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by SiC Inverters
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Abstract—High-performance switching devices such as
SiC MOSFETSs introduce high-frequency ringing and over-
voltage transients at motor terminals, leading to uneven volt-
age distribution across windings. In SiC-driven motors, the
first coil and initial turns experience significant overvoltage
stress, increasing the risk of insulation degradation and
interturn faults. This study proposes an analog circuit to miti-
gate overvoltage stress. The circuit detects high dv/dt in the
first coil and adaptively inserts a ceramic capacitor via a GaN
switch, forming a low-impedance path for high-frequency
currents. This diverts part of the transient energy to the sec-
ond coil, reducing stress on the first coil and promoting uni-
form voltage distribution. The GaN switch remains closed to
sustain the high-frequency current path through the capaci-
tor, adapting to different operating conditions and cable
lengths. The circuit was prototyped and experimentally vali-
dated on a 2hp induction motor driven by a SiC inverter,
demonstrating its effectiveness in mitigating overvoltage
stress. This compact solution enhances the reliability of SiC-
driven motor systems by addressing uneven high-frequency
voltage distribution.

Index Terms—High-frequency overvoltage, insulation aging,
insulation reliability, motor drive, motor failure, reflected
waves, SiC MOSFET, voltage distribution, voltage stress.

I. INTRODUCTION

NSULATION of motor windings is fundamental to the reli-
ability, longevity, and operational safety of electric propul-
sion systems. The powertrains in such systems must stand
intense electrical, thermal, and mechanical stresses, driven by
continuous operation under harsh environmental conditions and
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demanding speed profiles [1], [2]. The electrical stress on the
winding insulation is particularly significant, as it directly
affects the motor’s ability to withstand overvoltage transients
[3], [4]. Ensuring robust insulation prevents premature insula-
tion breakdown, leading to interturn faults, phase-to-phase short
circuits, and motor failure. As electric propulsion becomes a key
enabler of sustainable transportation, addressing the challenges
associated with winding insulation has become more critical
than ever.

Adopting wide-bandgap (WBG) semiconductor devices, par-
ticularly silicon carbide (SiC) MOSFETs, has significantly
enhanced power density and efficiency in electric drives. In
addition to their fast-switching capability, their ability to operate
at high temperatures makes them particularly advantageous for
many applications [5]. However, these advancements have also
introduced several challenges for motor windings driven by SiC
inverters [6]. The ultra-fast switching characteristics of SiC
MOSFETs generate voltage pulses with extremely short rise
times (less than 50 ns) and high dv/dt rates. This high dv/dt
induces high-frequency overvoltage transients at the motor
side [7]. Such fast switching also leads to increased capacitive
common-mode currents and reflected wave effects, as highlighted
by [8], which further complicate electromagnetic interference
(EMI) mitigation and insulation reliability in motor drive systems.
When a cable is employed between the drive and motor, even a
short-length cable, the wave reflection occurs due to the surge
impedance mismatch between the cable and motor. As a result,
overvoltage happens at the motor terminals [9], [10]. The over-
voltage at the motor terminals is not evenly distributed across the
stator windings. The first coil and initial turns are subjected to the
highest high-frequency overvoltage stress because they are closest
to the motor terminals, experiencing the full impact of the over-
voltage transients. As the voltage propagates through the winding,
subsequent coils experience less overvoltage stress because the
major part of the voltage drops across the first coil. This uneven
voltage distribution means the first coil suffers the most from the
overvoltage stress. Over time, this nonuniform voltage stress
accelerates insulation aging, causes interturn faults, and degrades
motor reliability. Conventional winding insulation type, which
were designed for sinusoidal voltages, are now subjected to high-
frequency repetitive pulses that exceed their original design lim-
its. Therefore, mitigating the adverse effects of ultrafast switching
feature of SiC inverter on motor winding insulation has again
become an area of research.
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Several solutions have been proposed in the literature to
address motor overvoltage challenges. One commonly employed
approach is the use of passive dv/dt filters to increase the rise time
of the inverter’s output PWM voltage pulses and limit the dv/dt
rate. RLC filters, a specific type of dv/dt filter, are typically placed
at the inverter terminals, effectively reducing the voltage over-
shoot at the motor terminals [11], [12], [13], [14], [15]. While
effective, these filters have several drawbacks. They are often
bulky, costly, and contribute to increased system losses. Addi-
tionally, the design of RLC filter parameters requires careful
consideration of multiple factors, such as cable length, cable
characteristic impedance, and motor impedance, making the
design system-dependent. In addition to passive dv/dt filters,
active dv/dt filtering techniques have been introduced in recent
years [16], [17], [18], [19], [20], [21]. These methods adjust
the dv/dt rate of the inverter output pulses by introducing a
midlevel in the output voltage, resulting in a quasi-three-level
(Q3L) voltage waveform. This approach is implemented by
employing an external module connected in parallel with the
main inverter module [16], [17], [18], [19]. While this tech-
nique cancels the reflected voltage and mitigates the motor ter-
minals’ overvoltage, it requires an external module and a
complex switching algorithm for the inverter. These additional
components increase the cost, size, and system complexity,
limiting their practicality in compact systems. Another active-
based solution is the open-end winding configuration, which
uses two coordinated inverters to control voltage overshoots at
the motor terminals [20]. This configuration requires an addi-
tional inverter and an extra power cable, effectively doubling
the system size and complicating the system’s modulation and
control. Multilevel inverters have also been proposed as a solu-
tion to reduce dv/dt stress by using additional sub-modules
[21]. However, multilevel inverter designs are less suitable for
low-voltage (< 1kV) applications, where system simplicity,
compactness, and cost-effectiveness are essential features.
Most of these solutions increase the system’s volume, weight,
and control complexity, making them less suitable for weight-
critical and space-constrained low-voltage applications. These
also focus on suppressing overvoltage at the motor terminals.

