1994

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 39, NO. 3, SEPTEMBER 2024

Voltage Distribution Modeling Along Stator
Windings in Permanent Magnet Synchronous
Machines Using Coil-Based Grey Box Models

Hujun Peng ", Svetomir Stevic
Daniel Butterweck

Abstract—A coil-based grey box model is developed for high-
frequency modeling of permanent magnet synchronous machines
(PMSMs) with interior magnets in rotors to predict the voltage
distribution along stator winding. Unlike the grey box model in the
literature, the developed coil-based model can predict the voltage
distribution along stator winding. Compared to the white box
model, no complex modeling based on finite element simulation
results is required. As the name suggests, the developed model has
each winding coil as a basis, and the entire model is created by
connecting coils according to the winding schema. Furthermore,
the coil-based model considers frequency-dependent inductive and
capacitive coupling within electrical machines, including skin and
proximity effects. The model is parametrized using an optimization
program based on measured impedance spectra at machine termi-
nals. As a result, an average deviation of less than 4 % is observed
in the impedance modeling. With the coil-based model’s help,
the common mode voltage distribution is predicted with almost
zero errors between modeled and measured voltage peak values.
Regarding the differential mode voltage distribution, the voltage
maximum can be predicted with a maximum relative error of less
than 10 % in the time domain.

Index Terms—Converter machine interactions, electrical drive,
high-frequency windings, grey box model, permanent magnet
machines, voltage distribution prediction.

I. INTRODUCTION

AIRPIN windings are increasingly utilized in automotive
H applications due to their significantly higher copper fill
factor compared to round conductors [1]. Moreover, reducing
hairpin windings’ insulation thickness is desirable to enhance
further the copper fill factor and power density of electrical
motors. In addition to hairpin windings, automotive applications
increasingly employ semiconductor modules such as SiC and
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GaN. These materials offer advantages such as low switch-
ing losses, high switching frequency, and high-temperature en-
durance. However, the fast switching of these semiconductor
power modules leads to high voltage slew rates, which can
induce voltage oscillation behavior in electrical machines [2],
[3]. These voltage oscillations occur due to the interaction
among inverters, cables, and electrical machines [4]. To address
this issue, motor designers can adjust the configuration of the
insulation system based on the maximum electrical stress in the
electrical machines, given the knowledge of voltage peaks and
their oscillation frequency [5].

Existing literature indicates that the maximum voltage in
electrical machines can reach twice the DC-link voltage due
to the impedance mismatch between cables and electrical ma-
chines [6], [7]. Consequently, in practical applications, insu-
lation layers are often overdesigned to avoid partial discharge
in electrical machines. It becomes necessary to predict the
maximum peak voltage within the electrical machines to avoid
insulation overdesign [8], [9]. Then, the insulation system of
electrical machines can be designed with minimal thickness
while ensuring the absence of partial discharge phenomena [10],
[11]. Accurate high-frequency modeling of electrical machines
is crucial for calculating the maximum voltage stress [12].

The high-frequency models include two main types: the grey
box model and the white box model. The grey box mod-
eling method analyzes the external interactions of electrical
machines with cables and inverters. In the grey box model,
electrical circuits with lumped parameters are proposed. The
parameters of the grey box model are determined by fitting the
measured impedance spectra at machine terminals. The grey
box models have been well-developed for induction machines
in [13] and surface-mounted PMSM in [14]. In [15], [16],
the mutual inductance among different coils of electrical ma-
chines is realized using an invariant value. Nevertheless, the
implementation of frequency-dependent mutual inductances is
not finished. Besides that, the grey box model for the PMSM
with internal permanent magnets in rotors is not seen in the
literature. It is acknowledged that the asymmetry between the
d and q axes brings more complexity for modeling than induc-
tion motors and surface-mounted PMSM. Overall, the classical
grey box model found in the literature cannot predict electrical
potential distribution within the electrical machines. In order
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to address this limitation, the so-called white-box model is
applied [17].

