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Abstract— Cable connected motor winding insulation is
prone to failures owing to standing wave overvoltages (OV),
caused by switching transition dV/dt. Standing wave is impacted
by the motor drive system differential mode and common mode
impedance interactions, as well as excitation frequency dV/dt.
Winding and cable impedance create a complex combination of
resonances and antiresonances. Wide band gap power
electronics generate high dV/dt that exacerbates the OV
phenomenon. According to the literature, the overvoltage across
the motor winding is not distributed evenly between the turns.
First turns are reported to be under higher overvoltage where
OV is lower and more similar for the subsequent turns.
However, in this paper with the accurate HF modeling of the
motor drive system, the overvoltage distribution across the turn-
to-turn (TT) of the motor winding for different dV/dt is
investigated. It is proved that the voltage distribution trend does
not remain constant. First, it is due to the different resonances
across different TT in an unsymmetric network of drive system.
Second, according to the trapezoidal waveform, different dV/dt
excitation introduces different bandwidth of the secondary
harmonics contributed to the OVs. So, not always the first turn
is under highest voltage. Not clear understanding of the OVs
could cause insulation overdesign for the first turns or easier
degradation of the lateral turns. In this regard, this paper gives
a guideline to study the system in regards of impedance
interactions with excitation dV/dt in the WBG applications.
Therefore, based on this study the appropriate insulation or
filtering design to alleviate the OVs can be decided. The ground
truth experimental validation for high frequency modeling of
the system under test is provided.

Keywords—DM and CM impedances, turn-to-turn overvoltage
distribution, motor winding, reliability, PWM based drive system,
Wide Band Gap devices.

1. INTRODUCTION

Emerging application of wide band gap (WBG) devices
in motor drives systems brings higher dV/dt to the system
while the new generation design of high power density motor
drive with low winding impedance are growing. The
combination of these factors brings higher challenges in
insulation design [1]. Despite its advantages, advent of WBG
devices lead to new concern in the reliability of the system.
High dv/dt leads to high frequency signatures causing EMI,
partial discharge concerns. The transient voltages caused by
traveling waves through the cable between the inverter and
the motor can cause higher motor side overvoltages (OV)
referred as reflected wave phenomenon (RWP) [1], causing
insulation reliability issues as partial discharge. The OVs
impacted by differential mode (DM) impedance interactions
and Dv/dt, so OVs and EMI DM signature are coupled. Due
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to the mix mode discussed in [2], the Common mode noise
also varies. So, the study of the OVs in this paper gives an
understanding on the basis of the possible variations in EMI
signature as well. However, characterization of this high
frequency phenomena is complex owing to increased dV/dt
and distributed nature of motor drives through DM and CM
parasitic elements, see Fig. 1.

Turn-to-turn (TT) insulation failures are reported as the
most frequent insulation difficulties in the drive-fed induction
motors [3]. Even though much work has been done in RWP
characterization and quantification, still the gap with
emerging applications of WBG devices and high-power
density motors remains, including accurate understanding of
the distribution of the OVs across TT of the motor winding.

WBG devices have shorter voltage rise times with higher
spectral frequency components, raising the risk of severe
peak voltages developed between winding turns
during transients [4]. As a result of that, there is a more
uneven voltage distribution in the stator winding. The OVs
need to be acknowledged otherwise the earlier
degradation/failure of the insulation of the system can happen
because of HF phenomenon like partial discharge (PD) [5].

Several research has been conducted on uneven voltage
distribution across motor winding. A nonuniform voltage
distribution among the motor winding coil in different
positions of the coil as well as TT is determined by combined
different values of R, L and C values of them. Each RLC
network acts as a filter, so as going towards the lateral turns
beginning from the first turn powered, the OV reported to be
decreases [6]. So, in the literature [6-8], always the first turn
is reported to be under highest OV.