The nonuniform voltage distribution within the motor wind-
ings persists even when terminal overvoltages are mitigated.
This uneven distribution exposes the first few turns of the wind-
ings to significantly higher overvoltage stress, making them a
critical point of concern. Integrating a capacitor across the first
coil has been recently proposed [22], [23]. In [22], a GaN switch
inserts the capacitor but for a predetermined fixed duration, lim-
iting system adaptability since overvoltage stress varies with
cable length. In [23], a fixed capacitor is connected across the
initial coil, while a GaN switch adds an additional capacitor in
parallel, tracking the high-frequency overvoltage transients.
Although this approach mitigates first-coil overvoltage stress, it
introduces certain drawbacks. Placing a fixed capacitor across
the coil can create resonance issues, and in some cases, the fixed
capacitor alone may sufficiently reduce the first coil voltage,
rendering the additional capacitor connected via the GaN switch
unnecessary. Moreover, the method proposed [23] requires a
high bandwidth for GaN switch operation due to the oscillation

Fig. 1.

Proposed self-powered analog circuitry for mitigating overvoltage
stress on motor windings.

frequency being in the megahertz (MHz) range. This high ultra-
fast bang-bang switching can introduce significant EMI issues
within the circuit, posing additional challenges for the overall
circuit reliability and electromagnetic compatibility (EMC).

This article introduces a new method that overcomes these
challenges by integrating a capacitor across the coil only when a
high-frequency overvoltage transient is first detected. The pro-
posed circuit monitors the duration of the overvoltage to keep
the GaN switch closed adaptively. The GaN is connected in
series with the capacitor. The circuit relies on simple analog
components, a ceramic capacitor in the pF range, and a GaN
switch, which offers superior thermal robustness compared with
Si switches. As the circuit handles only high-frequency, low-
magnitude current (mA-level RMS), the switching losses are
minimal, and thermal stress on the device is negligible. This
design effectively reduces cost and instability while ensuring
reliable performance. This adaptive approach allows the capaci-
tor to be connected only during transient events, enabling the
system to operate in normal conditions without the risk of reso-
nance. Unlike a hysteresis-based switching approach [23], our
design uses transient detection logic that extends the gate pulse
duration in response to overshoot and undershoot ringing events.
This results in significantly fewer switching transitions com-
pared with what might be required in a hysteresis-based switch-
ing approach. The analog control circuit operates independently
of the inverter’s modulation algorithm, providing a simple and
robust implementation. Moreover, since the proposed circuit is
not in the main path of the load current, it does not contribute to
additional system losses. This design ensures effective mitiga-
tion of first-coil overvoltage without compromising system effi-
ciency or control complexity and is scalable inside the motor
terminal box, as shown in Fig. 1. Installation within the motor
terminal box should involve coordination with the motor manu-
facturer or a qualified third-party partner, as adaptations may be
necessary depending on the motor’s internal winding configura-
tion, voltage rating, and the maximum overvoltage observed at
the first coil. While this limits direct applicability to off-the-
shelf motors, such integration is feasible in custom or high-
performance motor applications.

In addition to the introduction, this article is organized as fol-
lows: Section II discusses the effects of high dv/dt caused by
inverters on voltage distribution within motor windings from
various perspectives. Section [II presents the proposed approach
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Fig. 2. Stator windings of an ac motor and the stray capacitances existing between the turns of windings, C,w, and windings and stator core/
frame, Cys.

in detail and experimentally analyzes it, and Section I'V provides
experimental verifications of the proposed method in suppress-
ing the coil high-frequency overvoltage transients. Finally, the
article concludes with a summary of key findings in Section V.

Il. EFFECT OF HIGH DV/DT ON VOLTAGE DISTRIBUTION
INSIDE STATOR WINDINGS

As noted earlier, the fast-switching SiC MOSFETSs generate
high dv/dt PWM pulses, causing high-frequency overvoltage
transients in motor windings, with the first coil experiencing the
highest voltage stress.