The white-box model utilizes the FEM to parameterize the
equivalent electrical circuit. It is more complex compared to the
grey box model [18], [19]. In [20], the frequency-dependent mu-
tual impedance among neighboring conductors is implemented
using current-controlled voltage sources, representing state-of-
the-art white box modeling. It should be noted that in [20],
the mutual impedance is implemented independently from the
self-impedance. Such an implementation of mutual inductances
significantly increases the number of fitting parameters, not
reflecting practical considerations. Overall, the white-box model
is complicated and time-consuming, making it challenging to
implement [21].

The literature review shows that no research has proposed
a grey box model capable of predicting electrical potential
distribution along the stator winding using impedance measure-
ment data. Furthermore, modeling PMSMs with V-shape interior
permanent magnets is more complicated than surface-mounted
PMSMs or induction motors. Consequently, this work aims to
address the gaps mentioned above. The following contributions
are presented:

® A coil-based model is developed for PMSMs to predict
the voltage distribution along the stator winding with the
minimum effort of measuring impedance at machine outer
terminals.

¢ The developed model helps to determine the voltage differ-
ences that are most critical for the design of the electrical
machine’s internal insulation. The developed model has a
winding coil as the element, which shows the accuracy of
the voltage distribution determination at the coil level. The
resolution achieved is sufficient since the coil-based model
can identify the electric stress at the most crucial point.

e Compared to existing works, frequency-dependent mu-
tual inductances are also considered, besides the self-
inductances.

® The coil-based model shows an averaged deviation of less
than 4 % in the frequency domain up to 2 MHz. More im-
portantly, all primary resonance points are accurately mod-
eled in common and differential mode impedance spectra.

e Test bench measurements are carried out to validate the
accuracy of the developed model in predicting the voltage
distribution along stator windings. No other research works
have been found to validate similiar high-frequency models
on an operational electrical machine.

The structure of the paper is as follows: Section II presents the
measurement configuration and motor adjustments required for
voltage measurement within the motors. Section III proposes
the coil-based grey box model, considering inductive and ca-
pacitive coupling among coils of the same and different phases.
Section IV validates the model in the frequency domain by com-
paring the modeled impedance spectra with measured values
for different topologies. Section V demonstrates the validation
results of the coil-based grey box model in the time domain based
on test bench measurements. Finally, Section VI concludes the
paper and provides future perspectives.
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TABLE I
DISTRIBUTION OF THE VOLTAGE MEASURING POINTS WITHIN THE ELECTRICAL
MACHINE, WHEREBY EACH PHASE HAS 16 COILS CONNECTED IN SERIALS
WITH EACH COIL CONSISTING OF 8 CONDUCTORS

Symbol  Meaning

Ule Welding point after the 10-th conductor in 2-nd U-coil
UTe Welding point after the 58-th conductor in 8-th U-coil
U8e Welding point after the 66-th conductor in 9-th U-coil
U%e Welding point after the 74-th conductor in 10-th U-coil
Vle Welding point after the 10-th conductor in 2-nd V-coil
VTe Welding point after the 58-th conductor in 8-th V-coil
V8e Welding point after the 66-th conductor in 9-th V-coil
VOe Welding point after the 74-th conductor in 10-th V-coil
Wile Welding point after the 10-th conductor in 2-nd W-coil
W7e Welding point after the 58-th conductor in 8-th W-coil
W8e Welding point after the 66-th conductor in 9-th W-coil
WOe Welding point after the 74-th conductor in 10-th W-coil

II. SETUP OF MEASURING IMPEDANCE SPECTRA OF THE
PMSM AND ITS RESULTS

This section introduces the impedance spectra of the PMSM
to be modeled, including various connection topologies during
measuring. The internal welding points, which will be later used
to validate the model in predicting voltage distribution along
stator windings, are also introduced.

The PMSM provided by Toyota has a pole pair number of
four, and the slot number is 48. There are eight conductors in
each slot, and each phase’s conductors are connected in serials.
Therefore, each phase has 128 conductors connected in serials.
Eight conductors in serials form a coil, and then, each phase
consists of 16 coils connected in serials.