Furthermore, a couple of studies are done to investigate
the impact of dV/dt on the OVs [3,4] and [8,9]. It is reported
that the higher dV/dt, cause higher OV amplitude across the
TTs.
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Fig. 1. Cable connected motor drive system schematic
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In [9], a different distribution of OV is reported because
of different capacitive networks of a quasi-random wound-
motor compared to random wound one. This does not give a
general guideline on the motor drive system’s different
configurations, and it specifies it for quasi-random-wound
motor windings. It also points out that by increased dV/dt the
OV across TT increases, linearly. However, it is shown in this
paper that by variation of dV/dt the trend of the OV
distribution across different TT changes and does not remain
in same ratios.

In [3,4] and [8,9], it is shown that the dV/dt changes the
amplitude of the OVs but not the trend of distribution among
different turns. Also, the dV/dt increase/decrease is directly
related to increase/decrease in OVs. However, the accurate
study of the resonance networks and OV harmonics given in
this paper opposes this.

The design network is subject to system layout variation.
Hence, modification with varying cable lengths and
grounding infrastructures introduces different type of
resonance networks across the local junctions, which in this
paper is the different TT of the motor winding. So, it is
paramount to understand degradation as well as system
sensitivity to such layout variation. Therefore, it is necessary
to reconsider this local OVs and include this knowledge in
system layout, insulation, and filter design.

To address the mentioned research gaps, in this paper, the
motivation is to accurately investigate the OV distribution
across TT of the motor winding through DM impedance
measurement. Besides, the guideline is provided to give a
solid analysis of OV harmonics to predict the voltage
distribution across TT of the motor winding under excitation
dV/dt, which is not limited to a specific kind of system
configuration/layout or cable and motor type. In this regard:

- By accurate study of the resonance networks of the power
drive system across the local junctions’ (here TT) OV
harmonics, the general belief on highest OV on first turns
of the motor winding could be reconciled.

- It is shown that the trend of the transient voltage
distribution across motor winding TT differs varying
dv/dt.

Following the guideline throughout the paper:

- Avoids the overdesign of the insulation for first TT as
general considerations.

- The appropriate insulation design among the TT of the
motor windings and filtering solution for the application
under excited dV/dt could be concluded.

The next sections of the paper are as follows.

First, the system under test and the impedance parameters
involved in this study is introduced and modeled. It should be
noticed that the modeling is inspired by our group published
works and is only provided to show the possibility of the
prediction of the OV across TT in design level or before
testing by accurate modeling of such a system. Then, the
modeling is validated. After that, the voltage distribution
across TT of the motor winding is investigated varying
excitation dV/dt. The approach to predict the OVs is
discussed by having both accurate modeling of the system
and knowledge on the OV harmonics bandwidth.

II. MOTOR DRIVE SYSTEM MODELING AND IMPEDANCE
CHARACTERIZATION

Cable and motor winding in WBG motor drives heavily
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attributes to high-frequency noise, owing to impedance
mismatch OVs, high frequency mutual coupling, skin effect
[10] and eddy currents [11]. These parasitic elements are
layout and length dependent. So, the requirement of modeling
is to be adaptable with system configuration and extensible
for HF. In the following subsections the modeling process in
this paper for such a motor drive system is given. The
modeling details are published in our group works and
referred to in this paper. So, the accurate modeling will
provide the possibility to combine it with the information on
OV resonance harmonics and excitation dV/dt effect in the
next section to predict the OVs.

A.HF Cable Modeling

Length extendibility and infrastructural robustness of
cable modeling can be achieved by rigorous cable impedance
characterization and RWP experiments using double pulse
test (DPT). In this paper, 1 m cable is used to connect the
converter with motor windings. In this study, coils are used
as the sample of motor winding in a DPT drive system to
represent the guideline on OV distribution across TT of the
motor winding throughout the paper. The detailed
methodology of the cable modeling is shown in Appendix A
[11,12], which explains a sequential and hybrid simulation-
experiments approach [11,12]. It uses R-L and R-C ladders to
represent skin and proximity effect respectively as suggested
in Fig. 2(a). The parasitic extraction can be divided into self,
CM and DM impedance measurements. The extraction
equations are as suggested in [11] and outlined in Appendix
B. The self-experiments are used for extraction of cable
inductance and resistance as L, Ry and mutual coupling.
The CM experiments can further be decomposed into open
circuit configuration which results in Cig1, Cig2, Rig1 and Ryg,
proximity effect parameters. The skin inductance and
resistance defined as L, Ry, lead to increased resistance at
HF extracted using DM experiments suggested in [11].

