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Abstract: The increasing interest in employing wide-bandgap (WBG) drive systems has brought about
very high power, high-frequency inverters enjoying switching frequencies up to hundreds of kilohertz.
However, voltage surges with steep fronts, caused by turning semiconductor switches on/off in inverters,
travel through the cable and are reflected at interfaces due to impedance mismatches, giving rise
to overvoltages at motor terminals and in motor windings. The phenomena typically associated
with these repetitive overvoltages are partial discharges and heating in the insulation system, both
of which contribute to insulation system degradation and may lead to premature failures. In this
article, taking the mentioned challenges into account, the repetitive transient overvoltage phenomenon
in WBG drive systems is evaluated at motor terminals and in motor windings by implementing a
precise multiconductor transmission line (MCTL) model in the time domain considering skin and
proximity effects. In this regard, first, a finite element method (FEM) analysis is conducted in COMSOL
Multiphysics to calculate parasitic elements of the motor; next, the vector fitting approach is employed
to properly account for the frequency dependency of calculated elements, and, finally, the model is
developed in EMTP-RV to assess the transient overvoltages at motor terminals and in motor windings.
As shown, the harshest situation occurs in turns closer to motor terminals and/or turns closer to the
neutral point depending on whether the neutral point is grounded or floating, how different phases are
connected, and how motor phases are excited by pulse width modulation (PWM) voltages.

Keywords: drive system; electric machine; finite element analysis; insulation system; multiconductor
transmission line (MCTL) theory; transient overvoltage; wide-bandgap (WBG) inverter

1. Introduction

The advent of wide-bandgap (WBG) devices, silicon carbide (SiC) and gallium ni-
tride (GaN), brought about very high power, fast switching power electronic converters
which resulted in inverters with switching frequencies up to hundreds of kilohertz when
accompanied by soft-switching techniques; these inverters enjoy substantially higher spe-
cific power and energy than traditional silicon (Si)-based inverters, while their electrical
features are not compromised. However, voltage surges with steep fronts, caused by
turning semiconductor switches on/off in inverters, travel through transmission cables
and are reflected at interfaces due to impedance mismatches, which gives rise to local
overvoltages [1]. Additionally, the high slew rates of WBG devices that can reach as high
as 100 kV/us lead to non-uniform voltage distribution in motor windings, where the peak
voltage usually occurs in the first turns of the stator winding and/or turns closer to the
neutral point [2]. The overvoltage at motor terminals can reach twice as much as that at
inverter terminals, known as the doubled voltage effect, and even higher. These repetitive
overvoltages at motor terminals and stator windings also cause partial discharges inside
motor windings and adversely affect electric machines’ insulation capability, which leads
to dielectric breakdown and premature failures, the most common failure in industrial
electric machines.
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The overvoltage problem of Si-based drive systems has been discussed extensively since
the 1980s, focusing on adjustable speed drives (ASD), and models have been developed to
understand the phenomenon, [3-5], to name a few. The theory for multiconductor transmis-
sion line (MCTL) and coil modeling was developed in [6,7], which was the basis for many
subsequent papers. The initially proposed transmission line theory considers only static field
analysis methods for per unit resistances, inductances, and capacitances along the cable and
assumes a transverse electromagnetic (TEM) or a quasi-TEM propagation mode along the
cable [8,9]. Very high switching frequency and fast transition times in WBG devices, which
can be as low as 10 ns, pose serious challenges when designing the motor and, thus, must be
considered when designing drives’ insulation systems. Determining the factors affecting peak
terminal overvoltage are motor and cable surge impedances, cable length, cable damping,
rise time and magnitude of the drive pulse, and spacing of pulse width modulation (PWM)
pulses [10]. The effect of voltage waveforms on motor performance is considered in [11],
where electrical, thermal, mechanical, and environmental stresses are recognized as primary
stresses that the stator windings face and are discussed in detail. In [12], a model assuming par-
tially lumped and partially distributed parameters is developed, and then the authors in [13]
proposed a universal model for three-phase induction motors to simultaneously consider
common mode, differential mode, and bearing circuit models to cope with the overvoltage
issue. The effect of stress grading regions in coils is also considered in [14], and transient
overvoltage, electric field, and heat generation are modeled in machine coils. In [15], the
authors aimed to calculate the maximum transient overvoltage and current in interior parts
of a cable connecting a WBG inverter to a motor, while the electric field distributions in air
cavities that may occur inside the insulation of motor windings are assessed in detail in [16]
to provide a reference point in analyzing the impact of PWM voltage waveforms on partial
discharge behavior in WBG drives. The inter-turn voltage stress of hairpin windings is consid-
ered in [17], and a high-frequency equivalent circuit model considering parasitic parameters
is proposed to analyze the overvoltage phenomenon. In [18], a review of overvoltage at motor
terminals is presented and a linear equivalent model is proposed.

None of the papers mentioned above considered the frequency-dependent behavior of
parasitic parameters in motor windings. Also, it is of great significance to consider the high
slew rates of WBG devices and capture the high-frequency behavior of the motor windings
which may be up to megahertz order of magnitude. Therefore, this article aims to represent
the MCTL model of stator windings considering skin and proximity effects, and, at the
same time, models the frequency-dependent behavior of parasitic elements of the motor.
The overvoltage phenomenon in WBG drive systems is discussed and analyzed in this
article, and the non-uniform voltage distribution in motor windings is precisely evaluated
by developing an MCTL model of stator windings in the time domain considering skin
and proximity effects. In this regard, using a 60 kW permanent magnet synchronous
motor (PMSM) adapted for an electric vehicle (EV), the step-by-step procedure to arrive
at the model is presented in detail in the following sections. Therefore, this presented
article is organized as follows. In Section 2, the overvoltage phenomenon in WBG drive
systems is discussed and the overvoltage at motor terminals is analyzed. This provides
the context to represent the developed MCTL model of motor windings in Section 3; this
section aims to represent the methodology to model the motor windings in detail. Note that
neither the modeling of the inverter nor the cable connecting the inverter and the motor
is not recognized as the aims of this presented article. In Section 4, steps to arrive at the
MCTL model are discussed in detail; firstly, a finite element method (FEM) model of stator
windings is implemented in COMSOL Multiphysics to compute parasitic elements of the
motor considering skin and proximity effects; next, rational approximation of frequency
domain responses resulted from the FEM simulation is done in MATLAB to properly
representing the frequency-dependent behavior of computed parasitic elements; finally, the
MTCL model of the stator windings is developed in EMTP-RV to analyze the overvoltage
phenomenon in motor windings. In Section 5, simulation results are shown and discussed
in detail, and, finally, Section 6 sums up the most important concepts presented in the article.



Vehicles 2022, 4

699

2. Overvoltage Phenomenon in WBG Drive Systems

As shown in Figure 1, a drive system consists of an inverter supplied by a DC
voltage source to provide the electrical power, a cable connecting the inverter to the
motor, and a motor. The required specific power of motors is different depending on the
applications; a 0.1-0.5 kW / kg specific power suffices for industrial motors, while specific
powers of 1-3 kW /kg and above 10 kW /kg are recognized in the literature for EVs and
passenger-class electrified aircraft, respectively [19-22]. Potential motor types for EVs
include DC series motor, brushless DC motor (BLDC), permanent magnet synchronous
motor (PMSM), induction motor (IM), and switched reluctance motor (SRM). Compared
to BLDC motors, PMSMs are supplied by an AC source, have permanent magnets in their
rotors, and are usually designed with three phases. Both BLDC motors and PMSMs enjoy
high traction characteristics efficiency, while the major problem with IMs and SRMs is
the complexity of their control schemes. The only well-known EV employing IMs is the
Tesla Model S, while almost all designed and implemented motors for EVs are PMSMs,
e.g., motors for the Toyota Prius, Chevrolet Bolt EV, Nissan Leaf, etc. Therefore, the
overvoltage phenomenon is discussed in this article using an example PMSM adapted
for the 2010 Toyota Prius.

DC Link WBG Inverter Cable Electric Motor

-
ol
L

Figure 1. A WBG drive system consisted of the inverter, cable, and electric motor.

2.1. Wide-Bandgap Devices in Power Electronics Converters

There is an increasing interest in employing WBG-based semiconductors in power
electronics converters due to their high voltage work capabilities and ability to work at
higher temperatures compared to their Si-based counterparts. Above 10 kV SiC and GaN
metal-oxide-semiconductor field-effect transistor (MOSFET) and insulated-gate bipolar
transistor (IGBT) can operate at > 200 °C without compromising their electric features and
are commercially available, while no Si-based semiconductor is found to be able to operate
above 6.5 kV. As a result, WBG devices remove the need for designing series/parallel
switch structures to achieve higher voltages and currents; and bring about extremely high
specific power and energy in power electronics converters [23]. Also, WBG devices are
less vulnerable to radiation and enjoy a higher electric breakdown field compared to Si-
based semiconductors, and, thus, enjoy a lower on-resistance for a specific breakdown
voltage, resulting in reduced chip size and less conduction loss. A detailed discussion of
WBG devices falls beyond this article’s scope. Readers may refer to [24-26] for extensive
discussions of characteristics and benefits, technologies, and emerging applications of
WBG devices.

On the other hand, extremely high frequency and high slew rates of WBG devices
pose severe challenges and worsen associated challenges to the slew rate of conventional Si-
based semiconductors. These challenges include but are not limited to overvoltage problem
at motor terminals and in motor windings. Phenomena that are typically associated with
these repetitive overvoltages are partial discharges and heating in insulation systems, both
of which contribute to insulation system degradation [27-29].