The stator winding of the electric motor has been modified to
enable voltage distribution measurement along the stator wind-
ings. This modification involves attaching additional supply
lines to the welding points in the hairpin windings. The supply
lines for voltage measurement are labeled, and the locations of
some measuring points are explained in Table I. In order to avoid
insulation failure after the modification of the motor winding,
extra resin materials are applied in the end winding area. The
location of U9e corresponds to the 74th conductor, which ex-
ceeds the midpoint of the U-phase winding. It is important to
note that the additional access points for voltage measurement
within the electric machine are solely used to validate the voltage
distribution modeling on the test bench in the time domain. These
access points are not utilized for parameterizing the coil-based
model because they are not accessible in a regular electric
machine without any winding modifications. This study aims to
parameterize the coil-based grey box model based on impedance
spectrum measurements obtained from the motor terminals. This
model is capable of predicting the voltage distribution along the
stator winding.

The impedance spectrum is measured using the impedance
analyzer “Keysight E4990 A”, covering a frequency range from
100 Hz to 10 MHz. Different terminal motor configurations
are employed during impedance measurements, as summarized
in Table II and illustrated in Fig. 1. These configurations in-
clude setups of phase-to-NP, phase-to-GND, phase-to-phase,
and phase-to-phases. In this context, “NP” refers to the neutral
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TABLE II
MOTOR TERMINAL CONFIGURATION TOPOLOGIES FOR IMPEDANCE SPECTRUM
MEASUREMENT
Symbol  Meaning
U-NP Impedance measurement between U and NP
V-NP Impedance measurement between V and NP
W-NP Impedance measurement between W and NP
U-GND  Impedance measurement between U and GND
V-GND  Impedance measurement between V and GND
W-GND  Impedance measurement between W and GND
U-v Impedance measurement between U and V
V-W Impedance measurement between V and W
W-U Impedance measurement between W and U
U-vw Impedance measurement between U and VW
V-WuU Impedance measurement between V and WU
W-UV Impedance measurement between W and UV
u u
" NP NP
w
Housing Housing

Phase to housing

Phase to neutral point

w

Housing Housing

phase to phase Phase to phases

Fig. 1. Motor terminal configuration types for measuring impedance spectra.

Insulation layer
between base
and test bench

Fig. 2. Setup of the PMSM for impedance measurement.

point, “GND” represents the motor housing, and “VW” indicates
a short-circuit connection between terminals V and W. Since the
model to be developed is for the PMSM with interior magnets
in rotors, measurements are conducted for all three phases due
to the inherent asymmetry between phases. In order to provide
accurate impedance measurement of the PMSM, a plastic layeris
inserted between the test bench and the motor fixture, as shown
in Fig. 2. This insulation layer is necessary as direct contact
between the PMSM and the test bench can distort the measured
impedance spectra.
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Fig. 3. Impedance spectra of different measurement configuration setups:
(a) Phase-to-NP, (b) Phase-to-phase, (c) Phase-to-phases, and (d) Phase-to-
housing.

The impedance spectra for various terminal configuration
topologies are presented in Fig. 3, including phase-to-NP
in Fig. 3(a), phase-to-phase in Fig. 3(b), phase-to-phases in
Fig. 3(c), and phase-to-GND in Fig. 3(d). At lower frequen-
cies, the measured impedance spectra for differential-mode
terminal connections in Fig. 3(a)—(c) exhibit significant differ-
ences in amplitude. These differences result from due to the
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Fig. 4. Schematic slot distribution of the stator winding.

asymmetry between the d and q axes in the PMSM. However,
above 350 kHz, the impedance spectra of different phases over-
lap to a large extent because the asymmetry decreases with
higher frequencies. Therefore, in developing a coil-based grey
box model for voltage distribution modeling within the PMSM,
it is essential to consider both the deviation at low frequencies
and the similarity at high frequencies between phases during the
parameterization process. Furthermore, six primary resonance
points below 5 MHz in the impedance spectra are marked in
Fig. 3(c), representing a target for the coil-based model to be
developed.