To explain the high-frequency overvoltage stress on the first
coil, Fig. 2 illustrates the winding configuration of an induction
motor. At high frequencies, the rotor circuit of the motor does
not contribute to the electrical behavior, as no flux penetrates
the rotor’s magnetic circuit [24]. Each phase comprises Nzh
coils, with multiple turns per coil. The model includes stray
capacitances: C,,, representing the capacitances between turns
within the windings, and C,y, representing the capacitances
between the windings and the motor frame. The high dv/dt of
the voltage pulses can excite these stray capacitances, resulting
in a leakage current flowing through them. The high-frequency
leakage current passing through the stray capacitances existing
between the windings and frame is expressed as

de
dt
where v, represents the voltage between k™ and (k + l)th coils

and the frame. Consequently, the high-frequency current flow-
ing through k™ coil is given by

N iBB (t)
ienr, (1) = | D ic,, () | + 3 2
i=k

where ipp represents the high-frequency leakage current
(common-mode current) flowing through the ball bearing
[24]. Assuming each coil has an identical impedance, denoted
as Z,, the high-frequency voltage across k" coil can be calcu-
lated by

wa (1)

icnf,k (t) =

Vey (l) = ZWiC,HFk (l) (3)

For instance, considering an induction motor with four coils per
phase, the high-frequency voltage across the first coil, v, can
be expressed as

Vel = Zw (icfl + icf2 + icf3 + icf4 + ll’%) . (4)
It is, therefore, evident that the high-frequency voltage magni-
tude on the 4th coil of a motor with four coils becomes,
Vea = Zy(ices + ipg/3), which is much smaller than the first coil
voltage in (4), i.e., ve4 < V.1, emphasizing the uneven distribu-
tion of high-frequency voltages in the motor windings.

In addition to the fast-switching characteristics of SiC mod-
ules, the use of a cable between the drive and motor increases
the risk of insulation breakdown in the first coil’s windings and
further exacerbates the nonuniform voltage distribution across
the coils. This issue arises due to the surge impedance mismatch
between the cable and motor windings, which causes wave
reflections [6], [9], [24], [25], [26], [27]. The superposition of
incident and reflected waves at the motor terminals leads to
high-frequency overvoltage transients that can reach up to twice
the dc-bus voltage, depending on the cable length and the rise
time of the PWM voltage pulses. The oscillation frequency of
the overvoltage can be estimated from

1
fosc = (5)

4lcable Lcable Ccable

where [.,pe 1S the cable length, and L.y and Ceqpje are cable’s
inductance and capacitance per unit length, respectively. The
penetration of these high-frequency overvoltages into the motor
windings imposes excessive voltage stress on the first coil with
significantly increasing the risk of insulation failure of the coil
windings. Fig. 3 illustrates the impact of PWM voltage rise time
and cable length on the peak voltage experienced by the first
coil. The data was obtained experimentally using a 2hp induc-
tion motor driven by a SiC MOSFET-based inverter with a
350 V dc-bus. As shown in the figure, shorter rise times produce
significantly higher peak voltages at the first coil, even with a
short cable length. Conversely, for the same cable length, a lon-
ger rise time leads to a lower peak voltage at the initial coil.
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Fig. 3. Peak voltage observed across the initial coil of the stator windings
with different cable lengths and switching rise times when dc-bus voltage
is Vgc =350 V.
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Fig. 4. Voltage distribution within the stator windings of one phase of a
2hp induction motor, along with the corresponding phase voltage, v, for

two scenarios: the motor is fed by a SiC MOSFET-based inverter through
3 and 30 m cables with Vg =350 V, t, =40 ns.

To demonstrate how the first coil experiences the most over-
voltage stress, two scenarios were examined and presented in
Fig. 4 under the following condition: V4. =350V and about
t, =40 ns, where the peak voltages are provided, experienced
by each coil in one phase. The figure shows that, regardless of
the cable length, the first coil experiences the highest overvolt-
age stress, which is considerably larger than that of the subse-
quent coils’ voltages. While the remaining coils experience
relatively small and uniform voltages, the first coil is subjected
to the dominant portion of the phase voltage transient. This
highlights the nonuniform voltage distribution caused by fast-
switching devices in motor drives, increasing the risk of insula-
tion breakdown and interturn faults. Consequently, even in cases
where a short cable is used or overvoltage at the motor terminals
is not notable, the first few turns of windings remain exposed to
high-frequency overvoltage transients stress due to the high
dv/dt. This nonuniform stress distribution poses a significant
challenge for motor insulation design and must be addressed to
prevent catastrophic motor failures.

In Fig. 4, it is important to note that while the sum of the vol-
tages across all four coils equals the phase voltage at any given
instant, the peak voltages of Coils 1 through 4 do not occur
simultaneously. Due to propagation delay, each subsequent coil

reaches its peak after the previous one. This means that when
Coil 1 experiences its peak overvoltage, the other coils have not
yet reached theirs. Accordingly, Fig. 4 presents the peak values
occurring at different times, only to highlight the importance of
mitigating overvoltage stress on the first coil. The following sec-
tion discusses the proposed approach to mitigate this issue and
enhance the reliability of motors driven by SiC inverters.