2.2. Overvoltage Phenomenon at Motor Terminals

If a single inverter, cable, and motor are assumed, the overvoltage at motor terminals
may reach twice as much as that at inverter terminals. As discussed, the voltage peak at mo-
tor terminals is affected by several factors, among which the rise time of the generated PWM
voltage and the cable length have significant effects and are discussed in this section. For
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the drive system shown in Figure 1, using the transmission line theory [30], transmitted and
reflected waves at motor terminals can be expressed by Equations (1) and (2), respectively:

Vi = atVpc 1)

Vy = a,Vpc )

where Vpc is the DC link voltage, and a; and a, are the transmission and reflection coeffi-
cients, respectively, and are defined below.

ar =22/ (Zm + Zc) @)

ar = (Zm - Zc)/(zm + ZC) 4)

Zy, is the surge impedance of the motor and Z, is the surge impedance of the cable.
The surge impedance of the cable is defined as

Z.=+/L/C 5)

where L and C are the inductance and capacitance of the cable and can be per unit cable
length. Also, the wave propagation velocity (v) can be defined as:

v=1/VLC (6)
or:
v=1/\/ue @)

where y and ¢ are permeability and permittivity of the dielectric material, respectively. If
parameters in the above equations are assumed as below:

e  Vpc =1p.u. to represent the voltage at inverter terminals.

e 1y~ 2anda, =1 to represent the worst case; this happens when the surge impedance
of the motor is much higher than that of the cable (Z,, > Z.). Z,, = 5000Z. is assumed
in this section. Note that the ratio of 5000 is not necessarily a realistic assumption,
and the exact value depends on the motor and the employed cable. In this section,
the number is selected to show the maximum possible transient overvoltage and the
doubled voltage effect at motor terminals.

e ©0=(1/2) x 3x 10® m/s (half of the speed light), which is a good approximation
of the pulse propagation velocity in the cable. For example, if the realistic relative
permeability of the cable is assumed to be y,= 1 and the realistic relative permittivity
is assumed to be &, = 4.5 [31], the wave propagation velocity is calculated as:

1
U=
V1 x 47w x 107 x 4.5 x 8.85 x 10—12

=047 x3x10%m/s

It is shown in [32] that the transient voltage peak at motor terminals can reach twice
as much as that at inverter terminals with a PWM voltage with rise time ¢, ~10-20 ns
and a cable length | ~2 m. This phenomenon is called the doubled voltage effect. If the
drive system shown in Figure 2 is considered, where the motor is replaced by a lumped
impedance Z,;, where Z,, > Z, Figure 3 shows the voltage at motor terminals (V) for
cable lengths of [ = 2 m and [ = 5 m when supplied by a step voltage with a rise time of
t, = 30 ns and the motor is connected to the inverter through a cable with per unit length
resistance 107> O/m. As shown, for a longer cable, the voltage peak is closer to 2 p.u.
and it takes more time to converge to 1 p.u. In addition, although the overvoltage caused
by a single inverter does not exceed twice as much as that at inverter terminals, greater
overvoltages may exist due to polarity reversal, superposition of two pulses, etc. [18]. Also,
Figure 4 shows the first 0.15 us of voltage waveforms at motor terminals when the motor is
supplied by a step voltage with t, = 30 ns through the cable with lengths [ =1, 2, 5, and
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10 m. As shown, the higher the cable length, the higher the voltage peak at motor terminals,
but as discussed, the peak does not exceed 2 p.u. when a single drive system is assumed.
Also, it takes more time for the voltage to converge to 1 p.u. for higher cable lengths.

Vs Vm
Y ¥
)U c O — W

I

Step Zm

Figure 2. Simplified motor considered as one lumped resistance connected to a step voltage source
through a cable.
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Figure 3. The voltage at motor terminals (V};) when the motor is fed by a step voltage with t, = 30 ns
through a cable with (a) / =1 m; (b) [ =5 m.

As the next simulation, Figure 5 shows the voltage at motor terminals when fed by the
inverter through a cable with a per unit length resistance 107> Q/m and length = 2 m and
is supplied by step voltages with t, = 30 and 50 ns. As shown, the voltage peak is greater
for the smaller ¢, and it takes more time for the voltage to converge to 1 p.u. Also, Figure 6
shows the first 0.15 us of the voltage at motor terminals when the motor is connected to
the inverter through a cable with [ =2 m and is supplied by step voltages with different
rise times (f, = 10, 30, 50, and 150 ns). As shown, the voltage peak is greater for shorter
rise times; also, very little overvoltage is seen for [ = 2 m when ¢, = 50, 150 ns, while
Vyeak = 2 p-u. occurs when t, = 10 ns even with a cable length as short as only 2 m.

A cable with a per unit length resistance of 107> Q/m is assumed above. If the per
unit length resistance of the cable is considered 10~* Q/m, Figure 7 compares the voltages
at motor terminals when the motor is fed by a step voltage with ¢, = 10 ns. As expected,
when the resistance of the cable is increased, the voltage converges to 1 p.u. in a shorter
time and the voltage peak decreases. Note that although 10~% (3/m is a realistic number,
mentioned resistivities are not necessarily practical numbers and are selected to show the
impact of a change in the resistivity of the employed cable.

As shown in this section, peak voltages ~1.5-2 times higher than that at inverter
terminals may easily occur when a WBG-based drive is assumed and the rise time of
its generated voltage is as low as 10-20 ns. The overvoltage is mainly related to cable
characteristics, length, and switching slew rate. The back-and-forth voltage reflection
between the inverter and the motor leads to highly repetitive overvoltages where the
repetition can be up to megahertz. This should carefully be taken into consideration when
designing the insulation system and selecting insulation materials for an electric motor.
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Figure 4. The first 0.15 us of voltage waveforms at motor terminals (V;;) when the motor is fed by a
step voltage with ¢, = 30 ns.
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Figure 5. The voltage at motor terminals (V;;) when the motor is connected to the inverter through a
cable with I = 2 m and fed by a step voltage with (a) t, = 10 ns; (b) ¢, = 50 ns.
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Figure 6. Comparison of the first 0.2 us of voltage at motor terminals (V;;;) when the motor is

connected to the inverter through a cable with [ = 2 m and fed by a step voltage with various
rise times.

2.3. Overvoltage Mitigation Methods

Two general solutions are suggested in the literature to mitigate the overvoltage problem:
passive and active filtering. Passive filters include tuning an RLC filter at the output of inverter
terminals, the input of the motor terminals, or both [33]. A passive RLC dv/dt filter was
designed for SiC inverters and results were verified using a 75 kW inverter in [34]. Passive
filters are less expensive, easier to design, and more robust, but indicating proper values
of filter components is challenging. On the other hand, active approaches may translate
into providing switches with soft switching techniques, using multiple inverters, designing
modified PWM techniques, etc. Since passive filters are typically designed for a specific cable
length, they should be redesigned when the cable length is changed or a system with several
inverter-motor connections is assumed. In comparison to passive filters, active filters are
more complex, need more complicated schemes, and usually require additional switches, e.g.,
twice as much as that in the original inverter [35].
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Figure 7. The voltage at motor terminals (V;;) when the motor is connected to the inverter through a
cable with I =2 m and fed by a step voltage with f, = 10 ns.

3. Multiconductor Transmission Line Model of Motor Windings

In the previous section, Z,;, > Z, is assumed and the motor is considered one lumped
resistance. This section aims to precisely calculate overvoltages through accurate modeling
of motor windings. In this section, the MCTL model of stator windings is developed to
study the overvoltage phenomenon in motor windings considering the skin and proximity
effects in a WBG drive system. To this end, the model is explained in detail, and the
step-by-step procedure is then discussed and performed to arrive at the model so that
the overvoltage phenomenon is captured in motor windings. The idea is to split stator
windings into small lengths, called cells, and develop a precise model of each cell con-
sidering skin and proximity effects. If the size of each cell is small enough, the model
then properly anticipates the voltage distribution in stator windings, and the whole model
can be considered as an appropriate representative of the motor windings. The smallest
wavelength of a propagating wave in a transmission line is expressed as:

Amin = z7/fmux 8)

where v is the pulse propagation velocity in the cable (as discussed earlier) and fyux
is the highest frequency component where the model is a proper representative of the
transmission line up to this frequency. fux is considered three times higher than the
cut-off frequency:

fmux =3/ mrt, (9)

where f, is the rise time of the generated PWM pulse at inverter terminals. As discussed, v
is about half of the speed of light in the cable and, at least, is reduced by half again due
to lamination effects of the stator core [36]. Therefore, if t, = 20 ns is assumed, A,,;;, is

calculated as:
Apin = 0.25 % 3 x 108/ (3/ (7r % 20 X 10*9)) —157

The 60 kW PMSM employed in the 2010 Toyota Prius [37] is considered as the case
study. The required specifications of the motor for the simulations in this article are
mentioned in Table 1, and complete information about the motor can be found in [37]. As
indicated, the stack length of the stator is 5.08 cm; therefore, if the length of each turn wire
of the stator is assumed to be 5.08 x 2 = 10.16 cm and is considered as one cell, there would
be 1.57 m/10.16 cm ~ 15 cells within one wavelength, which is appropriate to capture the
overvoltage phenomenon in motor windings. As a result, each turn of the stator winding is
considered as one cell in this article, and each cell’s MCTL model is developed.

The complete model of the three-phase PMSM is shown in Figure 8. In the case study
presented in Table 1, there are three identical phases as shown in Figure 8a; also, each
phase includes eight identical coils connected in series, as shown in Figure 8b. Note that
there are no parallel coils in the case study. Also, Figure 8c illustrates the model of coil i of
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one phase; in the coil model, C; ¢ represents the turn-to-core (turn-to-ground) capacitance
of turn i and C;; represents the turn-to-turn (mutual) capacitance between turns i and
j. The mutual capacitance between turns i and j is considered only if |i — j|< 2. Due
to increasing the distance between turns, changes in simulation results considering later
mutual capacitances for each turn are negligible. Therefore, to prevent too much complexity
in the model and increase in simulation times, those mutual capacitances are neglected in
the model. Figure 8d shows each turn model, considered as one cell; the voltage of turn i
can then be expressed as:

Vi=) Vi (10)

where N; is the number of turns, V;; represents the turn voltage due to self-coupling,
and V;; (i # j) represents the turn voltage due to mutual coupling between turns i and j.
Equation (10) can be rewritten as:

Ni
Vi=Vii+) Vi (11)

j=1

J#i

where different terms in Equation (11) are computed as:
al;
Vii = Rij(@)li+ Lij(w) = (12)
dl; o

Vii=Rij(w)j+ Ljj(w)—- (i #7) (13)

dt

Table 1. Stator information of the 60 kW PMSM employed in the 2010 Toyota Prius.

Parameter Value

Lamination Dimensions [37]

Stator OD * 26.4 cm
Stator ID * 16.19 cm
Stator stack length 5.08 cm
Lamination thickness 0.305 mm
Stator Wiring [37]
Number of stator slots 48
Stator turns per coil 11
Parallel circuit per phase 0
Coils in series per phase 8
Number of wires in parallel in each turn 12
Wire size 20 AWG
Phase resistance at 21 °C 0.077 Q)
Slot depth 30.9 mm
Slot opening 1.88 mm
Insulation [36]
Thickness of wire insulation 0.025 mm
Thickness of ground-wall insulation 0.35 mm
Permittivity of turn insulation 3.5 C2/N.m?
Permittivity of main wall insulation 3.5 C2/N.m?