III. CoIL-BASED GREY BOX MODELS OF THE PMSM

This section introduces the principles behind the coil-based
model. First, the overall structure of the coil-based model is
introduced. Then, the details of each sub-system are introduced,
including modeling of skin effects in each coil, modeling of
proximity effect between coils of the same phase, modeling of
the common mode path of each winding coil, modeling of mutual
inductance between winding coils of different phases, capacitive
coupling in the slot parts, capacitive coupling in the end winding
areas.

A. Principles Behind the Coil-Based Model of the PMSM

Fig. 4 presents the winding schema of the entire electrical
machine, whereby different color represents different phases.
There are 48 slots and eight poles, meaning that the number of
slots per phase per pole is two. Therefore, there are two types of
slots for each phase. Each slot has eight conductors, and there
are 128 conductors per phase. The winding pitch, which is the
number of slots spanned by each coil in the stator winding, is six,
as shown in Fig. 5(a) and (b). In Fig. 5(a), eight conductors in
slot type 1 form the type 1 coil marked in deep yellow, while the
subsequent eight conductors form the type 2 coil in deep blue.
All conductors of types 1 and 2 coils lie in the electromagnetic
equivalent slots because the winding pitch is the same as the pole
pitch. The type 1 and 2 coils are serially connected alternatively
before going to the second type slot of phase U. In Fig. 5(b),
the types 3 and 4 coils of U phases in its second type slots
are displayed, marked in light yellow and blue, respectively.
Furthermore, the location of voltage measuring points along the
phase U winding is also presented In Fig. 5.
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Fig. 5. Coil types in phase U: (a) Type 1 and 2 coils consisting of conductors
in the type 1 slots of phase U and (b) Type 3 and 4 coils consisting of conductors
in the type 2 slots of phase U.

Fig.6. Schematic presentation of mutual inductances between two subsequent
coils of the same phase, whereby each phase has 16 coils connected in serials.

For each phase, two coils connected in serials have part of
conductors in the same slot. Therefore, the coil-based grey box
model must consider the mutual inductance between these two
subsequent coils, as shown in Fig. 6. In addition, the capacitive
coupling between the subsequent coils has to be modeled. Be-
sides the coupling among coils in the slot part, the capacitive
coupling in the end winding area must also be considered
because the distance among conductors in the end winding area
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Fig. 7. Electrical circuits to consider the mutual inductances between two
subsequent coils of the same phase, whereby the solid rectangular box in black
represents inductance, and the hollow rectangular box represents resistance.

is also tiny. The following parts will develop a coil-based grey
box model, considering these crucial inductive and capacitive
coupling aspects.

B. Modeling of the Skin Effect in the Winding Coils

Each coil is modeled using a T-shape electrical circuit as
shown in Fig. 7, whereby the left and right circuits are assumed
to be the same to reduce the number of fitting parameters. The
differential mode circuit of the coil is represented by using a four-
layer RL ladder network to consider the frequency-dependent
skin effects.

C. Modeling of the Proximity Effect Between Winding Coils of
the Same Phase

Compared to other studies, mutual inductances are introduced
to couple the two subsequent coils’ first and second RL layers. It
is worth mentioning that the first layer determines the inductive
behaviors of the coils in the lowest-frequency range and the
fourth layer for the highest-frequency range. It is assumed that
the inductive coupling between two subsequent coils is more
potent at low than at high frequencies. Therefore, the first and
second layers of the ladder network integrate mutual inductors.
In contrast, the third and fourth layer uses ordinary inductors,
which considers merely skin effects instead of proximity effects
between coils. The number of the RL layers can be adjusted for
better fitting performance, and the actual four layers are a good
choice after testing.