[ll. FIRST ColL OVERVOLTAGE SUPPRESSION VIA
ADAPTIVE PULSE-WIDTH METHOD

For many applications, e.g., powertrains in propulsion systems,
SiC inverters provide high efficiency, but as mentioned in the pre-
vious section, overvoltage stress on the first coil can degrade the
motor lifetime. This section presents a detailed explanation of the
proposed solution to address this issue effectively.

A. Impedance Adjustment for Voltage Stress Mitigation

Fig. 5 illustrates the observed voltage waveforms at inverter
output (line-to-line), motor terminals (line-to-line), the motor
phase, and across the first coil of the corresponding phase. These
measurements were taken under operating conditions of a
350 V dc-bus, ¢, = 40 ns, and /., = 30 m. As shown, the mea-
sured motor terminal voltage exhibits high-frequency overvolt-
age transients, primarily caused by the short rise time of the
PWM pulses and the voltage reflections. These overvoltage tran-
sients propagate into the motor, superimposing high-frequency
transients onto the phase voltage waveform. While the offset of
the phase voltage is inherently present due to the nature of the
PWM modulation, the high-frequency transients are directly
induced by the overvoltage transients at the motor terminals, see
Fig. 5. The phase voltage offset is evenly distributed among the
coils. However, the high-frequency transient components are
predominantly dropped across the first coil. Therefore, the volt-
age across the first coil can be modeled as a second-order under-
damped system expressed as

Vel (t) - Vos + VHF(t) (6)

where Vs and vyg(r) are the dc and transient high-frequency
components of the coil voltage, respectively. As shown in
Fig. 5, Vo can take values of 0, (V4./3)/N., (2Va./3)/Ne,
(=Vae/3)/Ne, and (—2Vy4./3)/N,. The high-frequency compo-
nents, vyr(t), can be expressed as

vur(t) = Ae’éw”(””’>cos(wd(t — 1)+ @) (7

where A is the initial amplitude of the oscillation, given by
A= (1//1=E)e <@ ¢ is the damping ratio, w, is the neu-
tral frequency, wy is the damped neutral frequency obtained by
g = 2Tfose = 0pV 1 — &, ¢ represents phase shift, and ¢ is
the time at which the transition occurs.

To suppress the overvoltage stress on the first coil, the imped-
ance of the coil can be adjusted to redirect the high-frequency
components of the current toward the second coil by providing a
parallel branch. This approach aims to shift only the high-
frequency components of the current while maintaining the
desired current path for low-frequency components. To achieve
this, the impedance of the first coil must be reduced when
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Fig. 5. Measured line-to-line voltages across the inverter output and the motor terminals along with the phase voltage of the motor and the first coil volt-

age within the corresponding phase when the motor is fed by a SiC MOSFET-based inverter through a 30 m cable with V4 =350 V,t, =40ns.

Frame

Frame

Fig. 6. Simplified high-frequency model of the first coil of phase A in a
Y-connected motor, showing the phase-to-frame voltage, v, coil induc-
tance, L., and remaining windings and stray capacitances, Z, for normal
condition (left) and coil paralleled with a capacitor (right).

overvoltage transients occur. This can be accomplished by con-
necting a capacitor in parallel with the first coil. The capacitor
provides a low-impedance path for high-frequency currents,
mitigating the overvoltage stress on the first coil and resulting in
a more uniform voltage distribution among the coils. Notice, the
overall leakage currents remain largely unaffected since the
phase-to-frame voltage remains unchanged.

Fig. 6 shows the simplified high-frequency model of one
phase of the stator windings with respect to the motor frame,
including the first coil inductance, L., and rest of the coils and
stray capacitances lumped as Z. Therefore, the first coil voltage
can be written as

Vcl(s) ZZC(S).IHF(S) ZLCS. IHF(S) (8)

where Iyr is the high-frequency current passing through the
motor frame. By implementing a capacitor across the first coil,
as shown in Fig. 0, the coil impedance is changed to

Lcs
Zl(s)=—T . 9
C(S) 1+LCCXS2 ( )
Therefore, the coil voltage is given by
L.s ,

! —
Ve (s) *m-IHF(S) (10)
which indicates that at high frequencies (s — o0), Z.(s) —
1/Cys, and therefore, the voltage across the coil can be sup-
pressed notably. From (10), one can see that keeping the capaci-
tor in the circuit can have resonance at 1/v/L.C;, and may

require additional damping elements or control strategies to

limit the oscillation. The proposed solution is to insert the capac-
itor only when needed, limiting its interaction time with the coil.
As a result, instant oscillations may occur during transients, but
because the capacitor is connected only during high dv/dt
events, the duration is too short to sustain resonance.