* OD: outer diameter; ID: inner diameter.

R;; and L;; are the self-resistance and inductance of turn i; I; is the current passing
through the turn i; R; ; and L; ; are the mutual resistance and inductance between turn i and
J; and I; is the current passing through turn j. Since all R; j and L; ; are frequency dependent,
the model should be a good representative of these elements in the intended frequency
range. To capture the frequency-dependent behavior of resistances and inductances, ladder
circuits [38] are employed, as shown in Figure 8d,f. Ladder circuits represent all R; jand L; ;
which are then be used to calculate V;; and induced voltage due to the coupling between
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turns (Vi j, j # i). Also, to represent Y.Vij, a controlled voltage source is considered in
the turn model, as shown in Figure 8d, whose components (V;1, Vi, ... ) are computed
using circuits shown in Figure 8e. For the sake of simplicity, however, induced voltages
due to mutual coupling between different turns are not modeled using ladder circuits.
Instead, mutual resistances and inductances are calculated at a specific frequency and are
considered in the model.

In the turn model, L, represents the turn inductance in the overhang region and is
considered 2.8 uH as calculated in [36]. Also, R, represents the core loss; if a resistance of
2 kQ) is assumed for each phase of the motor [39], R, is computed as:

R, =2kQ/(8x11) =2273Q (14)

in each turn model, where 8 is the number of coils in each phase connected in series (no
parallel coils) and 11 is the number of turns in each coil.

Permanent Magnet Synchronous
Motor (PMSM) Stator

I w I . I In,
*~— Turn 1 Model Turn 2 Model — Turn i Model Turn Nt Model
\
G I [CY—— G

. . \
Ry, Lin Ryand L,

|
I
|
| R;
|
I
|
|

Al

|

A I

Lnia i ' |

—— - I
|

J

Figure 8. The MCTL model of PMSM stator windings; (a) stator model; (b) phase model; (c) coil
model; (d) turn model; (e) elements of controlled voltage source in turn model; (f) ladder circuits to
model frequency-dependent resistances and inductances.
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4. Step-by-Step Procedure to Implement the MCTL Model of Stator Windings

In this section, the required steps to implement the model shown in Figure 8 are dis-
cussed in detail, and hints are provided on how exactly different elements in the model are
computed. To develop the model, an FEM model of stator windings should be implemented
to calculate parasitic elements of stator windings, including capacitances, inductances, and
resistances. Essential parasitic elements of the stator windings are listed below [36]:

e  Turn-to-core capacitances (to compute the capacitive coupling between turns and the
core [ground]);

e  Turn-to-turn capacitances (to compute the capacitive coupling between turns with
one another);

e  Self-resistance and -inductance of turns (to compute the frequency-dependent self-
resistances and -inductances);

e  Mutual resistances and inductances between a turn and all other turns (to compute
the frequency-dependent mutual resistances and inductances between turns with
one another).

After computing parasitic elements, since resistances and inductances are frequency
dependent due to eddy current caused by skin effect at high frequencies, the frequency
dependent behavior of resistances and inductances should be modeled. To this end, ladder
circuits shown in Figure 8 are employed. As discussed in the following sections, a rational
approximation of frequency domain responses by vector fitting is employed [40] to compute
the corresponding values of elements in ladder circuits. Once elements of ladder circuits
are calculated, the complete model of stator windings can be implemented so that the
overvoltage phenomenon is studied in motor windings. In this article, the FEM model is
simulated in COMSOL Multiphysics, elements of ladder circuits are computed using codes
in MATLAB, and the final model is implemented and studied in EMTP-RV.

4.1. FEM Model Simulation in COMSOL Multiphysics

In this section, using the FEM model implemented in COMSOL Multiphysics, parasitic
elements of stator windings are computed. The geometry of the stator is made using the
information in Table 1 as shown in Figure 9a; for computation of parasitic elements,
however, a single slot model suffices as shown in Figure 9b. There is no parallel coil, and
each coil consists of 11 turns; each turn’s wire consists of 12 stranded wires which should
be modeled accurately. Figure 10 shows how 11 turns are considered in the FEM model
and Figure 11 depicts the mesh method utilized to calculate the required parasitic elements
of the stator windings, which provides acceptable accuracy.

(a) (b)
Figure 9. FEM model geometry implemented in COMSOL Multiphysics; (a) complete 48-slot stator

model; (b) one slot model.

The skin effect in different turns was also considered and modeled. In this regard,
Figure 12 shows the current density of turn 1 at a frequency of f = 100 kHz when turn 1 is
excited by 1 A and other turns are kept at 0 A.
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Figure 10. The location of 11 turns in a slot.
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Figure 12. The influence of the skin effect on the current density of turn 1 (A/m?) when turn 1 is
excited by 1 A and other turns are kept at 0 A at a frequency of 100 kHz.

4.1.1. Calculation of Turns’ Capacitances

To compute turns’ self and mutual capacitances, the electrostatics (es) solver is em-
ployed, where core boundaries are considered as ground; one turn (defined as terminal) is
excited by a nonzero voltage (e.g., 1 V) and others are kept at 0 V. This procedure should
then be repeated for all other turns but can be done sequentially by using the stationary
source sweep in COMSOL Multiphysics to calculate the capacitance matrix. Note that
entering a value for terminals is not needed when using the stationary source sweep to
calculates the capacitance matrices. Also, if other values than 1 V are used, the software
compensates for the values and the same capacitances are calculated. Finally, the mentioned
procedure is how one should calculate capacitances in COMSOL; one cannot apply 1 V to
one coil and keep others in 0 V in reality, since coils are not isolated, and all are connected
together. The es solves Poisson’s equation as:

V-D = py (15)

E=-VV (16)

where D is the electric displacement field, p, is the volume charge density, E is the electric
field, and V is the scalar potential field. Using Equations (15) and (16), the Maxwell
capacitance matrix and mutual capacitance matrix can be calculated. Note that these two
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matrices can be computed from each other as well. If the Maxwell capacitance matrix is
defined as:

€11 Ci2 -+ Cin
Cl2 Cxp -+ Cop

CMaxwell = . . . . (17)
Cin Cn  --- Cun

the mutual capacitance matrix can be calculated as:

cntep+...+c1y —Ci2 - —C1n

CMutual = (18)

—C1p —Cy ... Clpt+ ...+ Cun

Tables 2 and 3 show the Maxwell capacitance matrix and the mutual capacitance
matrix of different turns, respectively, resulted from the FEM simulation. Using these
matrices, capacitances in the MCTL model are calculated. Since turns that are not close
have little effect on each other, mutual capacitances are considered between turns i and j
only if |i — j|< 2 as mentioned before.

To calculate turn-to-core capacitance, it can be calculated as

n
Cic =2 x (cii + Y_(—cij)) (19)
j=1
Jj#i
A factor of 2 is considered to account for both conductors of a turn. Also, turn-to-turn
capacitances between turn i and j can be calculated as

Cij = _Cij (20)

Similar to [36], turn-to-core capacitance in the overhang region is neglected due to
the absence of the iron core in the overhang region. Instead, mutual capacitance in the
overhang region per side is assumed to be equal to that for the slot region. Therefore,
turn-to-turn capacitance can be updated as:

Cij = —2C,']' (21)

Indeed, a 3D FEM analysis of the 48-slot stator is needed to calculate the exact self and
mutual capacitances in the overhang region. The mutual capacitance in the overhang region
is assumed to be two times that in the slot region in [41]. Authors modified the assumption
later in [36], considered the same mutual capacitance in the overhang region to the slot
region, and validated the results using experiments. Therefore, the assumption in [36] is
considered reliable in this article as well, and Equation (21) is considered reasonably precise
until further studies.

4.1.2. Calculation of Turns’ Self and Mutual Inductances and Resistances

To calculate self and mutual inductances and resistances, the magnetic field (mf) solver
in COMSOL Multiphysics is employed, where each turn is excited using a nonzero current
(e.g., 1 A) while other turns are kept at 0 A; this procedure should be repeated for all turns.
The mf solves Equations (22)—(25) as:

VxH=] (22)

B=VxA (23)
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Table 2. The maxwell capacitance matrix (in F) resulting from FEM simulations.
Turn no. 1 2 3 4 5 6 7 8 9 10 11

1 1.00 x 10~10 —641 x 1071 —1.09 x 10716

2 —641 x 1071 1.42 x 10710 —643 x 10711 —3.06 x 1071

3 —1.09 x 1071 —6.43 x 10711 1.41 x 10710 —644 x 1071 —725 x 10716

4 —3.06 x10°1  _—644 x 1071 1.40 x 10710 —646 x 1001 148 x 10715

5 —725x 1071 —6.46 x 1071 1.39 x 10710 —647 x 10711 —782x 10715

6 —148 x 107  —647 x 10711 1.40 x 10710 —676 x 1071 —3.30 x 107Y

7 —782x 10715 —6.76 x 10711 1.80 x 10~10 —953x 1071 —427 x 10716

8 —330x 1077  —953 x 10711 2.0 x 10710 —955x 10711 —8.07 x 10716

9 —427 x 107 —955 x 10711 2.02 x 1010 —956 x 1071 —1.45 x 10715

10 —8.07 x 1071  —956 x 10~ 2.01 x 10710 —9.57 x 10~ 1

11 —145%x 10" —957 x 1071 1.24 x 10710
Table 3. The mutual capacitance matrix (in F) resulting from FEM simulations.

