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Abstract—Fast switching speed of Silicon Carbide (SiC) ex-
acerbates Reflected Wave Phenomenon (RWP) in two-level (2L)
Voltage Source Inverter (VSI)-based motor drives, causing motor
side overvoltage and drive side overcurrent. The 2L split-phase
(2L-SP) topology shows prospects of alleviating RWP due to its
lower output dv /dt facilitated by split-inductors which also serve
as an output reactor. This article explores RWP in a 2L-SP-
based motor drive and compares it with the 2L with an output
reactor, denoted as 2L-LF. For the study, a 2L, 2L-LF and
2L-SP configurable 18 kVA SiC-based prototype is developed
and interfaced to an emulated motor load through a bundled
shielded cable. At first, simplified lumped Differential Mode (DM)
equivalent circuits are derived for modeling RWP transients in
2L-LF and 2L-SP drives. Subsequently, RWP is investigated
through Double Pulse Tests (DPT) for various cable lengths,
reactor (2L-LF), and split inductor (2L-SP) values. Results show
that 2L-SP exhibits lower RWP for longer cables, achieving up
to 68 % and 73 % reduction in overvoltage and overcurrent
amplitudes for an 8 m cable. An anomalous rising overvoltage
pattern for short cables is observed for both drive configurations
and analyzed using proposed DM equivalent circuits. Further,
from a switching performance standpoint, split-inductors in 2L-
SP decouple load and complementary cell’s parasitics from the
device during switching, achieving 17 % lower switching loss
than 2L-LF. Following the DPTs, continuous three-phase tests are
performed for 8 m cable for both drive configurations. The 2L-SP
drive achieves up to 60 % and 74 % reduction in overvoltage and
overcurrent amplitudes than 2L-LF. Overall, 2L-SP outperforms
2L-LF in mitigating RWP in SiC-based 2L VSI motor drives.

Index Terms—Auxiliary L filter, drive-side overcurrent, dv/dt
profiling, motor-side overvoltage, reflected wave phenomenon
(RWP), silicon carbide (SiC), split-phase topology (2L-SP).

I. INTRODUCTION

Dvent of Wide Band Gap (WBG) power semiconductors
such as SiC has enabled the development of efficient and
power-dense 2L VSI-based motor drives [1], [2]. Compared
with Silicon (Si), SiC MOSFETs are capable of operating
at higher operating temperature and voltage levels and faster
switching speeds. Among these benefits, the fast-switching
capability (dv/dt and di/dt) of SiC MOSFETs plays a pivotal
role in lowering the device switching loss and shrinking size
of passive components by permitting high switching frequency
[3], [4]. As a result, adopting SiC MOSFETs in 2L. motor
drives improves the system efficiency and control dynamic
performance [5].
Although SiC MOSFETs are promising for enhancing per-
formance and efficiency of next generation 2L motor drives,
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the fast-switching (dv/d¢ and di/dt) capability of SiC MOS-
FETs exacerbates Reflected Wave Phenomenon (RWP) in
cable-connected 2L motor drive systems [6], [7]. The RWP
arises due to drive-cable and cable-motor impedance mis-
match, leading to overcurrent and overvoltage oscillations on
the drive side and motor side, respectively. Further, the extent
of RWP is related to the dv/dt of drive output voltage, ca-
ble length, drive-cable and cable-motor impedance mismatch,
system damping, and pulse application timing [8]-[10].

From the drive performance perspective, drive-side over-
current due to RWP influences the switching transient of the
device. Due to the lower output capacitance of the SiC devices,
their switching transient is susceptible to the parasitics of the
circuit. For instance, for a cable-connected motor load, the
additional underlying parasitic capacitance of cable and motor
alter the switching transient, increasing switching loss [11].
From the cable and motor perspective, motor-side overvoltage
due to RWP increases voltage stress on the cable and motor
winding insulation, leading to premature insulation failure due
to partial discharge [12], [13].

RWP mitigation approaches can be classified into active
or passive solutions. Passive solutions rely on using passive
filters, based on combination of R, L and C, on the drive
or motor side. These filters can be sub-classified into dv/d¢
and impedance matching filters [14]. The commonly used
dv/dt filters include auxiliary reactor L filter [15], [16], RLC
filter [17], RC filter [18], L||RC [19]. Similarly, impedance
matching filters lower the RWP by including L|| R filter (drive
side) [14] and RL-plus-C filter (motor side) [20], [21]. Among
various filter types, the L and L||R filters at the drive side are
the preferred option in the industry due to their simplicity [14],
[15].