B.HF Coil Modeling

The HF model for a form wound coil under test is an
impedance network comprised of nodes connected by
inductive, resistive, and capacitive elements [13,14]. Each-
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Fig. 2. High frequency model (a) cable (b) coil
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node represents an individual turn in the coil. Fig. 2(b) shows
a network model for a 3-turn coil. The network can be
extended by adding more nodes and associated elements to
incorporate more turns or multiple phases. L, Ri, G and Cig
represent inductance per turn, resistance per turn, capacitance
between any two turns and capacitance between turn and
ground, respectively. Turn inductance is a lumped parameter
includes both self-inductance and turn-turn mutual
inductance. Analytical determination of the parameters is
given in Appendix C [15,16].

C. HF Converter Modeling

Similar to cable and motor modeling, converter parasitic
extraction also plays an important role in accurate modeling
of HF phenomena. The parasitic inductance and its
distribution along the power loop impacts the dV/dt and OV
peak. In this regard, the converter parasitics are extracted
using Ansys Q3D. The value of the DPT board parasitics is
negligible compared to the cable and motor winding
impedance parameters in such a case study. So, their impact
on the OVs resonance frequency and magnitude can be
neglected in this paper. Otherwise, it is recommended to
consider the converter parasitics in the modeling as well.

[II. IMPEDANCE MODEL VALIDATION

A standardized test bench is setup complying with DO-
160G standard [16] to validate the modeling of the system
including converter, cable and coil. The cables and coils for
impedance measurements are set up using Bode 100 Network
Analyzer in the same test bed as for DPT shown in Fig. 3.
Further, the CM and DM impedance for cable and coil from
simulation and actual hardware measurement are plotted in
Fig. 4. The simulation and actual measurements are in
agreement with each other.

The test conducted for various voltage levels, using CREE
half bridge CRD8FF650P DPT board. For the measurements,
the load terminal voltage and coil TT voltages were measured
with Tektronix THDP0200 200 MHz differential probes.

Similarly, two 1 GHz oscilloscopes MSO56 by Tektronix
were utilized to have precise and accurate measurements.
Fig. 5 shows the load terminal voltage waveforms using 1 m
cable superimposed in frequency and amplitude in simulation
and practical DPT. This can assure of the accurate modeling,
so the OV distribution across TT of the motor winding, could

Fig. 3. RFW DPT setup
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Fig. 5. RFW results matching in practical and simulation
DPT at load terminal using 1 m cable

be predicted using this model and knowledge on the OV
resonance harmonics’ bandwidth.

IV. VOLTAGE DISTRIBUTION ON MOTOR WINDING TURN-TURN

An  analytical framework is  needed  for
WBG power electronics motor drives that can be used to
determine insulation design guidelines for PD-free operation.
So, by considering the HF drive system modeling and the
dV/dt excitation of the WBG devices, the different trend in
OV distribution across the TT of the motor winding could be
seen and investigated and predicted by the approach given in
the following.