D. Modeling of the Common Mode Impedance of Winding
Coils

The common mode path consists of a capacitor and a two-
layer resistor-inductor (RL) ladder network. The capacitor rep-
resents the insulation system between the copper conductors of
the coil and the stator iron. The two-layer RL ladder network
considers the resistance and inductance through the stator york,
which also suffers from skin effects. The capacitor is mainly
determined based on the common mode impedance spectra such
as U-GND. The remaining components in the two-layer RL
ladder network are fitted using optimization algorithms. The
ranges of the corresponding optimizing parameters are chosen
based on the common mode impedance measurement results.
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Fig. 8.  Schematic presentation of mutual inductances among different phases.

Three-phase
mutual inductance

Fig.9. Electrical circuits to consider the three-phase mutual inductance among
different phases.

E. Modeling of the Proximity Effect Between Winding Coils of
Different Phases

Besides the inductive coupling between subsequent coils of
the same phase, there is also inductive coupling among coils of
different phases in electrical machines, as shown in Fig. 8. It
is assumed that the inductive coupling among different phases
mainly occurs in a relatively low-frequency range. Therefore a
three-phase mutual inductance is introduced into the first layer
of the RL ladder network of coils, as shown in Fig. 9. Three
self-inductances and three coupling factors are required to define
a three-phase mutual inductance.

F. Modeling of the Capacitive Coupling Between Winding
Coils in the Slot Part

The capacitive coupling in the slot parts must be considered
since the distance between conductors belonging to different
coils is small, as shown in Fig. 5(a). Therefore, the capacitors
corresponding to the thin insulation layer between conductors
in the slot part are represented in Fig. 10. The capacitors are
marked in different colors because the capacitive coupling from
the type 1 coil to the subsequent type 2 coil is not the same as
the capacitive coupling from the type 2 coil to the subsequent
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Fig. 10.  Capacitive coupling between coils connected in serials in the same
phase.
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slot 1 and slot 7 and slot 37 and slot 43 and
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Fig. 11.  Capacitive coupling between coils in the end winding area.

type 1 coil due to the variation in the number of contact surfaces
between coils.

G. Modeling of the Capacitive Coupling Between Winding
Coils in the End Winding Part

Besides the capacitive coupling between conductors in the
slot part of electrical machines, the capacitive coupling among
conductors in the end winding area must also be considered, as
shown in Fig. 11. Furthermore, the location of the capacitive
coupling in the end winding area is dependent on the winding
connection methods.

IV. VALIDATION OF THE COIL-BASED MODEL IN THE
FREQUENCY DOMAIN

In order to validate the developed high-frequency models of
the PMSM in the frequency domain, the modeled impedance
spectra are compared to the measured impedance spectra for
various terminal configuration topologies, including phase-to-
housing, phase-to-phase, and phase-to-phases. The PMSM’s
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inductances regarding the relative deviations Agyg.

switching frequency during regular operation is approximately
2 kHz. Therefore, the evaluation of impedance spectrum fitting
quality is conducted up to 2 MHz, a thousand times the switching
frequency. Sufficient high-order harmonics are considered for
predicting the voltage distribution along the stator winding.

A total of 145 optimizing parameters are introduced to char-
acterize the entire coil-based grey box model, considering six
different slots, each with two different coil types. The parameter
fitting process utilizes the differential evolution algorithm de-
scribed in [22]. In order to quantify the relative variation of the
modeled impedance spectra from the measured impedance spec-
tra, an index is defined, as shown in (1)—(2). The parameter A,
in (2) represents the average deviation in the modeled impedance
spectrum compared to the measured impedance spectra across
the frequency range. In the calculation of A,, the n in (2)
refers to the number of frequency values at which the impedance
is measured. The A, is calculated for different terminal con-
figurations. The parameter Zaveraged, defined in (3), represents
the mean value of A, across various measurement topologies.
Thereby, the N denotes the total number of impedance measure-
ment topologies considered in the parameter fitting process.

Fig. 12 illustrates the mean errors between the modeled
and measured impedance spectra in the frequency range from
1 kHz to 2 MHz. The average deviation between the modeled
and measured impedance spectra for all terminal configuration
topologies is less than 4 %.