Active solutions involve device dv/dt profiling [22], [23] or
generating mid-level dwell time during pulse rising and falling
[24], [25]. For dv/dt profiling, the most common approach
is to use an Active Gate Driver (AGD), which works by
controlling the gate source voltage profile to control the dv/d¢
of the device [22]. However, this is achieved at the expense
of increased control complexity and switching loss, especially
in a hard-switching topology. Soft-switching inverter topolo-
gies with dv/dt profiling overcome the the high switching
loss limitation of AGD. A soft-switching approach based on
Auxiliary Resonant Commutated Pole Inverter (ARCPI) in
proposed in [23], which mitigates the RWP by setting the
rising and falling time of the switching transition equal to
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antiresonance period of the cable and motor. Although the
ARCPI-based approach is shown to be effective, the auxiliary
switches, passive components and control complexity offsets
the benefits of this technique.

Delving into the mid-level dwell time approach, the idea
is to reshape the drive output pulse voltage transition by
splitting it into two identical voltage steps with an intermediate
mid-level [24]-[26]. The mid-level time duration, known as
dwell time, is twice the antiresonance period of the cable and
motor. This approach results in the generation of two out-of-
phase RWP transients, which cancel each other, diminishing
overvoltage at motor terminals.

The dwell time approaches employ either extra switching
devices, passive components, or sophisticated control schemes.
In [26], a T-type-based three-phase inverter structure is pro-
posed to generate dwell time, requiring six additional IGBTs.
A quasi-three-level (Q3L) modulation strategy is proposed in
[24] to suppress RWP in a single-phase motor drive fed with
a full bridge. The dwell time is introduced through separate
carrier waveforms for each half-bridge, displaced with a time
duration equal to the dwell time. Further, the authors in [25]
propose a DM-coupled inductor between the paralleled half-
bridges and the phase output to synthesize mid-level dwell
time for three-phase motor drives. According to the test results,
the proposed converter topology provides partial to full RWP
mitigation, depending on the dwell time matching extent.

Although the dwell time approaches are effective, their
performance is contingent upon the accurate dwell time value,
which depends on cable and motor characteristics. In practice,
dwell time can be estimated from the first antiresonance in
the DM impedance of the cable and motor [25]. However,
obtaining an accurate DM impedance requires precise com-
pensation of measurement errors due to probes and extra leads
used for making connections during measurement. Further,
variations in cable and motor insulation characteristics over
time also change the dwell time, requiring periodic updates
of the dwell time value in the drive control. Besides this, the
slew-rate of the drive output voltage pulse, which varies with
device and circuit parasitics and load current, also needs to be
compensated in the PWM signals for gate drives.

Recently, a SiC-based split-phase (2L-SP) topology has
been proposed in the literature, offering several advantages
over the standard 2L topology [27], [28]. The 2L-SP topology
comprises P- and N-cells, with split inductors L, connected
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between the mid-points of these cells. The phase leg of 2L-SP
can be derived by splitting the 2. phase leg, provided that a
SiC Schottky Barrier Diode (SBD) is placed across the SiC
MOSFET. Fig. 1(a)-(c) illustrates the transformation from the
SiC-based 2L to 2L-SP phase leg.

The intrinsic SiC MOSFET body diode suffers from a
relatively high forward voltage drop and significant reverse re-
covery losses, which increase with temperature, consequently
raising the switching loss at high temperatures. In contrast,
the SiC SBD features zero reverse recovery with a lower
forward voltage drop [29]. A detailed switching performance
comparison of the SiC MOSFET with and without the anti-
parallel SiC SBD is provided in [30]. According to the results,
the SiC MOSFET with SiC SBD offers lower total switching
loss at high current levels throughout the working temperature
range (25 ° to 175 ° C). Therefore, incorporating anti-parallel
SiC SBD in 2L is effective for improving drive efficiency,
especially at high power levels. Furthermore, in the context of
2L.-SP, assuming an anti-parallel SiC SBD is used, the number
of semiconductor devices in both 2L-SP and 2L is equal.

From the switching performance perspective, split inductors
in 2L-SP decouple the switching device from its complemen-
tary cell devices’ parasitic capacitance. For instance, for P-
cell in Fig 1. Ly decouples Sp from parasitic capacitances
of Sy (Coss) and Dy (Cy). This decoupling lowers the
total switching loss and increases cross-talk immunity. A
device loss analysis for a 2L-SP three-phase inverter with
SPWM is conducted in [27]. The analysis explores device
loss variations with key metrics such as SPWM modulation
index (m), switching frequency (f), power factor angle (¢),
and conduction current amplitude (I ). Results indicate that
device loss variations for 2L-SP are always upper-bounded by
those of the 2L inverter across these metrics. Additionally,
experimental efficiency comparisons show that 2L-SP out-
performs 2L, with increased efficiency at higher frequencies,
making 2L-SP particularly advantageous for SiC devices.

