
inductive, mutual coupling, conductive and capacitive effects
within the coil geometry and between the subsequent insulation
layers. The end effects are not considered as the model deploys
geometry in 2D representation. This approach imposes a trade-
off in terms of end-winding considerations to reduce design and
computational complexity as well as to reduce simulation times.
However, as will be shown in Section IV via the co-simulation
results and the experimental measurements, this approach
renders accurate and representative results as the size of active
length vs the end-windings deem these effects near negligible.

Both FEM components in this model deal with two parts of
the same problem at set frequency points. To evaluate the
spectroscopy waveforms an electrical equivalent circuit model
was designed to correlate both FEM components’ values at each
measured frequency point. Fig. 2 depicts the LTSpice model
equivalent circuit that has been developed to represent the
geometric structure, as well as the capacitive and inductive
interactions within the designated coil. In [40], a concept was
formed for a structural design of an equivalent circuit
representing a coil assembly with similar structure. In [41]-[44],
the authors present similar equivalent circuitry models to
approach impedance sweep responses for the modelling of
stator poles and winding insulation. The design in Fig. 2 builds
on these works to allow for the incorporation of greater detail
within the impedance spectroscopy results. It draws on the
mutual inductances and capacitive coupling due to geometric
placement of turns within the coil, and these are further
informed by the co-simulation model and reinforced by the
dielectric measurements. In the first degradation modelling
iteration the FEM was modified by a scaling-up factor of 0.15

to account for volume changes in the geometries of the
insulating layers due to thermal expansion.
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Fig. 2. Equivalent circuit model for the representation of the examined 8-turn
coil utilised in the co-simulation model.

The equivalent circuit shown in Fig 2 shows a number of
named components. These represent the different measured
FEM results per frequency point. For example, R11 and L11 are
the self-resistance and inductance of turn 1 respectively. C12 is
representing the capacitive effects between turns 1 and 2,
whereas R12 is representing one over the conductance between
turns 1 and 2. To this end, all the number labels for the
components follow the same naming convention. The matrices
calculated by the two FEM simulations are initially processed
in Matlab. This ensures that each matrix representing a different
component is separated into a frequency-dependent array of a
single column. In Table II, the different types of arrays
extracted with this process are presented. In this table, under
“description”, the bracketed value is in reference to the
component name and is shown in the electrical equivalent
circuit representation of Fig. 2. There is one frequency-
dependent array for each component. Hence, (Rxx) by way of
example, could be in reference to R/, or R22, etc., shown in
the equivalent circuit. The final step in this part of the
methodology sees the final analysis of these arrays using the
equivalent circuit. Matlab utilises the Netlist functionality in
LTSpice to use batch files and build a new circuit. This new
Netlist has all the component values for a desired frequency
point. LTSpice then builds the equivalent circuit to use these
component values in simulation. The result at this frequency
point is then fed back into Matlab and stored in a results array.
The process repeats using the next frequency point, forming a
changeable resolution by varying the number of frequency
points required in Ansys. The results array can then plot the
Bode plot using the impedance magnitude and phase to show
the characterisation spectrum of the examined coil.



TABLE I
TYPES OF ARRAYS USED IN THE CALCULATIONS PROCESS OF
THE EQUIVALENT CIRCUIT MODEL

Modelling Arrays
Name of Array Ilj\'requincx Description
. A taining Resist:
Resistance Yes V;{sts (3?; ;1 ining Resistance
Inductance Yes Arrays containing Inductance

values (Lxx)
Arrays containing Inductive

Inductive Mutual

Coupling Yes coupling values (Kxx)
Arrays containing
Conductance Yes Conductance values (Gxx)
. Arrays containing
Capacitance Yes Capacitance values (Cxx)
Frequency _ Single array containing the