Turn no. 1 2 3 4 5 6 7 8 9 10 11

1 1.00 x 10710 641x 1071 1.09 x 10°16

2 641 x 10711 139 x 1071 643 x 10711 3.06 x 10716

3 1.09 x 10716 643 x 1071 122 x 1071 644 x 10711 725 x 10716

4 306 x 1071 644 x10711 108 x 10711 646 x 10711 148 x 1015

5 725 %x 10716 646 x 10711 975 x 10712 647 x 10711 7.82x 10715

6 148 x 107 647 x 1071 739 x 10712 676 x 10711 330 x 10717

7 782 x 1075 676 x 1071 174 x 10711 953 x 10711 427 x 10716

8 330 x 1077 953 x 10711 127 x 10711 955 x 10711 8.07 x 10716

9 427 x 10716 955 x 10711 112 x 10711 956 x 10711 145 x 1071

10 807 x 10716 956 x 10711 1.01 x 10711 957 x 1071

11 145 x 10715 957 x 1071 287 x 10711
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J=0cE+jwD+0cvxB+], (24)

E=—jwA (25)

where H is the magnetic field, | is the electric current density, B is the magnetic flux density,
A is the magnetic vector potential, ¢ is the conductivity of the medium, E is the electric
field, w is the angular velocity, and D is the electric displacement. The cut-off frequency
of the considered PMSM is 1/7tt,~15 MHz; as a result, inductances and resistances are
computed in seven different frequencies (50, 100, 1 k, 10 k, 100 k, 1 M, and 10 MHz) to
properly capture the frequency-dependent behavior of inductances and resistances. After
each field solution, inductances and resistances are computed using Equations (26) and (27)
asin [12]:

L =4l /1 (26)

R =2P/I7 (27)

where U,y is the energy stored in the magnetic field (in joules []J]), P is the ohmic loss
(W), and I, is the peak value of the current (A) which is 1 A here. Turn 1 frequency-
dependent inductances and resistances are presented in Tables 4 and 5, respectively. In
Appendices A and B, other turns’ self and mutual inductances and resistances resulting
from the FEM simulation are also presented. Once L; j and R;  are calculated for all 11 turns,
different elements in the model related to these parasitic parameters can be calculated.
To account for the frequency dependency of L; j and R; ; in the MCTL model, however, a
rational approximation of frequency-dependent solutions is needed, as discussed in the
next section.

4.2. Rational Approximation of the Frequency Domain Response

As discussed in previous sections, the parasitic inductances and resistances of motor
windings are frequency dependent; it is essential to implement a model that accounts for
this frequency dependency in the time domain. To this end, the rational approximation
of frequency domain responses by vector fitting, which originally appeared in [40], is
employed in this article. Using the so-called vector-fitting approach, a frequency-dependent
function f(s) is approximated as:

Cn
s —ay

N
fls) =) +d +sh (28)
n=1

where ¢, are residues and a,, are poles and both are complex conjugate pairs, while d and h
coefficients are essentially real. Using this definition, the problem is to determine ¢y, a;,
d, and h so that the approximation is a good representative of the frequency-dependent
function f(s) in the time domain. A comprehensive discussion of computing coefficients in
Equation (28) falls beyond the scope of this article and readers may refer to [40] for more
information; however, in the rest of this section, the applicability of the vector fitting is
discussed for the purpose of this presented article.

Frequency-dependent self and mutual inductances and resistances (L;j and R; j, i,j =1,
2,...,11) are computed using the FEM simulations in 7 different frequencies (50-10 MHz).
Ladder circuits are considered to represent the dependency on frequency. If the self-
resistance and -inductance of turn 1 are considered as a frequency-dependent impedance
(Z11(w)), it can be represented as below:

Z11(w) = Ry1(w) +jwLy1(w) (29)

where R; 1 (w) and Lj 1 (w) are the frequency-dependent self-resistance and -inductance
of turn 1, respectively, and w = 27t f, where f is a vector containing seven frequencies at
which FEM simulations are done. Considering s = jw, Z; 1(s) is rewritten as:
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Table 4. Self and mutual inductances of turn 1 (in H) resulting from FEM simulations.

1

2

T. no./Freq. 3 4 5 6 7 8 9 10 11
50 Hz 545 x 107% 246 x107% 581 x 1077 1.46 x 1077 3.84 x 108 1.06 x 1078  3.12 x 1077 140 x 1072  639x 10710 287 x 10710 114 x 10710
100 Hz 545x107® 246x107°® 581 x1077 146x1077 384x10% 1.06x107% 312x107° 140x107Y 639x10710 287x10710 1.14 x 10710
1kHz 545 x107% 246 x10°® 581 x1077 146x1077  3.84 x 1078 1.06 x 1078  3.12 x 1077 140 x 1072  639x 10710 287 x 10710 114 x10°10
10 kHz 540 x 107® 244 x107° 581 x1077 146x1077 386 x107% 1.07x10°% 313x107? 141x107 637x10710 285x10710 1.13x 10710
100 kHz 427 x 107  2.09x107® 639x1077 196x1077 598x1078% 180x107% 536x107? 233x1077 990x10710 390x10719 108 x 1010
1 MHz 3.53 x 107° 192 x107%  762x1077 311x1077 129x107 531x10"% 208 x 108 116 x 1078 647 x 1072  3.61 x 1077 1.94 x 1072
10 MHz 3.28 x 10 187 x107®  819x 1077  3.70 x 1077 1.71 x 1077 778 x107% 337x10% 203x10°8 1.24 x 1078 762 %1077 470 x 107°

Table 5. Self and mutual resistances of turn 1 (in Q2) resulting from FEM simulations.

T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 0.0964 466 x 10710 525 x 1071 530x 10711 242 x 1071 926 x 10712 324x 10712 161 x10712 805x1071¥ 396 x1071 178 x 10713
100 Hz 0.0964 932x 10710 105x1071% 1.06x 10710 484 x10711 185 x1071 648 x10712 322x10712 161x10712 792x10713 357x 10713
1 kHz 0.0964 9.32 x 10~? 1.05 x 10~° 1.06 x 107° 484 x10710 185x10710 648 x 1071 322x1071 161 x10711 792x10712 357 x 10712
10 kHz 0.1137 898 x 1078 1.07x107% 106x108% 484x10? 186 x10° 650x10710 324x10710 162x10710 796x10"11 359 x 1071
100 kHz 0.5749 209%x 1077 802x10% 696x108  3.66 x 108 1.62x108  631x10° 342x10° 185 x 1077 9.80x 10710 4.86 x 10710
1 MHz 2.0714 6751078 579x108% 570x108 372x10°% 205x10% 993 x10°? 639 %1077 410x107°  2.64 x 1077 1.70 x 10°
10 MHz 7.5029 237 x 1078  260x 1078 274 x 1078 1.94 x 10°8 116 x 1078  615%x 1072 423 x 1072 292x10"2 202x10°? 1.43 x 1072
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Cn
s —ay,

N
Zia1(s) = Y +d+sh (30)
n=1
where N is the order of the ladder circuits. Once Equation (30) is solved, L’LlN = his found,
and Y(s) is then computed as [36]:

1

Y1,1(s) = Zi1(s) —sh

(31)

Cn
s —ay

N
Y11 (s) ~ Z +d+sh (32)
n=1
Once Equation (32) is solved, Rll,lN =1/d is found, and the new Z; 1(s) is computed
as [36]:
Z11(s) =1/(Y1,(s) — d) (33)

Using the new Z; 1 (s) and replacing N with N — 1, the procedure in Equations (30)—(33)
is repeated as long as N > 0. Finally, the procedure explained above for Z; ; must be
repeated for all Z; ;(s) obtained using R;;(s) and L;(s) from FEM simulations, where
i,j=1,..., 11 (N;, number of turns).

The flowchart to calculate all elements in ladder circuits is shown in Figure 13. Using
the flowchart, all elements in ladder circuits are calculated. The impedance of a ladder
circuit (Zj,44¢r(w)) should be a good representative of the FEM model simulations. The
impedance of a ladder circuit is calculated as:

Zjggaer(w) = Ly + RN|[(Ln-1 4+ Rn-1]]- - ) (34)
Y
Ry j(f) and L; j(f) from N=N-1
simulation in COMSOL
Multiphysics
No
v
N;: Order of ladder circuits
N¢: Number of Turns Yes
N=N i=j+1
s = 2mjf /=)
i=1,j=1 Y
No
y N =N,
Z;j(s) = Ry j(s) + sLy;(s)
N
Yes
Zi_j(s)zz fn +d + sh < 4
=5~ i=i+1
Lij,=h
* | | N=N No
yi,j(s) = 1/(Zi,j(s) - se) j= 1
N
Vij(s) = ) T+ d+sh Yes
Lis—ay
R{_jN =1/d

Figure 13. The flowchart to calculate elements in ladder circuits using vector fitting.

N is the number of layers in a ladder circuit and should be determined; while a higher
N results in a more precise representation, it also leads to a more complicated circuit
and simulation burden. Figure 14 compares Z; 1(f) from the FEM model and calculated
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Sl

ladder circuits when N =4, 5, and 6. As shown, N = 6 results in a ladder circuit properly
representing the frequency dependent Ry(f) and Ly(f). For all R;; and L;;, ladder
circuits are considered as shown in Figure 15, and N = 6 is selected. Table 6 presents
elements of ladder circuits to account for the frequency-dependent self-resistances and
-inductances of different turns (R;; and L;;,i=1,2, ... ,11) calculated using vector fitting.
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Figure 14. Comparison of Ry (f) and Ly (f) resulting from FEM simulations and Ry ;(f) and
L11(f) resulting from ladder circuits with different layers calculated by vector fitting in MATLAB.

Figure 15. Ladder circuits with six layers are implemented in the MCTL model of stator windings.

4.3. MCTL Model of Stator Windings in EMTP-RV

To study the overvoltage phenomenon in motor windings, the MCTL model of stator
windings is implemented in EMTP-RV, a technically advanced analysis software for power
system transients. Since all three phases and eight coils per phase are identical, it is
appropriate to implement one coil model and copy the coil model to complete the model of
stator windings. Also, to connect the motor model to the inverter model, a predefined cable
model in EMTP-RV is used. Figure 16 shows one phase model in which eight identical coils
are connected in series. To implement one coil model, 11 turns models are connected in
series and implemented along with turn-to-core and turn-to-turn capacitances, as shown in
Figures 17 and 18.

Geil 3 Ceit 8 Geit 5 Coil 8 Coil 7 Coil B
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H

Figure 16. Phase model implemented in EMTP-RYV; there are three identical phases and eight identical
series coils per phase in the model.
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Table 6. Elements of ladder circuits with six layers (R (Q2), L (H)) to represent the frequency-dependent

self-resistances and -inductances of different turns in the MCTL model.