Furthermore, split inductors lower the dv/dt at mid-
point/AC output, as discussed in [31]. This lower output dv/d¢
can potentially mitigate the RWP. Besides this, the presence
of Ly at output also has the potential to serve as an auxiliary
L filter. L filter is the simplest passive filter employed for the
standard 2L inverter-based drives (2L-LF) in the industry [6].
The filter shifts the reflected wave ringing frequency frw to
a lower value, thereby lowering the slew rate of motor side
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Fig. 1. Derivation of SiC 2L-SP motor drive from 2L. (a) Dissection of 2L phase leg into P and N cells. (b) P and N cells separated. (c) Mid-points of P
and N cell P and N connected through L to the output node O. (d) Three-phase 2L-SP motor drive.
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overvoltage and current oscillation on the drive side to reduce
switching loss [15]. However, the performance of L filter in
mitigating RWP is inferior as a large value of inductance
is required to reduce overvoltage and overcurrent amplitude
significantly, increasing system cost and weight [16].

In contrast, 2L-SP shows the prospect of lowering the
switching loss and slew rate of motor side overvoltage due to
split inductors (acting as L filter) and overvoltage amplitude
due to its lower output dv/d¢. This aspect of 2L-SP in motor
drive applications with a cable-connected motor is yet to be
analyzed. Moreover, with an assumption that the value of L
filter is equal to 0.5L (parallel combination of L), the net
filter inductance per phase for both 2L-SP and 2L-LF is equal.
This equivalence establishes a fair case for benchmarking the
performance of 2L-SP against 2L-LF in lowering RWP.

This article investigates the RWP in a 2L-SP motor drive
and compares it with a 2L drive with L filter. A 2L, 2L-
LF and 2L-SP reconfigurable 18 kVA SiC-based prototype is
developed and connected to an emulated motor load using a
bundled shielded VFD cable. The contribution of the article
can be summarized as

1) A comprehensive investigation of the RWP, namely
drive-side overcurrent and motor-side overvoltage, in
a 2L-SP-based motor drive through double pulse and
continuous testing for different cable lengths and split
inductor values.

2) Performance comparison of 2L-SP and 2L-LF in sup-
pressing RWP, using the same net DM inductance for
the split inductor (2L-SP) and the reactor (2L-LF) to
ensure a fair comparison.

3) A simplified DM lumped circuit model, incorporating
the drive’s output dv/dt, for modeling RWP transients
in 2L-SP and its experimental validation. From a design
perspective, the proposed model and derived expressions
provide a more straightforward means of analyzing the
overvoltage and overcurrent transient trends beforehand.

4) Discovery of a potential increasing trend of peak over-
voltage with the split inductor/reactor value for short ca-
ble lengths in both configurations, along with validation
using the proposed simplified DM circuit models.

5) Investigation of RWP in 2L-SP-based integrated motor
drives, showing no increasing trend of peak overvoltage
with split inductance as observed for short cables.

6) Evaluation of the switching performance of 2L-SP and
comparison with 2L and 2L-LF, showing that 2L-SP
achieves lower switching loss.

7) Development of criteria for sizing split inductors for 2L-
SP-based motor drives.

The article is organized as follows. Section II briefly
overviews the lower output dv/dt benefit of 2L-SP. Section III
delves into switching transition equivalent circuit modeling
for RWP to develop simplified lumped DM circuit models
for estimating peak overvoltage and overcurrent in 2L-LF
and 2L-SP motor drives. Section IV presents the results of
Double Pulse Tests (DPT) conducted for RWP investigation
for different cable lengths and reactor/split inductor values
for 2L-LF and 2L-SP. The remarks and comparison of key

performance metrics such as motor side overvoltage and
drive side overcurrent are presented. Section V analyzes the
increasing overvoltage trend with short cables, observed in
Section IV, and extends the DPT-based RWP investigation to
a 2L-SP-based integrated motor drive. Further, the device’s
switching transient (dv/dt) and switching loss for 2L-LF and
2L-SP are analyzed and discussed in Section VI. Following
the investigation through DPT, the RWP study is further
extended in Section VII, where continuous test results with
SPWM for both configurations are presented and compared.
In Section VIII, guidelines for sizing split inductors for 2L-SP-
based motor drives and a comparison of 2L-SP with 2L-LF and
similar existing drive structures with active RWP mitigation
approaches are provided. Lastly, Section IX concludes the
article.

II. OuTtpUT dv/d¢ IN 2L-SP

Split inductors in 2L-SP lower the output dv/d¢ during the
switching transition [31]-[33]. For any modulation scheme,
the switching transition happens in one phase leg at a time.
The other phases are clamped to DC link or power ground.
For instance, for phase A in Fig. 1 (c), the two switching
transitions are S;p, OFF — ON and S, ON — OFF or
Sia ON — OFF and S, OFF — ON. During each of
these switching transitions, a complex resonance circuit is
formed, which is excited by the switching dv/dt of the device
undergoing switching. The resonance circuit comprises split
inductors of the switching phase leg, complementary cell’s
MOSFET and diode output capacitances Cpss and Cj, and
load and split inductors of other phases [32], [33].