(|Zmodel(fi)|) — (|Zmeas(fi)|)

S I (v R
NG

Aavg — Ez*ln (f), (2)

Zaveraged = va:l Aan (z]; th topOIOgy) ’ (3)

The impedance modeling results obtained using the coil-based
grey box model are presented in Figs. 13—15. Specifically,
Figs. 14 and 15 display the differential mode impedance spectra,
while Fig. 13 represents the common mode impedance spectrum.
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Fig. 13.  Validation of phase-housing impedance modeling in frequency do-
main with comparison to measured values: (a) phase U to housing, (b) phase V
to housing, and (c) phase W to housing.

The differential mode impedance spectra, as shown in Figs. 14
and 15, exhibit a high degree of overlap with the measured
spectra across a wide frequency range. It indicates the model’s
accuracy in predicting the differential mode voltage distribution
along the stator winding in inverter-fed operations. It is crucial
for calculating the maximum voltage in the end winding areas of
electrical machines. Furthermore, the modeled phase-to-housing
impedance spectra align closely with the measured values, as
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Fig. 14.  Validation of phase-phase impedance modeling in frequency domain
with comparison to measured values: (a) phase U to V, (b) phase V to W, and
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illustrated in Fig. 13. It implies improved accuracy in modeling
the common mode voltage and bearing currents.

The impedance spectra for different rotor positions are also
presented in Fig. 16 with the impedance phase U to housing in
Fig. 16(a) and phase U to V in Fig. 16(b). It is observed that the
impedance spectra for different rotor positions show variation in
a low-frequency range below 200 kHz, while they overlap each
other in the high-frequency. Since the high-frequency impedance
of the machine, including common mode and differential mode,
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Fig. 15. Validation of phase-two phases impedance modeling in frequency
domain with comparison to measured values: (a) phase U to VW, (b) phase V
to WU, (c) phase W to UV.

mainly determines the non-uniform voltage distribution along
coils and voltage oscillation behavior in electrical machines, the
PMSM is firstly parameterized for one rotor position and the
model is then used for validation on the test bench in the next
section.

In summary, the coil-based grey box model, designed for
predicting the voltage distribution along the stator winding of
PMSMs, has been validated in the frequency domain. The model
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22° with a step of 2°: (a) phase U to housing, (b) phase U to VW.

captures all primary resonance points below 2 MHz for different
typologies. The impact of slight deviations in the phase spectrum
on voltage prediction in the time domain will be addressed later.
The subsequent section will validate the coil-based model on the
test bench using measured voltage signals under various load and
rotational speed conditions.

V. VALIDATION OF THE COIL-BASED GREY BOX MODEL IN
THE TIME DOMAIN USING TEST BENCH MEASUREMENTS

This section will validate the coil-based grey box model
through test bench measurements by comparing the modeled
voltage signals with their corresponding measured values along
the stator winding. In contrast to existing literature, the vali-
dation process is performed using an operational PMSM under
various load conditions and switching frequencies.

Fig. 17(a) illustrates the electrical circuit configuration of
the test bench. The network voltage is rectified to generate a
DC-link voltage of 600 V. Power cables are used to connect the
inverter and the electrical machine. The shielding of the power
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Fig. 17.  Test bench: (a) Electrical circuit, (b) voltage measurement configu-
ration during operation of PMSM.

TABLE III
THREE DIFFERENT OPERATIONAL POINTS FOR VALIDATING THE MODEL IN THE
TIME DOMAIN

Operation point  Q-axis current  Speed Switching frequency
1 SA 500 rpm 2.5kHz
2 30A 500 rpm 2.5kHz
3 30A 1500rpm  3.5kHz

cables and the motor housing are also grounded. Fig. 17(b)
presents the actual test bench setup. As mentioned earlier, the
winding of the tested PMSM has been modified to enable voltage
measurement along the stator winding, as indicated in Fig. 17(b).
The distribution of voltage measurement points can be found in
Table I. Fig. 17(b) showcases the voltage measurement setups
used to validate the modeling of the voltage distribution along
the winding. The oscilloscope used in the experiment has four
channels with a sampling time of 0.4 ns. Three channels measure
the voltage signals between the motor terminals and the housing.
In contrast, the fourth channel measures a voltage signal within
the electrical machine. Since the available oscilloscope has lim-
ited channels, the validation procedure for voltage distribution
along the stator winding must be conducted separately.