To demonstrate the impact of paralleling capacitors of different
sizes on the coil’s impedance of a 2hp induction motor, the impe-
dances of the coil, individual capacitors, and the coil paralleled
with each capacitor were measured using an LCR meter, as pro-
vided in Fig. 7. The figure indicates that increasing the capacitor
size significantly reduces the coil impedance. This observation
suggests that reducing the coil impedance can effectively mitigate
the high-frequency overvoltage stress on the coil. However, it is
also anticipated that this approach could substantially increase the
voltage across the second coil due to the rising of ijy. To prevent
excessive voltage stress on the second coil, the capacitor size
must be carefully selected. Capacitors with values in the range of
hundreds of picofarads, e.g., 470 pF, provide an optimal balance
in this case. Additionally, for larger capacitor sizes, the resonance
point shifts closer to the overvoltage ringing frequency of the
coil. If the resonance frequency aligns with the coil’s overvoltage
ringing frequency, it can lead to a significant rise in the second
coil’s voltage. This provides insight into determining an upper
bound for selecting the capacitor value. Therefore, the suitable
range for the capacitor size is recommended to be between 470
and 1000 pF to achieve an effective reduction in first-coil voltage
stress while minimizing the impact on the second coil. Selecting
an optimal capacitor size within this range can also promote a
more uniform voltage distribution across the motor windings,
enhancing insulation reliability and system robustness.

B. Adaptive Capacitor Insertion for High-Frequency
Overvoltage Mitigation and Stress Unification

Placing a permanent capacitor across the first coil can lead to
resonance, potentially causing increased overvoltage and dam-
age to the windings. To address this challenge, the capacitor is
inserted only when high-frequency overvoltage transients are
detected. This work examines a solution that uses a GaN switch
in series with the capacitor. When high-frequency overvoltage
transients are detected, the GaN switch closes, connecting the
capacitor in parallel with the first coil. The GaN switch is chosen
for two key reasons: it’s extremely short rise time and its ability
to operate at high switching frequencies. Since overvoltage
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Fig. 7. Measured impedance of a single coil from one phase of a 2hp

induction motor, impedances of individual capacitors of different sizes,
and impedance of the coil connecting in parallel with each capacitor
across a wide frequency range.

spikes ramp up within tens of nanoseconds, a rapid response is
critical to suppress them effectively. With a rise time of less
than 20 ns, the GaN switch ensures the capacitor is connected
quickly enough to suppress the overvoltage effectively. Addi-
tionally, a fast control circuit is essential to detect voltage stress
and generate the required switching pulses for the GaN within a
few nanoseconds, ensuring quick and reliable protection.

Fig. 8 depicts the analog control circuit for the proposed solu-
tion, consisting of multiple components to detect the high-
frequency overvoltage transients and generate the adaptively
adjusted pulse duration for the GaN. To focus on the overvolt-
age transients, two capacitors with the same size, Cg, are used to
remove voltage waveform offsets. These capacitors act as high-
pass filters, blocking the dc components, Vs, and allowing the
high-frequency components, vyg(?), to pass. While a band-pass
filter may improve noise immunity for long cables, short cables
require a high-frequency cutoff around 10MHz. This wide fre-
quency range reduces its effectiveness and increases complex-
ity, offering no clear advantage over the simpler high-pass
design. The transfer function of the high-pass filter in the
frequency-domain can be expressed by

1
H(f) = (11

2
1+ Rioad Cr(27f)

where Ry ., is the equivalent resistance of the components used
in this circuit. This results in the following behavior at the filter
output

{vom(l‘) ~0 (f —0) (12)

Vout(t) ~ VHF(Z) (f > 1/2nRLoadCF)~
The voltage is then stepped down via a voltage divider

(resistors Rp; and Rpy) to a measurable range, ie., vo() =
(Rp2/Rp1 + Rpa)vur(t). After the divider, the waveform

contains both positive and negative high-frequency spikes within
a low voltage range. A comparator is employed to detect These
spikes by setting upper and lower thresholds. To allow the detec-
tion of negative spikes, the waveform is shifted upward through a
differential amplifier by giving an offset, Vocm, acting as a level
shifter. Therefore, the output signal of the differential amplifier
can be equal to vgrr(f) =vo(2) + Vocm. When the voltage
exceeds the upper threshold (Uy.) or drops below the lower
threshold (U;.), the comparator transitions from high to low.
Conversely, when the voltage remains between the thresholds,
the comparator output stays high. This behavior is described as