frequencies for modelling

C. Test Hardware and Experimental Measurements

Two different sets of test hardware and instrumentation were
utilised for experimental measurements. These hardware set-
ups are shown in Fig. 3. The dielectric fixture WK—1020 shown
in Fig. 3a was used to measure the relative permittivity of the
material samples shown in Fig. 3b. The samples are of a known
thickness and placed between the brass plates shown in the test
fixture in Fig. 3a. Initially, these measurements were performed
at healthy (unaged, at time zero) stage. The samples were then
thermally aged using the ovens of Fig. 3c, for 100-hour
intervals at 200°C which is slightly above the rated 180°C
temperature for class H insulation. The choice of temperature
was made to accommodate for thermal stresses slightly above
the rated temperature, whilst allowing gradual degradation
effects rather than accelerated thermal ageing, which can alter
and compromise the insulation degradation profile [19], [44].
The test procedure in this experiment is the same as the one
described by [19] and [45], to ensure the material properties
degradation was the same as the one described in the coils
insulation system presented in the latter references. Every 100
hours of thermal degradation, the dielectric properties of each
specimen were measured and recorded, to inform the FEM
model described through Section III-A and account for
degradation effects within the co-simulation setting. From the
materials shown in Fig. 3b, the specimens labelled with
numbers 1 and 4 (pointed at with arrows) are part of the
examined coil insulation system, being the turn-to-turn
insulation (Kapton tape) and the groundwall insulation (Mica
film layers).

The impedance analyser WK6500B shown in Fig. 3d was
used to acquire the impedance responses by impedance
spectroscopy for the coil assemblies of Fig. 3e by the same
process as described in [19], [31], [45]. Table III indicatively
presents values for every 500 hours of thermal ageing for the
dielectric property of interest to inform the co-simulation
model’s material library while accounting for the thermal
degradation effects. These are the relative permittivity values
measured with the dielectric fixture at different frequencies. In
Table I1I, when comparing values across a row, there is minimal
change in the permittivity values with respect to frequency.

There is a small frequency dependent change when moving
from lower frequency to high frequency that is to be expected.
At higher frequency, the unimportant second decimal point
change that occurs between 1MHz and SMHz is likely due to
the sensitivity of the equipment and is insignificant when
compared to the thermal degradation change over time.
However, this is not the case for the hours of ageing. Comparing
across columns for the same materials, significant changes are
observed in the permittivity values compared over the duration
of the ageing process. This demonstrates the tangible impact of
thermal stresses over the frequency effects in terms of dielectric
properties changes.

<)

Fig. 3. Test hardware and instrumentation used for experimental measurements
on coils and insulation materials: a) WK—1020 dielectric fixture unit for relative
permittivity measurements, b) specimens of insulation materials measured with
the dielectric fixture at 100-hour intervals of thermal degradation, c) ovens used
for thermal degradation [19], [45], d) impedance analyser WK-1J6500B for
impedance spectroscopy measurements [19], [45], e) thermally aged coil
assemblies under test, inside the thermal degradation oven [19], [45].

TABLE III
MEASURED VALUES OF RELATIVE PERMITTIVITY IN THE

TURN AND GROUNDWALL INSULATION LAYERS

Ageing Insul. 1 100 1 2 3 4
Hours Layer kHz kHz MHz | MHz | MHz | MHz

0 Kapton | 3.31 3.31 330 | 331 3.31 3.32

0 Mica 380 | 3.69 | 3.68 3.68 3.69 | 3.70

100 Kapton | 3.23 322 3.21 322 | 323 3.23

100 Mica 3.70 3.66 | 3.65 3.66 | 3.66 | 3.66

500 Kapton | 2.65 2.58 2.58 2.57 | 259 | 259

500 Mica 3.68 3.63 3.62 3.63 3.63 3.63




Ageing Insul. 1 100 1 2 3 4

Hours Layer kHz kHz MHz | MHz | MHz | MHz
1000 Kapton | 2.20 2.19 2.19 2.20 2.20 221
1000 Mica 3.65 3.62 3.62 3.61 3.62 3.62

IV. RESULTS AND DISCUSSION

A. Diminishing Properties in the Turn-to-Turn Coil Insulation

This first study examines the reduction of relative permittivity
in the turn-turn insulation tape through the co-simulation model
only. This is the black tape shown between the turns in Fig. 1.
The ground wall tape, shown as the green and purple tape,
layers 1 and 2 in Fig. 1, are kept at a fixed value of R,=6.5. The
relative permittivity value is reduced over a set range,
simulating changes in the Mica impregnated epoxy resin tape,
for values of relative permittivity ranging from 9 to 4. This is
derived on the information studied on similar aspects of
property changes presented in [23], [43], [46]. This provides an
evidence-informed selection from the overview of different
types of insulating tapes in terms of dielectric property values
and frequency response, due to the relative permittivity value
as it is thermally aged or undergoes changes in its structural
properties that will affect its material response [41], [47].