During the operation of the electrical machine, the DC-link
voltage is set at 600 V. The PMSM is operated at three different
operating points specified in Table III. The following sections
will present the validation results for each operating point for
various voltage measurement points listed in Table 1.

In the validation process, there are two types of measured
voltage profiles: the original signal recorded with a high sam-
pling rate and the one after Fourier processing. The order number
for the Fourier processing is set to be 1000 times the switching
frequency to reduce computational load. As a result, the mea-
sured voltage signal after FFT processing has less noise than
the original measured voltage signals. After comparison, the
modeled conductor-to-housing voltage signals are overlapped
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Fig. 18. Comparison of the modeled conductor-housing voltages to measured
values at operation point 1: (a) Ule to housing, (b) U7e to housing, and (c) U9%e
to housing.

with the measured voltage signals for all measuring points within
the PMSM, as shown in Fig. 18. Therefore, the voltage peak
values between conductors and the stator frame at different
welding points can be well predicted. It helps adequately reduce
the slot insulation system of electrical machines to improve
the heat transfer capability and power density. Besides that,
it is observed that the conductor-to-housing voltage does not
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52 %.

decrease along the stator winding after comparing the maximum
voltage voltages at different welding points in Fig. 18.

Fig. 19 compares the modeled and measured conductor-to-
conductor voltage profiles at different voltage measurement
points. The presented four voltage signals correspond to the
most critical cross points among conductors, which suffers from
the most extensive electric stress compared to other welding
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Fig.20. Comparison of the modeled conductor-housing voltages to measured
values at operation point 2: (a) Ule to housing, (b) U7e to housing.

points. It must be mentioned that the location of the cross points
with the most significant electric stress depends on the wind-
ing configuration and connection typologies. These four cross
points are chosen based on the winding typology of the applied
PMSM. For the voltage between point Ule and Ve, as shown in
Fig. 19(a), the maximum voltage peak and oscillation frequency
are overlapped to a large degree between measurement and
modeling results.

At other voltage measurement points in Fig. 19(b)—(c), the
modeled voltage maximum is less than the measured voltage
maximum. One reason lies in the difference in the phase spectra
after impedance modeling. The phase difference lies in that
merely the impedance spectra’s amplitude information is used
to define the cost function applied in the optimization program.
Therefore, the modeled conductor-conductor voltage show some
phase errors. These phase errors are reflected in that the modeled
voltage steps down before going up even though the measured
signals show purely stepping-up profiles in Fig. 19(b)—(c).
Therefore, the evaluation method of the modeled voltage is
adjusted to compensate for the phase errors. For this purpose,
the voltage jump value instead of the absolute maximum is
chosen to be compared to the measured values for welding
points. Finally, the relative errors between the modeled and the
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Fig. 21. Comparison of the modeled conductor-conductor voltages to mea-
sured values at operation point 2: (a) Ule-Vle with a relative error of 8.7 %,
(b) U7e-V7e with a relative error of 7.4 %.

TABLE IV
RELATIVE ERRORS IN THE MODELED CONDUCTOR-CONDUCTOR VOLTAGE
SIGNALS FOR DIFFERENT OPERATION POINTS

Error Ule-Vle U7e-V7e U9%-V9e Ule-U8e
at 1 Operation point 6% 1.2% 2.5% 5.2 %

at 2 Operation point 8.7 % 7.4 % - -

at 3 Operation point 4.6 % 1.6 % - -

measured signals are calculated and summarized in Table IV,
all of which are less than 10 %. It is worth mentioning that the
conductor-to-conductor voltage maximum at cross points in the
end winding areas decreases toward the neutral point of electrical
machines. Therefore, the accuracy in estimating voltage stress
at the cross point with the most extensive electric stress is most
important, which is the Ule-Vle in our case.