T. no. R] R2 R3 R4 R5 Rﬁ L1 L2 L3 L4 L5 L6
1 042 014 1.08 073 237 911 927 x107° 1.60 x 107 170 x107® 829 %1077 340x1077 323x10°°
2 270 020 029 103 346 1362 151 x 1077 224%x1078  222x107° 122x10° 549x1077 3.45x10°°
3 096 030 020 104 378 1529 1.16 x 102 185 %1078 227 x107® 129x10® 578x1077 3.65x10°°
4 888 040 0.5 107 395 1624 131 x 1072 278 x107%  232x107® 133x10° 615x1077 3.82x10°°
5 1.00 101 015 150 3.00 1741 147 x10°8 192 x107% 236 x10°® 140x10® 651x1077 394x10°°
6 021 200 020 120 451 1811 978 x 10~° 1.06 x 1078 260 x107% 152x107% 699 x 1077 3.81 x 107
7 1.00 015 050 125 369 1406 1.80x10710 126x10°1 247x10® 124x10° 541x107 317x10°°
8 045 035 020 1.00 3.82 1425 3.00x 107° 282x107°  265x107° 134x10° 549x107 3.08x10°°
9 020 025 100 1.80 392 1442 472x107° 347 x10712 271x107® 135x10°% 561x107 3.12x10°°
10 032 032 032 115 371 1365 1.75x 102 391 x107% 260x107® 127 x10°® 534x107 318 x10°°
11 035 035 035 090 263 1049 4.65x 1072 2.62 x 1079 171 x 107  9.07 x 1077  4.06 x 1077  3.24 x 10°°
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Figure 17. One coil model implemented in EMTP-RV.
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Figure 18. One turn model implemented in EMTP-RV.

If ladder circuits are implemented to represent all L; ; and R

(6+6 x10) x 11 x 8 x
3 = 17,424 inductances are needed in the model to represent only L; ;. This number is apart
from 1584 required inductances to represent inductances in the overhang region and the
number of resistances, capacitances, controlled voltage and current sources, etc. Therefore,
for the sake of simplicity and to keep the simulation burden as minimum as possible, ladder
circuits are implemented only for representing self-resistances and -inductances in turns
models. To account for L; j and R; ; (i # j), one inductance and one resistance are considered,
which FEM simulations obtain their values at f = 1 MHz. Once the FEM simulation is done,
mutual resistances and inductances are calculated using Equations (26) and (27) and are
employed in the model. Calculated R;; and L;; at f =1 MHz are found in Tables 4 and 5
and Appendices A and B.
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5. Simulation Results and Discussion

Once the MCTL model is completed, simulations are performed to study the over-
voltage phenomenon in motor windings. In this section, different scenarios are simulated,
and the results are shown and discussed. This section aims to represent the overvoltage
in motor windings in different situations. It is widely accepted that the harshest situation
occurs in turns closer to motor terminals. However, as shown in this section, the voltage in
turns closer to the neutral can even exceed the voltage in turns closer to motor terminals
when the neutral point is floating (it is not connected to the local ground [core]). This is
due to the lack of a path for differential mode current to flow, which leads to an excessive
voltage at turns closer to the neutral point. Therefore, the harshest situation occurs in turns
closer to the neutral point and /or motor terminals depending on whether the neutral point
is grounded or floating, whether a one-phase or three-phase excitation is assumed, etc.
Also, the voltage distribution in different coils is non-uniform in all cases regardless of
whether a single-phase or three-phase model is implemented and whether the neutral point
is grounded or floating. All these factors must be carefully taken into consideration when
designing the motor insulation system.

5.1. One-Phase Simulation with Grounded Neutral Point

In this case, a one-phase stator windings model is implemented and connected to the
inverter model through a 5 m predefined lossy cable. The inverter is fed from a 560 V DC
link and generates 100 kHz PWM voltages with ¢, = 20 ns. Note that a 5 m cable is used to
ensure that a case close to the worst case considered in terms of the cable length. Figure 19
shows the coil-to-core (also ground in this case) voltages when one phase is excited by
the inverter and the neutral point is also connected to the local ground, the stator core.
Also, coil voltages are considered at the beginning of a coil, so the coil 1-to-core voltage
represents the voltage at motor terminals as well. As shown, the voltage distribution is
non-uniform, of which the harshest situation occurs in coil 1 where the voltage peak reaches
907 V, 62% higher than the DC link voltage. Also, the coil 1 voltage oscillates with a much
higher frequency than other coils’ voltages. Finally, the slightest situation occurs in coil 8,
the closet coil to the grounded neutral point. Also, as shown in Figure 20, if a three-phase
model is implemented, the neutral point is grounded, and only one phase is excited, coil
voltages of the excited phase are the same as shown in Figure 19.
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Figure 19. Coil-to-core voltages of different coils when a single-phase model is implemented and is
excited by a 560 V PWM voltage with ¢, = 20 ns and the neutral point is grounded.

5.2. One-Phase Simulation with Floating Neutral Point

When the neutral point is floating, there is no path for currents to flow to the ground.
As shown in Figure 21, this leads to voltage accumulation at turns closer to the neutral
point. Consequently, the voltages of coils closer to the neutral point are greater than those
closer to motor terminals. In this case, the voltage of coil 8 reaches 1063 V, which is 90%
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higher than the DC link voltage. The voltage distribution is also non-uniform, and the coil
1 voltage oscillates at an extremely higher frequency compared to voltages of other coils.

MCTL Model

Figure 20. Three-phase model with grounded neutral point.
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Figure 21. Coil-to-core voltages of different coils when a single-phase model is implemented and is
excited by a 560 V PWM voltage with ¢, = 20 ns and the neutral point is floating.

5.3. Three-Phase Simulation with Floating Neutral Point (One Phase Excitation)

In this case, the complete three-phase MCTL model of stator windings is considered,
but only one phase is excited by PWM voltages, as shown in Figure 22. The voltages in
different coils of the excited phase are shown in Figure 23. The voltages of coils closer to
the neutral point are lower than those closer to motor terminals. The distribution of voltage
is extremely non-uniform, and the coil 1 voltage oscillates at an extremely higher frequency
compared to voltages of other coils. In this case, the harshest situation occurs at the turn
closer to motor terminals and the voltage peak reaches 907 V, which is 62% higher than the
DC link voltage.

MCTL Model

Figure 22. Three-phase model with floating neutral point.

5.4. Model with Ladder Circuits vs. Model in a Fixed Frequency

In this section, coil voltages are compared when the MCTL model with ladder cir-
cuits is developed with the case of implementing a model in a fixed frequency without
employing ladder circuits to account for frequency-dependent inductances and resistances.
In this regard, the one-phase model in Sections 5.1 and 5.2 is considered along with two
fixed-frequency models in f = 100 kHz (the main switching frequency) and f = 1 MHz.
Figures 24 and 25 show coil voltages when the neutral point is grounded and floating,
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respectively; as shown, there is no difference in the voltage of the closest coil to motor
terminals. Also, the difference in coil voltages is not too much when the neutral point is
grounded, although the fixed-frequency model in the main switching frequency results in
more similar voltage waveforms to the MCTL model with ladder circuits.
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Figure 23. Coil-to-core voltages of different coils when a three-phase model is implemented and only
one phase is excited by a 560 V PWM voltage with ¢, = 20 ns and the neutral point is floating.

Veoi Veoir?
1000 600 -
e S N
~ 500 < / ey
& o0 "\
E 2
p Z 200
E £ \
500 0

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (ps) Time (us)
Veoit® Veoitt
600 600
——s ==
—~ <~ — ~
2 400 \ 2400 / \
g N 5 / N
e TN s -
= 200 . = 200 \\\‘_ 2>
> \\\ > "\
\
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (us) Time (us)
Veoit® Veoit®
600 600
Z 400 AT ™ Z 400 .
P P
&0 / N &0
ks N s I\
= 200 < 200
o N - © \\ -
g / L 2 N -
LN / R ey
0 0 =]
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (us) Time (us)
Veoi” Veoi®
600 600
g 400 g 400
& N &
= yAn =
= 200 S = 200
S \ . 2 >
. N~ = 0 \_ — ==
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (ps) Time (us)
Model with Model in Model in
— with - - - - -
ladder circuits f=100 kHz f~1MHz

Figure 24. The voltage in different coils when the MCTL model with ladder circuits is developed and
fixed-frequency models are developed; the neutral point is grounded.

However, when the neutral point is floating, the peak value of coil 8 voltage, for
example, is obtained 1063 V in the model with ladder circuits, while it is ~1020 V in
the model at f = 100 kHz and ~896 V in the model at f = 1 MHz. Therefore, one can
conclude that modeling frequency-dependent inductances and resistances play a major role
in precisely capturing the overvoltage phenomenon in motor windings, and it is especially



Vehicles 2022, 4

718

important when the neutral point is floating. It is advisable to employ a model accounting
for the frequency-dependent behavior of parasitic elements using ladder circuits, etc., to
ensure capturing the transient overvoltages in motor windings precisely.
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Figure 25. The voltages in different coils when the MCTL model with ladder circuits is developed
and fixed-frequency models are developed; the neutral point is floating.

5.5. Discussion

In [36], ladder circuits were employed to model mutual inductances and resistances as
well, and simulation results were validated using a prototype of the PMSM. Comparing
the results in this section with those in [36], one can conclude that not only the developed
model in this article is precise, but considering mutual inductances and resistances using
ladder circuits in the model does not also play a major role in modeling the drive system. It
is due to small values of mutual parasitic elements, and although ladder circuits are not
employed in this article for mutual inductances and resistances, reasonable values are used
in the model.

As shown in this section, when the motor windings are excited by a WBG-based
inverter with high frequencies (100 kHz in this article) where the rise time of generated
PWM voltages can be as low as 20 ns, the voltage distribution in different coils of the
machine is non-uniform, where the voltage peak may reach to ~2 times that at inverter
terminals. Also, the voltage of coils closer to the neutral point may even exceed the voltage
of coils closer to motor terminals, depending on whether the neutral point is grounded or
not. Finally, as shown in Figures 19, 21 and 23, the closest coil to motor terminals oscillates
with a significantlyhigher frequency than other coils’ voltages. As a result, coils closer to
the neutral point should also be carefully considered when designing the motor insulation
system to avoid partial discharges and premature failures during the motor operation. One
needs overvoltage amounts for insulation designs and coordination; precise calculations
done in this article help to obtain accurate amounts of overvoltages on turns.