Fig. 2 shows the equivalent switching transition circuit for
the Sja ON — OFF and S;5, OFF — ON transition for phase
A. For coherence, the same switching transition is considered
for modeling RWP transients in the following sections. The
branch connected to node Oa comprising load and split
inductors of other phases is omitted with an assumption that
there are no load parasitics and the branch impedance Z is
much higher than the parallel branch containing Ly, Coss and
Cy [32]. The voltage source vpg(t) represents the falling dv/d¢
of S,a, which excites the series resonance circuit. As a result,
the voltage of nodes Op and P, resonate with the angular
frequency ws = 1/ \f(2LS(Coss + Cj)). When the voltage of
nodes Oa and P reaches zero, forced by vpg(t) after a time
duration of 77 since the start of the switching transient, the
resonance is suppressed as the voltage across Cpss and Cj
is clamped. As a result, the output dv/dt is lower and has a
sinusoidal profile.

The equivalent circuit in Fig. 2(a) can be solved to obtain
closed-form time domain expressions for vpa(t) and wvpa(t),
as performed in [32]. However, in [32], a step voltage source
(infinite dv/dt) is used to solve the equivalent circuit, which
can over estimate voa(t) and wvpa(t). To address this and
improve accuracy, the step source can be replaced with a ramp
edge with a fall time 7% to represent the dv/d¢ of Sya in vps(t)
(1). This approach is adopted in this article in the following
sections for modeling RWP in 2L-LF and 2L-SP, respectively.
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Fig. 2. Phase A Sjp ON — OFF and S;5 OFF — ON switching transition.
(a) Equivalent circuit. (b) Waveforms.
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III. DM EQUIVALENT CIRCUIT MODELING FOR RWP
TRANSIENTS

The RWP is incepted for each switching transition in each
phase leg of the motor drive. For instance, Fig. 3 depicts the
schematic for 2L-LF and 2L-SP cable-connected motor drive
for the phase A bottom switch S5 OFF — ON switching
transition with phase B and C clamped to DC link (Vpc).
To maintain consistency, the switching transition in Fig. 3 is
considered throughout Sections II-VI. Additionally, for clarity,
motor terminal (line-line) voltage and drive side output current,
along with their respective peak overvoltage and overcurrent,
are denoted as vm(t), ic(t), vmpk) and icpk), respectively.
ic represents the negative phase A current iy o(;), Which
is measured as the drive-side output current in DPTs in
Section IV. The representation of phase B i4 p(¢) and C iy c(r)
currents is also based on ic assuming balanced three-phase
conditions (ig g(+) = ig,c(t) = 0.5ic(1)).

The root cause of RWP for the switching transition in
Fig. 3 is the excitation of the first antiresonance, located
at frequency frw, in the combined DM impedance Zpy of
reactor L (2L-LF) or Ly (2L-SP), cable and motor by the dv/d¢
of S>a [6], [23]. The antiresonances in Zpy result from the
interaction between the individual antiresonances in cable and
motor load DM impedances Zpmc and Zpwmwm, respectively
[34]. Although, Zpy has higher order antiresonances, their
impact on RWP in 2L-LF configuration is negligible due to
the presence of L which substantially lowers the value of frw,
making it the dominant pole of the RWP transient [6], [35].
The same characteristic applies to 2L-SP due to the identical

placement of L, in 2L-SP as compared with the placement of
L in 2L-LF.

For obtaining the DM equivalent circuit for modeling
RWP transients for Fig. 3 to estimate vmpy and icpk), it
is imperative to obtain DM impedance models for reactor
L 2L-LF) or Ly (2L-SP), cable, and motor. The proceeding
analysis develops the switching transition equivalent circuit
for modeling RWP for the scenario in Fig. 3 for both drive
configurations.

A. 2L-LF

The RWP for the 2L-LF scenario in Fig. 3(a) is initiated
as the mid-point voltage of phase A steps from zero to Vpc,
caused by turning ON of S;A. In [35], a simplified lumped
DM model is developed for modeling RWP in 2L-LF for the
same switching transition. Therefore, for reference the same
naming convention of variables is adopted for clarity. The
circuit model is depicted in Fig. 4. The model comprises DM
models for the L, cable, and motor, accurately modeling the
first antiresonance of the actual DM impedance. The voltage
source vs(t) represents the voltage step. Further, Ly represents
the DM inductance of the motor which is 1.5 times the per
phase inductance Ly (Ly = 1.5L).

For ease of computation, the voltage step can be modeled
as a unit step Vpcu(t) [36]. However, a step voltage source
u(t) has an infinite dv/d¢, which does not represent the actual
device switching transient and overestimates vnpk) and icpk)
for a given cable model parameters and filter L value. To
overcome this limitation, a ramp edge with a rise time T is
considered (2), where Tk can be adjusted based on the device’s
switching dv/d¢.

us(t) = <P (r(t) = r(t - To) @

The solution of the equivalent circuit with the ramp edge
excitation is summarized in [35]. The response comprises
DC (ramp edge) and AC components. The DC ramp edge
defines the steady state voltage on the motor Ly, whereas
the AC component represents the overvoltage ringing. The
AC component, expressed in (4)-(5), comprises sinusoidal
terms with angular frequency wgrw = 27 frw and amplitude
scaling factors f(x) and g(x), which are function of the initial
conditions, the less-dominant second antiresonance wp;, and
Tk (5). The expressions for wrw, f(x), and g(x) are provided
in [35].