The model validation is also carried out at other operation
points. Figs. 20 and 21 shows the results for the working point
with ahigher g-axis current of 30 A, which helps verify the model
accuracy at different load conditions. The modeled conductor-
to-housing voltages overlap with the measured values. Besides
that, the modeled conductor-to-conductor voltage signals show
a maximum relative error of 8.7 % after comparing them to the
measured voltage signals. Therefore, it is concluded that the
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Fig.22. Comparison of the modeled conductor-housing voltages to measured
values at operation point 3: (a) Ule to housing, (b) U7e to housing.

g-axis current does not strongly influence the usability of the
coil-based model at different load conditions, even if the model
is parameterized by fitting the impedance spectra in no-load
states.

Figs. 22 and 23 compare the modeled and measured voltage
profiles for the third operation point. The g-axis current here is
30 A, and the rotational speed is 1500 min~! under a switching
frequency of 3.5 kHz, which is different from 2.5 kHz before.
The modeled conductor-to-housing voltage profiles in Fig. 22
is also similar to the measured voltage profile to a large degree,
which verifies the accuracy in modeling common mode voltage
at different switching frequencies. The modeled conductor-to-
conductor voltage profiles in Fig. 23 show a maximum relative
deviation of 7.4 % compared to the measured voltage signals.
Therefore, the applicability of the coil-based model for calculat-
ing differential mode voltages at different switching frequencies
is also validated.

As a summary, the coil-based grey box model, created by
fitting impedance spectra measured on the motor’s outer ac-
cessible terminals, can predict the distribution of the electric
potential along stator winding at different operation points. Even
though the developed model is fitted using impedance spectra at
no-load conditions, the model still works well for different load
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conditions. One possible explanation is that the ferrous materials
in the PMSM are saturated due to the interior permanent mag-
nets, and additional current does not enormously change the be-
haviors of the PMSM in the high-frequency domain. On the other
side, even though the used model in the time-domain validation
process is parametrized using the impedance measurement for
only one rotor position, the model also accurately predicts the
voltage distribution during test bench measurement. It has to be
mentioned that the rotor position during test bench measurement
is not the same as the rotor position for fitting model parameters.
The reason is that the high-frequency impedance spectra above
200 kHz are almost the same for all rotor positions, as shown
in Fig. 16. Since the high-frequency impedance primarily influ-
ences the transient voltage oscillation behaviors in the electrical
machines, the maximum voltage values can be predicted without
large deviations by using a model fitted by measurement at one
rotor position. It reduces the effort for applying the model in
practice.

VI. CONCLUSIONS AND OUTLOOKS

A coil-based grey box model is developed for high-frequency
modeling of PMSM with interior magnets in rotors to predict
the voltage distribution along stator winding. The coil-based
model considers crucial inductive and capacitive coupling in
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electrical machines’ slot and end winding parts. The coil-based
model shows an averaged deviation of less than 4 % in the
frequency range of from 1 kHz to 2 MHz. Compared to other
research, the developed coil-based model enables voltage dis-
tribution prediction without creating a white box model using
FEM simulations. With the coil-based model’s help, the common
mode voltage distribution is perfectly predicted with negligible
errors between modeled and measured voltage peak values.
Regarding the differential mode voltages, they can be predicted
with a maximum relative error of less than 10 %, which can
help design more suitable insulation thickness of conductors in
the next-generation electrical machines. In the future, the phase
information can be considered in the parameter fitting process,
and the impedance modeling frequency range will be improved
to more than 10 MHz for SiC-based electrical drives. Besides
that, the coil-based model can also be applied to explore the
influence of insulation failure among coils on the outer voltage
oscillation behaviors, which may help develop early detection
mechanisms for insulation failure.
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