Veomp(?) = High
Veomp (1) = Low

Uur < vaise (1) < UL,

(13)
vaire (1)< Urr or vaige (1) > Uy

where Uyp = 1.02Voem and Upp = 0.98Vpcm. The compara-
tor’s transition from high to low mode triggers the pulse generator
to produce a preset pulse with a duration of Tpyise, determined
by Rsgr. The pulse width can be programmed as Tpuse =
(1us/50 kQ)Rsgr, where Rsgr can range from 50 to 800 k€,
allowing flexible control of the pulse duration. Suppose, during
the pulse duration (0 <t < Tpuie), the comparator output steps
back to high and subsequently returns to low at time ¢,, the pulse
generator retriggers. The new pulse begins from ¢,, and the total
pulse width, toyr, is extended, which can be expressed as

fout = Tpulse + Z(tr - tr—l) (14)
r=1

where ¢, is time of the rth retrigger, 7., is time of previous
re-trigger, and m is the number of re-triggers. This equation
accounts for incremental extensions in pulse width caused by con-
secutive re-triggers, where each retrigger adds the time elapsed
since the previous one. The initial pulse is triggered at #y = 0 with
a duration of Tpue. At 1, the comparator retriggers, extending
the pulse by #; — fy. Subsequent retriggers at f,, f3, ..., t,, further
extend the pulse by t, —1t._;, ensuring the capacitor remains
engaged as long as transient oscillations persist. This retriggerable
behavior enables the pulse generator to adapt dynamically to vary-
ing durations and amplitudes of overvoltage transients, ensuring
continuous protection and effective mitigation of voltage stress
across varying cable lengths and system conditions. Overall, to set
the initial pulse duration (i.e., minimum pulse width), a monosta-
ble pulse generator is configured using a timing resistor (Rsgt). If
the oscillation takes longer to damp or a new dv/dt event occurs,
the pulse duration (%) is automatically extended until the over-
shoot and undershoot fall below a predetermined threshold.

C. Design and Implementation of the Proposed
Analog Circuit

Fig. 9 illustrates the printed circuit board (PCB) of the pro-
posed analog circuit, designed in Altium Designer, with com-
pact dimensions of 6.4 cm X 8 cm to allow easy integration into
the motor terminal box. The feedback path and power supplies
for the analog circuit must be isolated, particularly as the coil
voltage is used to power the circuit elements. A Transphorm
TP65H480G4JSG-TR GaN switch is employed in the circuit.
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Fig. 8.

Schematic of the proposed control circuit for sensing the coil voltage in one phase (phase A), detecting the voltage spikes, and producing the

required pulses for the GaN switch along with the pulse generator internal block diagram.
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Gate Driver ]

LED (+5V Indicator)

Differential Amplifier

Pulse Generator
Comparator

Fig. 9. Proposed circuit: top layer is used for providing the required
power supply for the control circuit in the bottom layer and bottom layer
used for detecting and suppressing the overvoltage observed across the
first coil.

In the presented self-powered analog circuit, where no external
supply is used, all required voltage levels are derived from the
first coil voltage. To provide gate signal isolation, a pulse-
transformer-based gate driver (AHV85110KNHTR) is employed.
Unlike dual-side powered gate drivers, which require an isolated
dc—dc converter to supply the secondary side, the pulse-
transformer transfers gate signals without requiring a secondary-
side supply. This eliminates the need for an isolated dc—dc
converter in the loop, thereby reducing both circuit complexity
and board size, making it suited for the self-powered design.
Unlike direct-drive pulse transformers, the AHV85110 modu-
lates the gate signal across the isolation barrier using a balanced,
ac-coupled method. The internal “auto-refresh/demagnetization”
block ensures the transformer core flux is reset between pulses,
preventing saturation even during extended gate-on periods and
maintaining undistorted, reliable output signals.

To protect the control system from leakage current originat-
ing from the GaN switch’s drain, the gate resistor (R,) is
selected at its higher end to ensure circuit’s noise immunity,
with a small gate-to-source capacitance (C,,) to filter noise at
the gate pin while ensuring that the GaN switch turns off before
the coil experiences overvoltage stress. The low R,C,, time
constant and relatively high R, are special design choices that
ensure circuit’s noise immunity particularly for short-cable length
scenarios when the coil’s ringing frequency is above 1 MHz.
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first coil and generating switching pulses for the GaN switch in a motor
drive system (2hp motor, 15 m cable, SiC MOSFET-based inverter,
Ve =350V, and t, = 40 ns). (a) First coil voltage waveform. (b) Differen-
tial amplifier output. (c) Comparator output. (d) Pulse generator output.

The series capacitor, Cs, is in the pF range, thus, the GaN
switch conducts only high-frequency current, with RMS values
in the mA range and peak currents of a few amperes. This makes
existing GaN devices suitable for low-voltage applications.
For coil voltages above 400 V, series-connected GaN or SiC
switches are recommended. The selection of the GaN switch
and capacitor value, along with the fact that the analog circuit is
powered by the coil voltage, means the board design must be tai-
lored to the motor’s design, and should be carried out by or in
collaboration with the motor manufacturer.

The design offers effective interference immunity, achieved
through extensive effort and multiple PCB revisions. An isolated
gate driver (pulse transformer) provides complete separation
between the analog control section and the high-frequency coil
side, where the GaN switch and series capacitor are located. This
isolation helps prevent conducted EMI and ground loop issues.
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The PCB layout was also carefully optimized to minimize para-
sitic inductance, stray capacitance, and loop areas, reducing radi-
ated EMI and enhancing overall EMC.