A. DV/dt Impact on Turn-Turn Voltage Distribution

In practical DPT test, the volatge across TT of the coil is
measured by removing a small part of the insulation on turns
of the coils and demonstarted as waveforms of the volatge
across first turn to second turn (Vrr.12) and second turn to
third turn (vrr-23) in Fig. 6. The DPT results for the TT
voltages is shown for input source voltage of 100 and 500 V
subsequently switching converter with low and high dV/dt,
respectively shown in Fig. 6 (a) and (b). Also, the results in
Fig. 6 (c) is shown for the 500V input source voltage but the
motor winding coils are placed in a different hight to the
copper plane. To compare the OVs across turns, as it can be
seen from the zoomed-in area from the DPT results, the peak
of the vrr.i2 is higher than vrr.23 for low dV/dt excitation and
is lower for high dV/dt, respectively in Fig. 6 (a) and (b).
However, the voltage distribution remains almost the same
for TT-12 and TT-23 for the test case conducted under same
conditions as the second scenario with the same dV/dt but
with different coil placement. This shows the importance of
the drive systme impedance interactions as well as dV/dt of
excitation source variation to design the free PD system or
provide appropriate solutions like insulation or filtering
design to avoid early degradation.

B. Discussion on the Trend of OV Distribution Across TT

The FFT of TT voltages in Fig. 6, is shown in Fig. 7 (a)
and (b), respectively for low and high dV/dt. The difference
in the amplitude of the OV's harmonic across different TT and
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(a) low dV/dt (b) high dV/dt (c) high dV/dt but different
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also different trends of the voltage distribution among TTs
with different excitation dV/dt could be explained as follows.

1- The OV resonance harmonics are different in amplitude
and phase across different TT. This is due to the different
resonance network in DM impedance (unsymmetric
network), across each of the TT winding, caused by
geometry and location of the motor winding turn. Hence,
the vector sum of the OV harmonics comes up with
different amplitude of the OV for TT 23 and TT 23.

A square/trapezoidal shape voltage/current source shown
in Fig. 8 is modeled as switching devices, as the main
noise sources in power electronic devices [18].

More intuitive information from the harmonic spectra and
investigation of the effect of rising/falling time and pulse
width is effectively extracted from the spectral bounds of the
waveform FFT.

Fig. 8. shows the harmonic spectrum of a trapezoidal
waveform. So, the harmonic spectrum in Fig. 8 (b) starts with
0 dB/decade up to the first breakpoint fi=1=zz. The value
drops with the slope of -20 dB/decade up to f2=1/zzr. Beyond
this point, the magnitude drops by the slope of -40 dB/decade.
Fig. 8 describes how fast the short rise and fall times increase
the bandwidth of the noise sources.

So, as shown in Fig. 8 (a) and (b), trapezoidal harmonic
bounds in low dV/dt and high dV/dt differ. And higher dV/dt,
the lower risetime in this study, excitation increases the
bandwidth of harmonics. The segment with -20 dB/dec slope
will make more contribution in the total OV. However, as
shown in Fig. 8 (a), with lower dV/dt, higher risetime, the
secondary harmonics decrease with the slope of -40 dB/dec.
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Thus, the secondary harmonics contribute less to the total
OV. As different TT has different magnitude of harmonics
shown in Fig. 7. Therefore, the OV peak ratios differ for
different TT with varying the excitation dV/dt. Hence, it
should be noted that the voltage distribution could be
different due to the unsymmetric TT harmonics and the
dV/dt. Not always the higher dV/dt will cause the linear
increase in the OVs, but it is TT harmonics’ ratio to each other
and their bandwidth under the excitation. This implies that
accurate modeling of the system, knowledge on OV
harmonics across each TT and knowledge of dV/dt
contribution in OV harmonics bandwidth aids in estimating
OV distribution in motor winding.

Further, two tests in paper [4] with the same test setup is
conducted to investigate the impact of RFW voltage
amplitude in PD occurrence under 20kHz unipolar square
wave excitation. The first PDIV is observed at 750 V. The
voltage level increased from 750 V to 800 V increases PD
amplitude and number of pulses with PD event. Thus, it is
shown increasing the voltage level has noticeable impact on
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PD occurrence. Therefore, TT OV with higher peak values
can significantly deteriorate and damage the insulation over
time which shows the importance of the study in this paper.