Figures 3-7 in Section 2 show the transient overvoltages at motor terminals in extreme
cases using a simplified circuit, while Figures 19, 21 and 23 show not only the overvoltage at
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motor terminals but also in all turns in motor windings using a realistic case study. Section 2
aims to show the impact of the cable length and rise time on transient overvoltages; also,
while the overvoltage at motor terminals never reaches twice as much as that at the inverter
terminals in simulations in Section 5, Section 2 shows the maximum possible overvoltage
at motor terminals and the doubled voltage effect. In summary, simulations in Section 2
complete discussions in the following sections and aims to present the impact of the cable
length and pulse rise time; a detailed analysis is done in the following sections using the
developed model to properly evaluate the transient overvoltages at motor terminals and in
all turns of the motor windings.

6. Conclusions

In this article, the repetitive overvoltage transients in WBG drive systems are discussed
and analyzed in detail at motor terminals and in motor windings. To this end, an MCTL
model of a PMSM stator winding adapted for EVs is implemented to assess the overvoltage
phenomenon in motor windings. Also, a step-by-step procedure to arrive at the model is
shown in detail. An FEM model of stator windings is simulated in COMSOL Multiphysics,
considering skin and proximity effects; once the FEM simulation is completed, ladder
circuits are designed to properly represent frequency-dependent elements resulting from
FEM simulations. In this regard, rational approximation of frequency domain responses by
vector fitting is employed by writing MATLAB codes to compute elements of ladder circuits.
Finally, the MCTL model is implemented in EMTP-RV. As shown, the voltage at motor
terminals may reach twice as much as that at inverter terminals, called the doubled voltage
effect; also, the voltage distribution in motor windings is non-uniform, where the coil
closer to motor terminals oscillates at an extremely high frequency compared to other coils.
As shown by simulations, the transient peak voltage in motor windings occurs in turns
closer to the motor terminals and/or turns closer to the neutral point. Determining the
coil experiencing the harshest situation depends on several factors, such as how different
phases are connected, whether the neutral point is grounded or floating, and how motor
windings are excited. The overvoltage in turns closer to the neutral point can be harsher
than in turns closer to the motor terminals. The model and studies presented in this article
help us to better understand the overvoltage phenomenon in motor windings in order to
pave the way for designing a proper insulation system for WBG drive systems.
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Appendix A

In this appendix, the self and mutual inductances (Li,j) ofturns2-11(i=2,3,...,11,
j=1,2,...,11) computed using FEM simulations in COMSOL Multiphysics are presented.
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Table A1l. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.
T 1 2 3 4 5 6 7 8 9 10 11
no./Freq.
50 Hz 2.46 x 1076 6.80 x 107 291x1076  726x1077  192x1077  530x1078  156x107%  7.01x107° 319%x107? 143x107°  571x 10710
100 Hz 2.46 x 1076 6.80 x 107 2911076 726x1077  192x1077  530x1078 156x107%  7.01x107° 319%x107? 143x107° 571 x 10710
1kHz 2.46 x 1070 6.80 x 107 291x107¢ 726 x1077  192x1077  530x 1078  156x107%  701x107? 319x107° 143x107? 571 x 10710
10 kHz 244 x 107 6.73 x 107 289x 1076 727x1077  193x1077  534x10°8  157x108%  705x107° 320x107° 144x10°7 569 x 1010
133101 2.09 x 107° 506 x 1070 246 x107®  7.95x1077  257x1077  823x 107 258x107%  119x107% 540x107° 236x107° 851 x 10710
1 MHz 1.92 x 1070 392 x 1076 217x107%  898x1077 378x1077 158x1077 625x107% 350x107% 1.98x10°%  1.12x10°% 6.12 x 1077
1\/111(—)& 1.87 x 107° 3521070 206x107%  934x1077  432x1077  197x1077  854x107% 515x1078  315x107% 194x10°®  120x 1078
Table A2. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.
L 1 2 3 4 5 6 7 8 9 10 11
no./Freq.
50 Hz 581 x 1077 291 x 1076 716 x 1076 313 x107¢  824x1077 228x1077  671x1078  3.02x107% 137x1078  617x107° 246 x 107°
100 Hz 581 x 1077 291 x 1076 716 x 107 313 x107®  824x1077 228x1077  671x1078  3.02x107% 137x1078  617x107° 246 x107?
1kHz 581 x 1077 291 x 107 716 x 107 313 x107®  824x1077 228x1077  671x1078  3.02x107% 137x1078  617x107° 246 x 107
10 kHz 581 x 1077 2.89 x 1076 709x 1076 311x107°  825x1077  229x1077  675x1078  3.04x107% 138x1078  620x107° 246 x 107
100 kHz 6.39 x 1077 246 x 1076 538 x 1070 268x107°  9.05x1077  3.02x1077  984x1078  466x10% 220x1078  1.01x10°%  4.02x107?
1 MHz 7.62 x 1077 217 x 1076 4161070 236 x107°  1.00x107°  422x1077 1.69x1077 953 x10°% 543x10°% 3.09x10°% 171 x 108
10 MHz 8.19 x 107 2.06 x 1076 373x 1070 222x107®  1.03x107°  470x 1077  204x1077 1.23x1077  755x10"% 466 x10°%  2.89 x 10~8
Table A3. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.
T 1 2 3 4 5 6 7 8 9 10 11
no./Freq.
50 Hz 1.46 x 1077 7.26 x 1077 313x 1076 746x 1076  334x107° 923x1077 271x1077 122x1077  555x1078  249x107% 993 x 107°
100 Hz 1.46 x 1077 7.26 x 1077 313x 1076 746x107¢  334x107° 923x1077 271x1077 122x1077  555x1078  249x107% 993 x 107°
1kHz 1.46 x 1077 7.26 x 1077 313x 107 746 x107%  334x10°° 923x1077 271x1077 122x1077  555x10°8  249x10°8  993x10°?
10 kHz 1.46 x 1077 7.27 x 1077 311x 107 739x107®  332x107°  924x1077 272x1077 123x1077  558x 1078  251x10°% 998 x107?
100 kHz 1.96 x 107 7.95 x 107 268 %1070  564x107° 287x107° 996 x1077 334x1077  1.62x1077 790x10°% 375x10°8  158x 1078
1MHz 3.11 x 1077 8.98 x 107 236 x 1070  437x107® 251 x107® 106 x107®  429x1077 244x1077 140x1077  802x 1078 449 x 1078
10 MHz 3.70 x 107 9.34 x 1077 222x107% 391 x107® 235x107° 1.08x107°  468x1077 28 x1077 1.73x1077 107 x107  6.64 x 108
Table A4. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.
T 1 2 3 4 5 6 7 8 9 10 11
no./Freq.
50 Hz 3.84 x 108 1.92 x 1077 824x 1077  334x107° 775x1076 355x107°  1.04x107®  467x1077 212x1077  955x 1078  3.80 x 10~8
100 Hz 3.84 x 1078 1.92 x 1077 824x 1077  334x107% 775x107¢ 355x107°  1.04x107®  467x1077 212x1077  955x 108  3.80 x 10~®
1kHz 3.84 x 1078 1.92 x 1077 824x 1077  334x107° 775x107¢ 355x107°  1.04x107® 467x1077 212x1077  955x 1078  3.80x 10~8
10 kHz 3.86 x 1078 1.93 x 1077 825x 1077  332x107®  767x107° 353x107®  1.04x107® 467x1077 213x1077  959x 1078  3.82x 1078
100 kHz 598 x 1078 2,57 x 1077 9.05x 1077  287x107° 587 x107® 300x10°® 1.03x107° 514x1077 256x107 125x1077 549 x 1078
1MHz 1.29 x 107 3.78 x 1077 1.00x 107 251x107%  452x107® 255x10°® 1.04x107® 592x1077 342x1077 197x1077 112x1077
10 MHz 1.71 x 1077 432 %1077 1.03x107®  235x107® 403x107® 237x107® 1.03x107® 624x1077 38x1077 237x1077 147 x1077
Table A5. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.
T 1 2 3 4 5 6 7 8 9 10 11
no./Freq.
50 Hz 1.06 x 10~8 530 x 1078 228x1077  923x1077 355x107° 802x107° 377x10° 170x10°° 774x1077 348 x1077 139 x 107
100 Hz 1.06 x 108 530 x 1078 228x 1077 923x1077  355x107®  802x107% 377x107® 170x107°  774x1077  348x1077 139 x 1077
1kHz 1.06 x 108 530 x 1078 228x 1077 923x1077  355x107®  802x107% 377x107® 170x107°  774x1077  348x1077 139 x 1077
10 kHz 1.07 x 108 534 x 1078 229 %1077 924x1077  353x107® 794x107® 374x107° 1.69x10°° 772x1077  348x1077 139 x 1077
100 kHz 1.80 x 108 823 x 1078 3.02x1077 996 x1077  300x107° 58 x107° 293x107® 149x10°¢ 755x1077 377x1077  172x 1077
1 MHz 531 x 1078 1.58 x 1077 422 %1077 1.06x107°  255x107®  442x107° 238x10°° 137x10°° 795x1077  462x1077 263 x 1077
10 MHz 7.78 x 108 1.97 x 107 4701077 1.08x 107  237x107°  390x 107 219x107° 133x107® 814x107 505x107 314 x 1077
Table A6. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.
T 1 2 3 4 5 6 7 8 9 10 11
no./Freq.
50 Hz 312 x 1077 1.56 x 108 671x1078  271x1077  1.04x10® 377x10°® 678x107® 404x10° 183x10°° 823x1077  328x 1077
100 Hz 312 x 1077 1.56 x 108 671x1078  271x1077  1.04x107® 377x10°® 678x107° 404x10° 1.83x10° 823x107  328x 1077
1kHz 3.12 x 1077 1.56 x 108 671x1078  271x1077  1.04x10°® 377x10°® 678x10°° 404x10° 183x10° 823x107  328x 1077
10 kHz 3.13 x 1077 1.57 x 108 675x 1078  272x1077  1.04x107® 374x10°° 670x107® 399x107° 1.82x10° 819x107 327 x 1077
100 kHz 5.36 x 10~ 258 x 1078 9.84x1078  334x1077 103x107° 293x107° 481x10° 297x10° 152x10° 772x1077 359 x 107
1 MHz 2,08 x 1078 6.25 x 1078 1.69x 1077 429x1077  1.04x1076 238x107® 364 x107° 241 %1076 140x107® 817 x 1077 468 x 1077
10 MHz 3.37 x 1078 8.54 x 1078 204x1077 468x1077  1.03x107® 219x1076 324x107¢ 222x107® 136x10°6 845x1077 526 x 1077
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Table A7. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.