In the circuit, 100 pF and 1 nF ceramic capacitors are com-
patible due to their excellent high-frequency performance, low
ESR, and compact size. Specifically, COG (NPO) capacitor
types are preferred for their superior stability, maintaining con-
sistent capacitance across temperature and voltage variations.

D. Proposed Circuit’s Functionality in Detection Coil
Overvoltage and Generating GaN’s Switching Pulses

To evaluate the circuit’s functionality in detecting coil over-
voltage and adaptively generating the switching signals for dif-
ferent conditions, such as cable lengths, different experimental
tests were conducted. The dc-bus voltage was 350 V and PWM
voltage pulses’ rise time was about 40 ns.

As shown in Fig. 8, the overvoltage detection circuit, consist-
ing of a high-pass filter, voltage divider, differential amplifier,
and comparator, forms the detection path with a total response
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Fig. 12.  Hardware setup used for experimental analysis.

time of approximately 18 ns. This response time is appropriate
because the ringing frequency for a 15 m cable is around
2 MHz, meaning the first peak occurs within approximately
125 ns. Therefore, the 18 ns delay is sufficiently short to detect
the fast dv/dt events across the first coil, ensuring accurate and
timely triggering of the protection mechanism.

For a 15 m cable, the circuit’s performance is illustrated in
Fig. 10. Fig. 10(a) shows the measured first coil voltage, where
spikes reach up to 380 V. To process these spikes, the voltage
offset of the first coil is removed, and the spike amplitude is
reduced using a voltage divider. The differential amplifier, act-
ing as a level shifter, then shifts the waveform around 2.5V,
i.e.,, Vocm, enabling the comparator to detect both positive and
negative voltage spikes, as shown in Fig. 10(b). The comparator
output, shown in Fig. 10(c), transitions from high to low levels
whenever the first coil voltage exceeds the upper or lower
thresholds. This output signal triggers the pulse generator to
generate the required pulses, as shown in Fig. 10(d). The default
pulse width is set to 3 us using Rsgr = 150 KQ. Fig. 10(d) indi-
cates that the pulse width remains at the preset value when the
pulse generator is not retriggered. However, when the pulse gen-
erator receives consecutive input signals, the pulse width is
adaptively prolonged. The results in Fig. 10(d) demonstrate that
the circuit can accurately and rapidly detect coil voltage spikes
and adaptively produce pulses for the gate driver, with the pulse
width varying according to the duration of the overvoltage
transient.

To further evaluate the adaptability of the proposed circuit,
two different cable lengths, 30 and 40 m, were tested, as shown
in Fig. 1 1. The results provided in Fig. 1 1(b) and | 1(c) indicate
that as the cable length increases, the transient ringing frequency
across the coil decreases, resulting in a longer duration of high-
frequency overvoltage. The circuit adaptively adjusts the switch-
ing pulse durations to match the extended duration of the voltage
spikes, demonstrating its capability to accommodate changes in
cable length between the motor and the inverter.

IV. EXPERIMENTAL ANALYSIS AND VERIFICATIONS

To evaluate the efficacy of the analog circuit in Fig. 8, experi-
ments were conducted on a 2hp induction motor driven by a SiC
inverter with 30 and 40 m cables. The experimental hardware

Control Desk

TABLE |
EXPERIMENTAL SETUP

Parameters Detail and Values
S‘C(,I::[eo(frfif et CGD15FB45PI
SiC-MOSFET CCS020M12CM2
PWM carrier frequency 5 kHz
Fundamental frequency 60 Hz
Ve 350 V
t, 40 ns

4/C 10 AWG cable length 15 m, 30 m, and 40 m

TABLE Il
UNDER-STUDY MOTOR PARAMETERS

Parameters Detail and Values
Catalog number VEM31157
Power 2hp
Voltage 230/460
Current 5.6/2.8
Speed 1755
Frequency 60
Number of coils per phase 4
(high voltage)
Number of coils per phase
(low voltage) 2
Number of turns per coil 85
Number of slots 36

Construction Y-connected

setup is shown in Fig. 12, with detailed specifications of the
setup and motor presented in Tables [ and I, respectively. An
open-loop sinusoidal pulse-width modulation (SPWM) algo-
rithm implemented via a MicroLabBox was employed to control
the inverter, driving the motor under no-load conditions. The
motor was rewound to provide access to the coil taps, enabling
voltage distribution monitoring within the stator windings and
addressing overvoltage in the first coil. All experiments were
conducted with a dc-bus voltage of 350 V and designed for a
PWM switching frequency of 5-80 kHz. Voltage data were
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collected using a LeCroy HDO6104A oscilloscope, equipped
with HVD3106A and ADP300 differential voltage probes, fea-
turing bandwidths of 120 and 20 MHz, respectively. The wave-
forms were processed and plotted using MATLAB software,
and the results are presented in this section.