Fig. 4 and Fig. 5 show the results of this study, notably the
impedance magnitude of the first resonant peak and the
corresponding impedance phase angle across the resonant peak,
respectively. Through Fig. 4, as the relative permittivity of the
turn-to-turn insulation drops the first resonant peak increases in
frequency from 1.3MHz to 1.6MHz. The phase responses,
shown in Fig. 5, show that as the resonant point is reached the
system translates from inductive to capacitive which is
indicative of the first resonance. It is known that decreasing
capacitance between turns causes the resonant peak to increase
and shift in frequency [19], [38], [43]-[47]. Hence, from the
previous discussion on material properties, as the relative
permittivity increases the turn-to-turn capacitance decreases,
resulting in the responses shown in Fig. 4 and Fig. 5.
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Fig. 4. Coil model impedance amplitude responses with gradual changes in the
relative permittivity of the turn-to-turn insulation.
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Fig. 5. Coil model impedance phase responses with gradual changes in the
relative permittivity of the turn-to-turn insulation.

B. Diminishing Properties in the Groundwall Insulation

This section examines the effect of the same relative
permittivity changes, this time in the groundwall insulation
layer, in relation to the fixed value of turn-to-turn insulation
tape layer. Here the turn-to-turn insulation is kept fixed to a
relative permittivity value of 6.5 and the relative permittivity of
the groundwall insulation is gradually reduced from a value of
9 to 4, which is the reverse process from the previous section.
The magnitude of the first resonance peak is shown in Fig. 6,
whereas Fig. 7 illustrates the corresponding phase response.
The reduction in relative permittivity shows a similar increase
in the impedance spectra by the first resonant peak as to that
captured in the previous subsection. The difference with the
previous case study is that the magnitude of the impedance at
the peak is initially greater for the higher values of relative
permittivity. The incline made by the increasing impedance as
the relative permittivity drops is also less when the turn-to-turn
insulation permittivity is of fixed value compared to the case
where the groundwall is of fixed value. This shows that the turn-
to-turn insulation has a higher effect on impedance than the
groundwall. This observation is self-consistent, as the turn-to-
turn insulation is in close proximity to the turns and will affect
the mutual capacitive coupling between the turns with a more
tangible impact in the impedance spectrum. This is also due to
the geometric design of the examined coil, in the sense that the
insulation between turns 1-4 and 5-8 is a lot thinner and
stretched over a greater distance than the groundwall that is a
lot thicker and covers less distance across each of these turns.
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Fig. 6. Coil model impedance amplitude responses with gradual changes in the
relative permittivity of the groundwall insulation.
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Fig. 7. Coil model impedance phase responses with gradual changes in the
relative permittivity of the groundwall insulation.

C. Diminishing Properties of the Overall Coil Insulation System

This section examines results which incorporate the two
previous studies. Whereas previously the model had one fixed
insulation parameter and the other parameter changing, this
case simulates both parameters changing at a fixed rate. The
rationale is to examine the frequency responses of the insulation
system within the coil during material properties changes,
similar as during ageing by thermal exposure, structural
changes such as expansion, etc. As mentioned in Section II-B,
the geometry of the coil’s FEM component in the co-simulation
is adapted by scaling to account for changes in volume due to
thermal expansion in tandem with the dielectric changes. The
permittivity of both the groundwall insulation layers and the
turn-to-turn insulation are reduced by 10% of the original value
per simulation. By [48]-[49], an average value of different
epoxy mica insulation tapes is attributed a value between 5 and
3 for relative permittivity. Therefore, the initial value for the
turn insulation was set to 4.5 and the groundwall to 3.4.

Fig. 8 shows the effect that the gradual 10% reductions have
on the magnitude of the first resonant peak. Fig. 9 shows the
corresponding impedance phase. These results are taken at a
lower permittivity value to the previous case studies, hence the
increase in resonant frequency as the permittivity drops is
greater than what was seen in the previous two cases. These
results show an increase by the same frequency shift as the
previous ones where the permittivity values were reduced
separately. This is an expected effect of changing all values at
the same time, as both material properties will be in effect
simultaneously. Another observation compared to the previous
cases is that the peak impedance is higher, however the trend is
in line with the prior monotonically increasing impedance.
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Fig. 8. Coil model impedance amplitude responses with simultaneously applied

gradual changes in the permittivity of the turn and the groundwall insulation.
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D. Degradation-informed Model Output and Comparison of
Results with measurements of thermally aged coils