T.
no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 1.40 x 107 7.01 x 1079 302x1078  122x 1077 467 x1077  170x 1076  404x107° 696 x 107¢ 417 x107® 187 x107®  7.45x 107
100 Hz 1.40 x 107 7.01 x 107° 3.02x 1078 122x1077  467x1077  170x107%  404x107° 696 x107°  417x10°¢ 187 x107®  745x 1077
1kHz 1.40 x 107 7.01 x 107° 3.02x 1078 122x1077  467x1077  170x107°  404x107®  696x107°  417x107°° 187 x10°¢  745x 1077

10 kHz 1.41 x 1077 7.05 x 10~° 304x 1078 123x1077  467x1077  1.69x107°  399x10°°  687x107° 412x10°° 186 x10°° 742x1077
100 kHz 233 x 1077 1.19 x 108 466x1078  162x1077  514x1077  149x107°¢ 297x107¢  478x107®  3.00x107° 154x10°® 730 x 1077
1MHz 1.16 x 1078 350 x 1078 953x 1078  244x1077 592x1077 137x107° 241x107° 355x107® 240x107® 140x10°® 810 x 107
10 MHz 2.03 x 108 515 x 1078 123x 1077 283x1077 624x1077 133x107® 222x107® 315x107® 220x107® 137x10° 852x 1077

Table A8. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.

T.

no./Fre q. 1 2 3 4 5 6 7 8 9 10 11

50 Hz 6.39 x 10710 3.19 x 107 137x 1078 555x1078  212x1077  774x1077 183 x107®  417x107® 708 x107°  418x 1076  1.66 x 107°
100 Hz 6.39 x 10710 3.19 x 107 137%x107%  555x 1078  212x1077  774x1077 1.8 x107°  417x10°%  708x107® 418 x107°  1.66 x 1076
1kHz 6.39 x 10710 3.19 x 107 137%x107%  555x 1078  212x1077  774x1077 1.8 x107°  417x107% 708x107® 418 x107°  1.66 x10°°
10 kHz 6.37 x 10710 3.20 x 1077 138x 1078  558x1078  213x1077  772x1077  1.82x107°  412x107°  699x107®  413x10°°  1.65x10°°
100kHz ~ 9.90 x 1010 540 x 107 220x 1078 790 x 1078 256x1077  755x 1077  152x107®  3.00x107°  485x107° 3.02x10°°® 146 x107°
1MHz 6.47 x 1077 1.98 x 108 543x1078  140x 1077  342x1077  795x1077  140x107°  240x107®  3.60x107® 244 x10°®  1.41x10°°
10 MHz 1.24 x 1078 315 x 1078 755 %1078  1.73x 1077  382x1077 814x1077 136x107°® 220x10°° 319x10°° 225x10°®  140x 107

Table A9. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.

T.

no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 2.87 x 10710 1.43 x 1077 617 x 1077 249 x 1078  955x10°% 348 x1077 823x1077 187 x10°° 418x10°° 694x10°® 3.64x10°°
100 Hz 2.87 x 10710 1.43 x 1077 617 x 1077 249 x 1078  955x 1078  348x 1077  823x1077  1.87x107® 418 x107°  694x 1076  3.64 x 107°
1kHz 2.87 x 10710 143 x 1077 617 x 1077 249 x 1078  955x 1078  348x1077  823x1077  1.87x107® 418 x107°  694x 1076  3.64 x107°

10 kHz 2.85 x 10710 1.44 x 1077 620x107% 251 x1078  959%x107% 348x1077  819x1077 186x107° 413x107°  685x10°°  3.60x10°
100 kHz 3.90 x 10710 2.36 x 107 1011078 375x1078  125x1077 377x1077  772x1077  154x10°® 3.02x107® 482 x107° 284x10°°
1 MHz 3.61 x 1077 112 x 1078 3.09x 1078 802x1078  197x1077  462x1077  817x1077  140x107° 244 x107°  364x10°° 244 x10°°
10 MHz 7.62 x 1077 1.94 x 108 466x10°8  107x1077  237x1077  505x1077  845x1077 137x10°® 225x10°® 325x10°®  230x10°°

Table A10. Self and mutual inductances of turn 11 (in H) resulting from FEM simulations.

T.
no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 1.14 x 1010 571 x 10710 246 x107°  993x107° 380x1078 139x1077 328x1077 745x1077  1.66 x 10°®  3.64 x107® 564 x10°°
100 Hz 1.14 x 10710 571 x 10710 246 x107°  993x107° 380x107% 139x1077 328x1077 745x1077  1.66 x 107®  3.64 x107® 564 x10°°
1kHz 114x 10710 571x1070 246 x 107  993x107? 380 x 1078  139x 1077 328x1077  745x1077  1.66x107® 364 x107° 564 x 1076

10 kHz 113x 10710 569 x 10710 246 x 1077 998 x107?  382x10°%  139x1077  327x1077 742x1077  165x107° 360x107° 559 x 1076
100 kHz 1.08x 10710 851x10710  402x107% 158x108  549x107%  172x1077  359x1077  730x1077  146x107° 284 x107® 443 x 107
1 MHz 1.94 x 1077 6.12 x 1077 1711078 449x1078  112x1077  263x1077  468x1077  810x1077  141x107® 244 x10°°  359x10°°
10 MHz 470 x 1077 120 x 1078 289x 1078 664x1078  147x1077  314x1077  526x1077  852x1077  140x 1076  230x10°® 329 x10°°

Appendix B

In this appendix, the self and mutual resistances (Ri ) ofturns2-11(i=2,3,...,11,
j=1,2,...,11) computed using FEM simulations in COMSOL Multiphysics are presented.
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Table A11. Self and mutual resistances of turn 2 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 4.66 x 10710 0.0962 5.52 x 10710 6.20 x 10~ 11 6.74 x 10711 3.15 x 10~11 1.18 x 10~ 11 6.09 x 10712 3.13 x 10712 1.58 x 10712 7.31 x 10713
100 Hz 9.32 x 10710 0.0962 1.10 x 10~? 1.24 x 10710 1.35 x 10710 6.29 x 10~11 2.37 x 10711 1.22 x 10~ 1 6.25 x 10712 3.15 x 10712 1.46 x 10712
1kHz 9.32 x 10~ 0.0965 1.10 x 108 1.24 x 10~ 1.35 x 10~? 6.29 x 10710 2.37 x 10710 1.22 x 1010 6.25 x 10~11 3.15 x 10711 1.46 x 10~ 1
10 kHz 8.98 x 1078 0.1219 1.07 x 1077 1.25 x 1078 1.34 x 108 6.28 x 10~° 2.37 x 10~ 1.22 x 107° 6.27 x 10710 3.17 x 10710 1.47 x 1010
100 kHz 2.09 x 1077 0.8225 2.90 x 1077 7.97 x 108 8.14 x 10~8 438 x 1078 1.86 x 108 1.06 x 10~8 5.99 x 10~ 330 x 107 1.72 x 1072
1 MHz 6.75 x 1078 3.1409 1.28 x 1077 422 x 1078 5.56 x 1078 3.74 x 1078 2.00 x 1078 1.36 x 1078 9.10 x 10~° 6.06 x 10~ 4.04 x 1079
10 MHz 237 x 1078 11.4956 5.10 x 1078 1.62 x 10~8 244 x 1078 1.80 x 108 1.07 x 10~8 7.75 x 1072 5.57 x 10~ 4.00 x 10~ 2.92 x 10~
Table A12. Self and mutual resistances of turn 3 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 5.25 x 10711 552 x 10710 0.0962 5.63 x 10710 7.33 x 10711 7.54 x 10~ 1 3.33 x 10711 1.83 x 10~ 1 9.85 x 10712 5.16 x 10712 2.50 x 10712
100 Hz 1.05 x 10~10 1.10 x 10~° 0.0962 1.13 x 10~° 1.47 x 1010 1.51 x 1010 6.66 x 10~ 1 3.66 x 10711 1.97 x 10~ 1 1.03 x 10~ 1 5.00 x 10712
1kHz 1.05 x 10~ 1.10 x 108 0.0965 1.13 x 1078 1.47 x 1072 1.51 x 10~° 6.66 x 10710 3.66 x 10710 1.97 x 1010 1.03 x 10710 5.00 x 10~11
10 kHz 1.07 x 1078 1.07 x 107 0.1225 1.09 x 10~7 1.48 x 108 1.50 x 108 6.64 x 10~ 3.66 x 10~ 1.97 x 10~° 1.03 x 10~? 5.02 x 10~10
100 kHz 8.02 x 1078 2.90 x 1077 0.8517 3.06 x 1077 8.50 x 108 8.56 x 1078 430 x 1078 2.66 x 1078 1.59 x 10~8 9.19 x 10~? 5.05 x 10~
1 MHz 5.79 x 1078 1.28 x 107 3.3817 1.47 x 1077 3.70 x 1078 5.27 x 1078 345 x 1078 2.55 x 1078 1.81 x 108 1.26 x 1078 8.80 x 10~?
10 MHz 2.60 x 1078 5.10 x 10~8 12.6612 6.13 x 1078 1.19 x 108 2.18 x 1078 1.63 x 1078 1.29 x 108 9.89 x 10~? 7.45 x 10~ 5.66 x 1077
Table A13. Self and mutual resistances of turn 4 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 5.30 x 10711 6.20 x 10711 5.63 x 10710 0.0962 5.82 x 10710 6.53 x 10711 6.43 x 10711 424 x 10711 255 x 10711 1.44 x 1071 7.54 x 10712
100 Hz 1.06 x 1010 1.24 x 1010 1.13 x 10~° 0.0962 1.16 x 10~° 1.31 x 1010 1.29 x 1010 8.48 x 10711 5.09 x 10~11 2.88 x 10711 1.51 x 10~
1kHz 1.06 x 10~° 1.24 x 10~° 1.13 x 108 0.0965 1.16 x 108 1.31 x 10~° 1.29 x 10~° 8.48 x 10710 5.09 x 10710 2.88 x 10710 1.51 x 1010
10 kHz 1.06 x 1078 1.25 x 108 1.09 x 107 0.1230 1.13 x 107 1.31 x 1078 1.28 x 1078 8.44 x 10~° 5.08 x 10~° 2.88 x 10~° 1.51 x 10~°
100 kHz 6.96 x 1078 7.97 x 1078 3.06 x 1077 0.8761 3.31 x 1077 6.84 x 1078 6.95 x 1078 522 x 1078 3.50 x 1078 220 x 1078 1.31 x 108
1 MHz 5.70 x 1078 422 x 1078 1.47 x 1077 3.5515 1.68 x 10~7 221 x 1078 421 x 1078 3.87 x 1078 3.10 x 108 2.34 x 1078 1.75 x 108
10 MHz 2.74 x 1078 1.62 x 108 6.13 x 1078 13.4588 7.13 x 108 494 x 107 1.76 x 1078 1.78 x 108 1.54 x 108 1.25 x 1078 1.02 x 108
Table A14. Self and mutual resistances of turn 5 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 242 x 10711 6.74 x 10711 7.33 x 10711 5.82 x 10710 0.0962 6.66 x 10710 1.71 x 10~ 1 438 x 10~ 436 x 10711 3.09 x 10711 1.92 x 10~ 1
100 Hz 484 x 10711 1.35 x 10~10 1.47 x 10710 1.16 x 10~ 0.0962 1.33 x 107? 341 x 1071 8.77 x 10711 8.72 x 10711 6.18 x 10711 3.84 x 10711
1kHz 484 x 10710 1.35 x 1072 1.47 x 1077 1.16 x 1078 0.0965 133 x 1078 3.41 x 10710 8.77 x 10710 8.72 x 10710 6.18 x 10710 3.84 x 10710
10 kHz 484 x 107° 1.34 x 108 1.48 x 1078 1.13 x 1077 0.1237 1.29 x 107 3.07 x 107? 8.83 x 107° 8.72 x 1077 6.18 x 1077 3.84 x 107°
100 kHz 3.66 x 1078 8.14 x 108 8.50 x 1078 331 x 1077 0.9130 404 x 1077 430 x 107° 5.67 x 1078 5.60 x 1078 425 x 1078 293 x 1078
1 MHz 3.72 x 1078 556 x 1078 3.70 x 1078 1.68 x 1077 3.7730 2.02 x 1077 1.71 x 1077 3.44 x 1078 408 x 1078 3.69 x 1078 3.10 x 108