om(t) :TR(1.5ZDi§Z+LM) O =rt=T0)
+ ’UAc(t)’u,(t) + UAc(t — TR)u(t — TR)
vac(t) = f(z)sin(wrwt) + g(x)cos(wrwt) 4)

@ =[ic(07), vm(07), iLa(07), iLps(07), vmp(07)
, WRW, Wp2, TR]

&)

Although in an actual motor drive system, the AC part in
(3) decays over time due to system damping, the purpose of
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Fig. 3. Schematic for phase A S»a OFF — ON switching transition with phase B and C clamped to the DC link. (a) 2L-LF. (b) 2L-SP.

(3) is to model the voltage rise/fall and estimate vmpky Which
depends on the maximum value of the AC component and
steady state load voltage. Therefore, the value of vk using
(3) can be expressed as follows

VbcLm
(1.5L—|— Lc + LM)
VbcLm . (1R
— 2 R 2 2
(L5L+Lc+Ly) | Sm(z wa> P@)+e(@)
(6)
Further, the voltage across 1.5L + L¢ (vs(t) — vm(t)) can
be integrated to obtain expression for ic(t) (7). Consequently,
(7) can be manipulated to derive the expression for icpk) in
(8) for a given ic(07).

UM@pk) = +maz{vac(t) —vac(t—TRr)}

io(t) = " ) / (vs(7) — () dr +ic(07) ()

(15L + L¢

. o . (1R (@) + g% (=)
icpr) = ic(07) + 2sin <2wa) L}Rw(l-5L+Lc)

It is pertinent to mention that the equivalent circuit in Fig. 4
does not include the resistance for damping. The underlying
reason is based on the observation that the overvoltage and
overcurrent transients are underdamped (¢ < 1), with vy (¢)
and ic(t) reaching their peaks vmpk) and icqk) at the onset of
the transient where the value damping scaling term e~ =~ 1.
Also, ignoring damping lowers the order of the characteristic
function, yielding a closed-form solution [35].

Further, the argument of the sinusoidal scaling term is
(0.5TjRwrw). If TR = nTrw, where n is a set of positive
integers (n = 1,2, 3, ...) and Trw = 27 /wrw, then the value of
the scaling term sin(0.57rwrw) becomes zero. Consequently,
the maximum term becomes zero, and the RWP is ideally

®)

i) 15L Le

vs(t) @

Fig. 4. Switching transition equivalent circuit for Fig. 3(a).

eliminated. This is also consistent with the time and frequency-
domain analysis presented in [23] to show that the RWP is
suppressed when the rise/fall time equals n7grw.

B. 2L-SP

In a 2L-SP drive, during the switching transition, the output
and complementary cell’s mid-point node voltage transient is
determined by the equivalent circuit comprising L, Cpss, and
Cj (Fig. 2). Additionally, since the cable and motor are linked
to the output node, the excitation of cable and motor parasitics,
and consequently, the occurrence of RWP, is also impacted by
the output and complementary cell’s mid-point node voltage
transient.

The excitation process for RWP in 2L-SP involves two
subintervals, 1 and 2. Fig. 5 shows the equivalent circuits
for the two subintervals and the corresponding specimen
waveforms for the switching scenario in Fig. 3(b). The subin-
terval 1 starts at ¢ = O with the turning ON of S;5. The
output and complementary cell’s mid-point node voltages
voa(t) and wvpa(t) fall with a transient determined by the
resonance between P and N-cell Ly, Coss and Cj of the P-
cell and net DM inductance 0.25L; of phase B and C in
series with cable and motor parasitics. Once the voltage of
P, reaches zero at t = Ty, the resonance ceases, concluding
subinterval 1. Subinterval 2 then begins with a constant voltage
Vbe applied across the DM equivalent circuit comprising net
DM inductance 0.75Lg due to split inductors in series with
cable and motor. The initial conditions of the components for
subinterval 2 are the values at the end of subinterval 1, which
govern the transient profile and peak values of vy (t) and ic(t),
respectively.

The closed-form expressions for vy (t) and ic(t) for the 2L-
SP drive can be obtained by analytically solving and coupling
expressions of both subintervals. However, the circuit for
subinterval 1 is higher order and complex to be solved sym-
bolically due to a higher-order characteristic function with a
non-generalized closed-form solution. Therefore, subinterval 1
can be solved using numerical methods and the current and
voltage values at ¢ = 77 can be passed onto subinterval 2.
The circuit for subinterval 2 is identical to the 2L-LF circuit
in Fig. 4 with ramp edge vs(t) replaced with Vpc. The same
procedure provided in [35] is followed to yield the following
expressions for vy(t) and ic(t), along with their respective
peaks, vmpk) and icpk) (Appendix A).
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Likewise, as for the 2L-LF, vk and icqpk) for 2L-SP also
depend on the maximum sum of sinusoids (10). However, the
presence of subinterval 1 in 2L-SP indicates a lower extent of
RWP as the effective excitation of the cable and load circuit
is lowered due to the gradual rise of the output voltage, as
concluded in Section II. Further, the cable and motor load
components (Lc, Ce, Lv, Lvs and Cyg) at the start of
subinterval 2 have residual current and voltage in the same
direction as subinterval 1, implying lower excitation impact of
Vbc in subinterval 2 and hence lower extent of RWP compared
with 2L-LF.