To evaluate the proposed overvoltage suppression method for
the first coil, a transformer-based gate driver and a GaN switch
were integrated into the circuit to connect a 680 pF ceramic
capacitor across the coil. The pulse generator output signals,
shown in Fig. 11, were sent to a gate driver, which provided iso-
lated gate-to-source signals for driving the GaN switch. The
results, presented in Fig. 13, demonstrate that, compared with
the normal condition, the first coil’s high-frequency overvoltage
spikes were effectively mitigated from 334 V and 338 V to
160 V and and 163 V for 40 and 30 m cable lengths, respec-
tively. This reduction is achieved because the GaN switch is
triggered appropriately upon spike detection.

Additionally, the pulse durations were adaptively adjusted
based on the duration of the overvoltage spikes. As the cable
length increases, the oscillation frequency of the overvoltage
transient decreases, resulting in a longer oscillation time. Conse-
quently, for longer cables, the required pulse width for the GaN
must be longer than that for shorter cable lengths. This adaptive
pulse width generation is shown in Fig. 13 for two different
cable lengths, confirming the proposed circuit’s effectiveness
under varying cable conditions.

Fig. 14 illustrates the voltage distribution across the motor
windings by measuring peak overvoltage transients. The pro-
posed circuit effectively suppresses voltage spikes in the first
coil from 386 to 180 V, while an increase occurs in the second
coil, but leading to a more uniform voltage distribution. For this
design, a smaller C; value could further balance the overvoltage
between the first and second coils. To evaluate this effect, a
470 pF capacitor was also tested, and the results are shown in
Fig. 15. These results indicate that selecting a smaller capacitor
can further improve and balance the voltage distribution among
the motor coils.

Fig. 16 shows the measured voltage waveform across the
470 pF capacitor during an overvoltage transient. The capaci-
tor used in this experiment is a Johanson Dielectrics
VPDD501G471J1GVO01E (COG, 470 pF, 500 V rated), specifi-
cally selected for its high dv/dt tolerance, excellent high-frequency
stability, and low ESR characteristics. During operation, the mea-
sured voltage transient across the capacitor rose from 40 V to a
peak of 174 V within 93 ns, resulting in a peak current of approx-
imately 0.68 A, i.e., icspeak = 470 pFx (134/93 ns) = 0.68 A.
The capacitor’s COG dielectric ensures minimal capacitance
variation under high voltage and temperature conditions, main-
taining reliable transient suppression without risk of dielectric
breakdown.

The capacitor value is selected based on experimental LCR
measurements and observed voltage distribution, with 470-
680 pF found effective for the 2hp case study. Power consumption
remains below 1 W, minimizing thermal stress. Unlike traditional
impedance-matching RC circuits that operate continuously, the
proposed circuit engages only during transients, reducing energy
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Fig. 13.  Experimentally measured phase and the first coil voltage wave-
forms of a 2hp induction motor fed by a SiC MOSFET-based inverter
through different cable lengths with V4. = 350, t, =40 ns, and fs = 5 KHz
for two different cases using two different cable lengths: normal scenario
(left) and using proposed approach (right). (a) 30 m cable. (b) 40 m cable.
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Fig. 14.  Measured peak voltages across the coils of the windings of a

2hp motor fed by a SiC MOSFET-based inverter through a 30 m cable
with V4. = 350 V and t, = 40 ns for two different cases: normal case and
using proposed circuit (Cs = 680 pF).
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2hp motor fed by a SiC MOSFET-based inverter through a 30 m cable
with Vg = 350V and t. = 40 ns for two different cases: normal case and
using proposed circuit (Cs = 470pF).
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Fig. 16.  Measured voltage across the 470 pF capacitor (Cs) during the
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loss and eliminating the need for precise tuning. The main con is (2]

that the board design must be developed by, or in collaboration
with, the motor manufacturer.
[13]
V. CONCLUSION

This article has introduced an adaptive pulse-width method to
mitigate high-frequency overvoltage transients observed across
the first few turns and the first coil within the motor windings
driven by a SiC MOSFET-based drive. The proposed solution
adjusts the coil impedance by integrating a small capacitor
across the coil. This is achieved by detecting high-frequency
overvoltage transients and rapidly activating a GaN transistor
connected in series with the capacitor. The adaptability of the
proposed approach allows for effective mitigation of first-coil
overvoltage under varying cable lengths. As the cable length
increases, the duration of high-frequency overvoltage transients
extends, necessitating wider pulse widths to drive the GaN
device accordingly. Experimental analysis has confirmed the
efficacy of the proposed approach, demonstrating significant
suppression of overvoltage stress on the first coil and promoting
a more uniform voltage distribution within the stator windings.
This adaptive strategy enhances the reliability and insulation
integrity of motor windings, especially in propulsion systems
utilizing SiC MOSFET-based drives.
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