V. CONCLUSION

The impact of the dV/dt value on peak transient TT
OV distribution is a striking demonstration of the challenges
imposed by modern WBG switches on machine windings. In
this paper, the guideline is provided to study and predict the
OV distribution across the TTs of a motor winding. It is
shown that due to the unsymmetric resonance network of a
motor drive system, the OV harmonics across different TT of
the winding is not the same. So, due to the magnitude of the
harmonics and the bandwidth that excitation dV/dt provides
for the harmonics, the voltage distribution trend could vary.
This investigation opposes the usual consideration of the
highest OV for the first turns. This paper gives a guideline to
design the TT insulation and filtering solutions in a motor
drive system, accurately. As it is known that in sensitive
applications like aircraft, due to the high-altitude conditions
like less pressure, PD has lower inception voltages. So, the
inaccurate acknowledge on the TT OVs causes serious
failure.

The resonance network in an unsymmetric system like the
one discussed in this paper is very sensitive to DM and CM
impedance parameter changes. So, by the strategical study
given in this paper for any other motor drive system, the TT
OV distribution could be predicted. This could save costs by
not overdesigning the insulation which could also lead to high
power density system design. Furthermore, shows the
importance of the taking care of the secondary harmonics in
filter design in the case of higher dV/dt not just in case of
reliability of the first TTs but also the subsequent TTs.
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Cable modeling methodology

HF cable modeling parasitic elements extraction

RDM,SF = 2Ry (N
Lpm,sr = 2(Lgy — My) 2)
Lpmsr = Ls1 (3)
R —R

R, = DM,HF - DM,LF (4)
Ly = M (5)
Cigr =4 (©)
Cigr =42 (7)

Remur — Remur
Ry, = —CHir—ZoMir ®)
RDM,SF = ngl 9




2
Cemsr = §Clg1 + 2Cy (10
Rg = RSF (11)
Lg = LSF (12)
Lemsr = Lg + Lgy — 2My, (13)

C.

The figure below shows a machine slot structure with a 3-turn
coil sitting inside it. The width, height, and axial length of
one turn are W,, H,, and /,, respectively. This geometry will be
used as an example to determine the parameters in Fig. 2(b).

) L]

1 Turn Width, , |
1

Turn Height, Turn #1

Insulation
thickness, d,

Turn #2

Turn #3

Ground (Iron Core)

Machine slot structure

Turn DC resistance is determined by Ohm’s Law, i.e.,

e
_ 14
ock i WeHe a4

where o, is the copper conductivity and kg;; is the copper fill
factor. However, the turn resistance also increases with the
excitation frequency due to skin and proximity effects. A
resistance factor is introduced:

RDC -

Ry = kgRpc (15)
At very high frequencies, ky is approximately [15,16]
2
e = 2L E (16)

3
where z; is the number of turns, and ¢ is the reduced

conductor height, defined as

1 2W;
¢~ He [;0m00 7 (17)

where w is the electrical frequency, y, is void permeability,
W is the slot width.

Turn inductance consists of two parts, i.e., self-inductance
and turn-turn mutual inductance. They need to be found by
solving the magnetic circuit either analytically or through
finite element (FE) modeling methods. For the test setup
where no iron core is used, the inductance obtained from a
magnetostatic FE model. For the slotted structure, a simple
magnetic circuit analysis gives the self-inductance as

L=ty g, (18)

where 7, is pole pitch (circumferential distance between both
sides of one coil), g is the airgap length, k. is Carter’s
coefficient, and L, is the leakage inductance. Turn-turn

mutual inductance within one phase is given as
_ MoTplt

P (19)
Capacitance between two conductors is determined by their
distance and the dielectric constant of the insulation material.
For example, the parasitic capacitance between Turn #1 and
Turn #2 can be calculated as
Cyp = 0 (20)
dg

where &, and d,are the dielectric constant and thickness of
the insulation material, &, is the vacuum permittivity. The

t
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expressions for other capacitive elements can be derived in a
similar way [15,16].
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