IV. RWP INVESTIGATION THROUGH DOUBLE PULSE
TESTS

To analyze and compare RWP in 2L-LF and 2L-SP and vali-
date the proposed DM equivalent circuit models in Section III,
a DPT testbed is developed. Fig. 6 shows the DPT schematic
and experimental setup. An in-house developed three-phase
2L-SP prototype [37], is utilized for performing DPT on the
bottom device S;4 of phase A at 600 V and 31 A. The
prototype specifications are listed in Table I. Contrary to the
DPT approach in [6], [34], [38], the rationale behind this DPT
configuration is to include impact of L, in phase B and C,
which in actual drive operation also interact with cable and
motor load. The top devices Sig and Sic of phases B and C
are latched in the ON state, while the grayed-out devices are
latched in the OFF state by giving a constant high/low logic
to their gate drivers. Further, the external ON and OFF gate
resistances for Sy are set to 2.5 2 and 0.47 (), respectively.

TABLE I
2L-LF/2L-SP CONFIGURABLE DRIVE PROTOTYPE PARAMETERS

Parameter l Value

SiC MOSFET CREE C3M0016120D
SiC Schottky Diode Onsemi FFSH50120A
Cpc (UF) 240

For emulating motor, three inductors are developed with
impedance response similar to a 2 kW motor [6], [39]. The
load is connected to the drive (Fig. 6) with 4-wire 10 AWG
2 kV Lapp 700703 VFD cable. The cable ground wire and
shield are connected to the grounded heat sink on the drive
side and NEMA box enclosure on the load side. The DM
impedances of cable Zpyc, load Zpym and cable with load
Zpm,cm for different cable lengths (I m, 2 m, 4 m and 8 m)
are measured with Keysight E4990 impedance analyzer based
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on the procedure summarized in [9]. The measurement results
are presented in Fig. 7.

For validating the proposed DM circuit models in Sec-
tion III, it is imperative to obtain values of Lc, Cc¢ for
cable and Ly, Lys and Cys for motor. The values can be
estimated by manually characterizing the response to match
the impedance response till the first antiresonance, which is
tedious. To circumvent this, the Vector Fitting (VF) technique
with enforced passivity is employed [40]-[42]. Table II and
Table III summarize the obtained values of the cable and load
components.

TABLE I
VF EXTRACTED CABLE PARAMETERS

Parameter ‘ 1m ‘ 2m ‘ 4 m ‘ 8 m
Lc (nH) 170.95 | 278.86 | 575.84 | 926.01
Cc (pF) 140.20 | 203.46 | 381.50 | 815.07

TABLE III

VF EXTRACTED LOAD PARAMETERS

Parameter | Value
Ly (uH) 275.12
Lys (uH) 4.40
Cwus (pF) 14.28

A. DPT Results

DPTs are performed for all four cable lengths (1 m, 2 m,
4 m and 8 m) for five values of L (0 uH, 0.075 pH, 0.5 uH,
2.35 pyH and 5 pH) for 2L-LF and (0 uH, 0.15 pH, 1 pH,

477 pyH and 10 pH) for 2L-SP, respectively. The 0-5 uH
range for L and 0-10 pH range for L, is chosen to keep the
maximum % impedance/inductance to within 3 % of the per-
phase value Ly = (2/3)Lm = 183.41 pH (Table III) [43].
The DPT pulse widths are chosen to prevent occurrence of
double pulsing. The 2L-LF configuration is realized from 2L-
SP by shorting the P and N-cell midpoints using a thick copper
busbar, resulting in L = 0.5Ls. The Ly = 0 uH case implies
the traditional 2L configuration, implemented by shorting the
P and N-cell midpoints with Ly removed. For non-zero values
of Lg, commercially available off-the-shelf (COTS) inductors
from Coil Crafts are utilized. Fig. 8 and Fig. 9 compare the
time-domain waveforms for load side voltage vy (t) and drive
side current ic(¢) for I m and 8 m cable lengths for two values
of L (O uH and 5 pH) and L (0 uH and 10 pH).