This section presents the output of the degradation-informed
co-simulation and compares the results against measurements
of impedance spectroscopy from thermally aged coils. Fig. 10
shows the frequency response of the impedance amplitude of
the coil using the presented co-simulation approach. In Fig. 10,
the responses correspond to the impedance amplitude of the coil
after informing the materials library of the co-simulation
framework with dielectric measurements of the degraded
samples at 0 hours (black, T0), 100 hours (blue, T100), 500
hours (red, T500), and 1000 hours (orange, T1000). The
acquired responses yield representative results as they
encapsulate the changes of the individual material layers
simultaneously into one co-simulation that is enhanced by the
material properties changes via the measured dielectrics.

Impedance spectroscopy measurements were performed on
physical coil assemblies from the 2MW permanent magnet
generator of hybrid aircraft demonstrator machine [15], [19]
[31], [32]. The batch of coils subjected to thermal degradation
was also used and extensively described in [19], [31] and then
used for further investigations in this paper. Fig. 11 presents the
results for one of the samples from the batch described in [19],
[31]. Since all coils are identical and have similar responses as
detailed in these references, impedance spectroscopy can be
used as an inspection tool in the assessment of health and useful
life. The impedance amplitude responses measured on the
representative coil from the batch are shown in Fig. 11. The
colour-coded curves correspond to the responses measured at
the same ageing intervals as accounted for in the model
described previously in the co-simulation results of Fig.10 by
degrading the insulating material samples.
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Fig. 10. Co-simulation output: impedance amplitude response after informing
the model at 0 hours (unaged, black), 100 hours (blue), 500 hours (red) and
1000 hours (orange) of thermal ageing in the insulation material specimen.

As can be seen through Fig. 10 and Fig. 11, the proposed
degradation-informed co-simulation model predicts the
responses measured on the physical coils accurately. All the
measured responses on the physical coil during degradation
match with consistency the co-simulation outputs both in values
of amplitude as well as in terms of the frequency shifts imposed
by the degradation mechanisms. It is also seen from Fig. 10 that
the impedance trendline retains its monotonically increasing
characteristics with respect to the material changes accounted
for during degradation, while the modelled and measured
results agree with similar recent findings in the literature. These
findings are rather compelling and demonstrate the accuracy
and versatility of the proposed modelling approach for this type
of windings and stator coils. They also form the basis for the
potential future development of a line-side modelling tool for
health assessment and degradation evaluation during routine
inspection of stator winding coils in-shop or in-service.
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Fig. 11. Impedance amplitude response measured on the healthy (unaged) and
thermally aged coil as per the developed co-simulation model: 0 hours (unaged,
black), 100 hours (blue), 500 hours (red) and 1000 hours (orange) of thermal
ageing in the insulation material specimen.

V. CONCLUSIONS

This paper presented a novel hybrid methodology for the
degradation-informed modelling of a stator coil insulation
system using a co-simulation framework that was exploited
with coil impedance frequency response analysis. The
characterisation and monitoring of the coil insulation system
were facilitated by the impedance responses using Bode plots.
In the proposed framework, a finite element model was coupled
with an electrical circuit equivalent of the coil accounting for
high-frequency phenomena via the coupled models in an
iterative simulation process. Additionally, the co-simulation
setting was informed by dielectric measurements on material
samples to account for changes in the dielectric properties of
the insulation layers during thermal degradation. The outputs of
the developed co-simulation framework were compared against
experimental measurements on the insulation systems of the
stator coils coming from the concentrated stator winding of a 2
MW aerospace generator. The theoretical results from the co-
simulations were found to predict with a high degree of
accuracy the physical coil measurements and consistently
match the insulation degradation profile extracted from the
amplitude and phase responses experimentally. Through the
presented modelling methodology, extraction of the impedance



profiles is enabled in a hybrid manner with respect to the
material changes during degradation. This modelling
framework renders additional contribution to knowledge in
terms of enabling a modelling tool that accounts for degradation
effects in tandem with circuit representation and high-
frequency phenomena considerations. It also forms the
foundation for developing a line-side modelling tool for health
assessment and evaluation of insulation degradation during
routine in-service inspection of stator winding coils, or during
in-shop maintenance.
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