10 MHz 1.94 x 10~8 2.44 x 1078 1.19 x 108 7.13 x 1078 14.3726 8.39 x 1078 2.40 x 107° 1.43 x 1078 1.86 x 1078 1.82 x 1078 1.65 x 108
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Table A15. Self and mutual resistances of turn 6 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 926 x 10712 315x 10711 754 x 10711 653 x 1071 6.66 x 10710 0.0962 101 x107° 271x10710 373x 1071 244 x10°1 349 x 1071
100 Hz 185 x 10711 629 x 10711 151 x10710 131x10710 133 x 107 0.0962 202x 1077 542 x 10710 746 x 10711 488 x 10711 697 x 1071
1kHz 185 x 10710 629x 10710 151x10"° 1.31x107? 1.33 x 1078 0.0965 202x 1078 542 x1077 746 x 10710 488 x 10710 697 x 10710
10 kHz 1.86 x 1072 628 x107? 150x107% 131x10% 129 x 1077 0.1272 1.96 x 1077  522x107%  685x107? 506 x10°  7.00 x 10~
100 kHz 1.62 x 1078 438 x 108 8.56 x 108 6.84 x 1078  4.04 x 1077 1.0116 5.63 x 1077 1.27 x 10~7 1.54 x 1078 505 x 1078 521 x 108
1 MHz 205x 1078  374x108% 527x1078 221 x10°%  2.02x1077 4.0446 232x1077  515x108% 184 x108 413x10°% 468 x 1078
10 MHz 116 x 1078  180x 1078 218 x10% 494x10° 839x10°8 15.0903 887 x107% 203x108 848x107 195x108 232x10°8
Table A16. Self and mutual resistances of turn 7 (in Q) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 324x10712 118 x 1071 333x1071! 643 x 1071 171 x 10711 1.01 x107? 0.0962 132x 1072 390x 10710 776 x 10711 286 x 1071
100 Hz 648 x 10712 237 x 1071 666 x 1071 129 x 10710 341 x 10711 2,02 x107° 0.0962 263x107% 779 %x 10710 155 %1010 573 x 10711
1kHz 648 x 10711 237 x 10710 666 x10710  129x107? 341x10710 202x10°8 0.0965 263x107% 779 x107° 155x 107 573 x 10710
10 kHz 650 x 10710 237 %1077 664 x107° 128x107%  3.07x107° 196 x 1077 0.1252 254 %1077  749x107%  146x107% 591 x107?
100 kHz 631 %1077 1.86x1078 430x10"% 695x108 430x107 563 x1077 0.8824 644 x 1077  1.64x1077 448 x10°  6.06 x 10°8
1 MHz 993 x 1077 200x10°% 345x10% 421x108% 171x107° 232x1077 3.2337 237x1077 522x10°% 236x10% 544 x10°8
10 MHz 6.15 x 10~? 1.07 x 1078 1.63 x 1078 1.76 x 1078 240 x 1072  8.87 x 108 11.6947 874x 1078 184x1078 124 x10°8 262 x 1078
Table A17. Self and mutual resistances of turn 8 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 1.61 x 10712 609 x 10712 183 x 10711 424 x 1071 438x10°1 271x10710 132x10°° 0.0962 144 x 1079 423 x 10710 329 x 1071
100 Hz 322x 10712 122x 10711 366 x 10711 848 x 10711 877 x 10711 542 x10°10 263 x 107 0.0962 2.89 x 1072 846 x 10710 658 x 10711
1kHz 322x 10711 122x10710 366 x10710 848 x 10710 877 x10710 542x107? 263 x10°8 0.0965 289 %1078  845x107° 657 x 10710
10 kHz 324 x 10710 122x107? 366x107° 844 x10° 883 x10° 522x10°% 254x1077 0.1288 279 %1077 813 x1078  5.89x 107
100 kHz 342 x 10~? 106 x 1078 266 x 1078 522x10°% 567x10"% 127 x1077 644 x 1077 0.9421 700x 1077  179x1077 332x 1078
1 MHz 639x 1077 136x108 255x10% 387 x108 344x10% 515x108 237 x1077 3.3390 252x 1077 540 x 1078 392 x 1078
10 MHz 423 x 10~ 7.75 x 1077 1.29 x 10~8 1.78 x 10~8 143 x 1078  2.03 x 1078 8.74 x 1078 11.8503 9.08 x 108 1.78 x 108 1.89 x 1078
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Table A18. Self and mutual resistances of turn 9 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 805x 10713 313x10712 985x10712 255x 1071  436x 1071 373 x 1071 390x 10710 144 x 107° 0.0962 142 x107° 259 x 10710
100 Hz 161 x 10712 625x 10712 197 x 10711 509 x10711 872x10°1 746 x 10711 779 x 10710 289 x 10~° 0.0962 284 %1077 5.18 x 10710
1kHz 161 x 10711 625 x 1071 197 x 10710 509 x 10710 872x10710 746x1071° 779x10°? 2.89 x 108 0.0965 284 x107% 518 x 1077
10 kHz 162 x 10710 627 x 10710 197x107? 508x107 872x107? 685x107° 749x10°% 279 x 1077 0.1295 274 %1077 496 x 1078
100 kHz 1.85 x 1077 599 x 10~ 1.59 x 1078 350 x 1078 5.60 x 1078 1.54 x 1078 1.64 x 1077 7.00 x 1077 0.9631 6.88 x 1077  9.02 x 108
1 MHz 410 x 1072  9.10x 1077 181x10% 310x1078% 408x10% 184x10% 522x10"% 252x1077 3.4064 245 x 1077 188 x 1078
10 MHz 292x 1077  557x1077 989x107° 154x1078 186 x107% 848 x1072 1.84x10"% 9.08 x 108 12.0282 877 x 1078 520 x 107°
Table A19. Self and mutual resistances of turn 10 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 396 x 10713 158 x 10712 516 x 10712 144 x 1071  3.09 x 10711 244 x 1071 776 x 10711 423 x 10710 142 x107°? 0.0962 9.76 x 10710
100 Hz 792x 10713 315x 10712 1.03x 10711 288x 1071  618x 1071 488 x 1071 155x 10710 846 x 10710 284 x107? 0.0962 1.95 x 107°
1kHz 792 x 10712 315x 1071 1.03x 10710 288 x 10710 618 x 10710 488 x 10710 155x107? 845x1077 284 x 1078 0.0965 1.95 x 108
10 kHz 796 x 10711 317 x 10719 103 x 1077 288 x107? 618x107? 506x107° 146x10% 813x108 274 x1077 0.1277 1.89 x 1077
100 kHz 980 x 10710 330 x 1077 919x107? 220x10°% 425x10% 505x108 448x10° 179x1077  6.88 x 1077 0.9169 4.74 x 1077
1 MHz 264 %1077 6.06x1077 126x107% 234x10% 369x107% 413x10% 236x10% 540x10°% 245x1077 3.2295 1.74 x 1077
10 MHz 202x107% 400x107° 745x1077 125x107%  1.82x107% 195x 1078 124x108 178 x10% 877 x 1078 11.4037 6.44 x 1078
Table A20. Self and mutual resistances of turn 11 (in ) resulting from FEM simulations.
T. no./Freq. 1 2 3 4 5 6 7 8 9 10 11
50 Hz 178 x 10718 731 x 10718 250x 10712 754 x10712 192x10711 349x10711 286 x10711 329x 1071 259 %1070 976 x 10~10 0.0962
100 Hz 357 x 10718 146 x 10712 500x 10712 151 x1071 384 x10711 697x1071 573x1071!  658x1071 518 x 10710  1.95x107? 0.0962
1kHz 357 x 10712 146 x 10711  500x 1071 151 x 10710 384 x10710 697x10710 573x10719 657x10710 518x107? 1.95x 108 0.0964
10 kHz 359 x 10711 147 %1070 502x10710 151x107? 384x10° 700x107? 591x10? 589x107 496x10% 189 x 107 0.1140
100 kHz 486 x 10710 172 x 10~? 5.05 x 1077 131 x 1078 293 x 1078 521 x10°8 6.06 x 1078 332 x 108 902 x 1078 474 x 1077 0.6142
1 MHz 1.70 x 1072  4.04x 1072 880 x 10~? 1.75x 1078  310x 1078 468x10% 544x10% 392x10% 188x108 1.74x 1077 2.3631
10 MHz 143 x 1077  292x1077 566x107 1.02x107% 165x108 232x10% 262x10% 189x10®% 520x107? 644 x10°8 8.7529
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