For 1 m cable with 2L configuration (L = L, = 0), the
overvoltage and overcurrent transients in vy (t) and ic(t) have
modulated ringing pattern due to proximity of first two antires-
onances (19.81 MHz and 27.67 MHz) in Zpy in Fig. 7(c). The
modulated ringing pattern is absent in both 2L-LF and 2L-SP
and only the first antiresonance frw = 4.48 MHz appears in
um(t) and ic(t) for both configurations. The value of frw is
same for both configurations as the net DM inductance 1.5L
for 2L-LF and 0.75Lg for 2L-SP in Fig. 4 and Fig. 5 is equal,
which also sets a fair basis for benchmarking performance
of 2L-SP. Further, for the 8 m cable, the transients have
lower value of frw than 1 m for all three configurations 2L
(5.83 MHz), 2L-LF (1.89 MHz) and 2L-SP (1.89 MHz).

Moreover, in terms of vk and icpk), for 1 m, the 2L-
LF and 2L-SP configurations result in an unexpectedly higher
UMk than 2L. In particular, the values of vmpk) for the first
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rising pulse edge for L = 5 pH (2L-LF) and Ly = 10 pH
(2L-SP) are 933.4 V and 745.6 V, respectively, which surpass
the peak value of 721.6 V for the simple 2L. Compared with
2L-LF, the increase in wypk) for 2L-SP is subtle. However,
for icqpky, no significant change is observed for both configu-
rations.

In contrast, for 8 m, significant overvoltage and overcurrent
transients in vy (t) and ic(t) appear for the 2L configuration.
For instance, during the first rising pulse edge, vmpk) reaches a
recorded value of 1154 V and icqyk for the turn-ON transient
of the second pulse at 31 A nominal is 43.91 A. For 2L-LF,
vMmpk) decreases slightly to 1110 'V, while icy is reduced to
38.44 A. On the other hand, the 2L-SP provides a significant
reduction in both vy and icpk), with values of 732.7 V and
33.94 A, respectively.

Further, the variation of measured frw, vmpk) (first rising
edge) and icqpk) (turn ON of second DPT pulse) with L (2L-
LF) and L (2L-SP), for all cable lengths is summarized in
Fig. 10 and Fig. 11. vmgk and icepk) are plotted in per unit
based on their respective steady-state values as the base.

For frw, the measured values are the same for both con-
figurations and vary inversely with inductance. The rationale
behind this is the dependence of frw on the combined
impedance of cable, load and net DM inductance 1.5L (2L-
LF) and 0.75L (2L-SP), which is kept the same (L = 0.5Ly)
for the DPTs. Additionally, for all cases except lower values
of L and Ly for 1 m cable, the measured frw is the first
antiresonance. This is attributed to the considerable spacing
between the first two antiresonances frw; and frw2, as evident
in Fig. 7(c) [44].

In contrast, for vsmpk), a dissimilar trend is observed between
short (1 m and 2 m) and long (4 m and 8 m) cable lengths
for both configurations. For long cables, vmy) falls as L and
Lg increases, but the trend is steeper for 2L-SP. For instance,
for 4 m cable, the reduction in overvoltage amplitude above
the steady-state value, going from L = O pH to L = 5 pH,
is a mere 1% for 2L-LF, whereas it is 63 % for 2L-SP. The
significant reduction observed for 2L-SP is the presence of
subinterval 1, which gradually excites the components of the
cable and load equivalent circuits, as discussed in Section III.
Conversely, for short cables, an undistorted rising trend is
observed for 2L-LF, whereas for 2L-SP, a dip is seen at
L; = 1 yH followed by a gradual rise. However, overall, vmpk)
values for 2L-SP are lower than 2L-LF for short cables.

Lastly, similar to frw, icepk) exhibits an inverse falling
trend with L and Ly, with the trend being steeper for longer
cable lengths (4 m and 8 m). However, for the same cable
length, the reduction in icpky with increasing inductance is
more significant for 2L-SP than 2L-LF. For instance, for the
4 m cable, the reduction in overcurrent amplitude, going from
L =0pH to L =5 pH, is 56.5 % for 2L-LF, whereas it is
76.8 % for 2L-SP.

V. INCREASING Um(pk) PATTERN WITH SHORT CABLES IN
2L-LF AND 2L-SP

The unexpected rising trend of wvmpk) in Fig. 10(b) and
Fig. 11(b) for 1 m and 2 m cables for both 2L-LF and 2L-
SP configurations, contradicts the pattern observed for long
cables. To analyze this trend, a MATLAB code employing the
proposed models from Section III is developed to generate load
side waveforms for predicting vmpk) in 1 m and 2 m cables
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for both configurations. The cable and load parameters listed
in Table II and Table III are utilized. The value of switching
dv/dt of excitation sources wvs(t) and wvna(t) = wps(t), in
Fig. 4 and Fig. 5 is extracted from the DPT results. Further,
for 2L-SP, the values of Coss and Cj for the subinterval 1 are
extracted from the device datasheet at 600 V.

Fig. 12(a) and Fig. 12(b) compare the experimental and
proposed circuit model generated waveforms for 2 m cable
for L = 235 pH and Ly = 4.7 pH. The proposed circuits
accurately model the rising transient for both configurations
as the slew rate of the device in vs(t) is considered. For 2L-
SP, the two subintervals are evident and the model accurately
predicts the trajectory of voa(t), vpa(t) and v (¢).

Further, for vampk), the proposed models for 2L-LF and 2L-
SP slightly overestimate the value. For 2L-LF, the difference
is 27 V, whereas for 2L-SP its 42 V. The overestimation is
attributed to two factors. The first is that the actual device
switching transient is not perfectly linear and has high and
low instantaneous dv/dt regions. However, in the proposed
model, the linear ramp is considered. Secondly, for 2L-SP,
UMpk) 18 achieved at the second peak of the oscillation where
the value of damping scaling term e~ ! is slightly less than 1,
causing a slightly more difference between the measured and
predicted vmpk). For 2L-LF, the difference is less as vmpk)
is achieved during the first peak of the oscillation. Lastly, as
the proposed model is based on the lossless system without
damping, the difference between the measured and modeled
waveforms increases as time increases due to system damping.
Overall, the proposed DM equivalent circuits effectively model
the RWP transient, especially subintervals for 2L-SP, and
estimate vmpk) With less than 6 % error for both configurations.

Consequently, the developed MATLAB code is extended to
generate the vmpk) Vs inductance pattern for 2L-LF and 2L-SP
for 1 m and 2 m meter cables. The comparison of the modeled
trend with experimental data is presented in Fig. 13. The
modeled trend follows the same as the measured, justifying the
efficacy of the proposed equivalent circuit models in predicting
UMpk) for a given cable-motor system and inverter parameters.

Further, it is important to note that the rising overvoltage
pattern is attributed to the collective impact of the variables,
whose values are drive and system configuration specific,
within the argument vector x and y, governing the expression
of overvoltages (6) and (12). These variables encompass circuit
components, initial conditions, and 7 of the drive output
pulse. Nevertheless, these variables are highly coupled in (6)
and (12). Therefore, the individual impact of each variable can
be explored through a dedicated sensitivity analysis study such
as Monte Carlo.

A. 2L-SP Inverter for Integrated Motor Drive

Integrated Motor Drives (IMDs) are popular for space
constrained applications such as electric vehicles and railway
traction systems [45]. An IMD system comprises motor, drive
and associated control and communication systems housed in a
single package. The motor drive is directly interfaced with the
motor without cable, thereby reducing the risk of overvoltage
and overcurrent, due to RWP [45], [46].
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Fig. 12. Comparison of experimental and proposed circuit model generated
Soa turn-ON transient waveforms for the first DPT pulse for the 2 m cable.
(a) 2L-LF with L = 2.35 pH. (b) 2L-SP with Ly = 4.7 pH.

The 2L-SP inverter is a promising candidate for 2L IMDs
due to its lower switching loss and high cross-talk immunity
compared with the 2L topology [27]. However, the possible
exacerbation of RWP due to split inductors, the fundamental
component of this topology, raises concerns about its feasibil-
ity for an IMD application. As shown in Fig. 11, for a 1 m
cable length, which is roughly comparable to an IMD system,
an increase in L, except for Ly =1 pH, results in higher vmpx)
exceeding the value obtained with the simple 2L configuration
(Ly = 0 pH). This trend suggests that increasing Ly could
potentially also lead to high vmgk) in an IMD. Therefore, it is
crucial to investigate RWP in a 2L-SP-based IMD.

Furthermore, the 2L-LF configuration also shows a higher
UMpk) than the 2L-SP for short cables in Fig. 11, prompting
further investigation. Howeyver, it is pertinent to mention that
the 2L-LF configuration is intended for mitigating RWP in
cable-connected motor drive systems [6], [38]. Therefore,
the 2L-LF configuration holds no practical significance and
viability for an IMD application.
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The same experimental setup in Fig. 6 is reconfigured to
emulate an IMD by connecting the load to the output of the
converter prototype. DPTs are performed for the same five
values of Ls (0 pH, 0.15 pH, 1 pH, 4.7 pH and 10 pH) at
600 V. Fig. 14 compare the time domain waveforms of vy (t)
and ic(t) for the two extreme values. Contrary to the results
for 1 m cable in Fig. 8, there is no increase in vy for
Ly = 0 pH (2L) compared with Ly = 10 puH, except that the
dv/dt and ringing frequency for the latter is lower. Similarly,
there is no significant variation in ic(t) for both Ly values.
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Fig. 14. DPT results for 2L-SP-based IMD configuration for Ls = 0 pH and
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Further, Fig. 15 provides a summary of the per-unit vari-
ations of vmpk) and icpky with L. Both parameters exhibit
a consistently flat trend as Lg varies. vnpk) Shows minor
fluctuations above and below its value at Ly = O pH, while
icpk) falls slightly by 4 % as L increases.

The time-domain waveforms in Fig. 14 and the flat trend
in Fig. 15 suggest that increasing split inductance in 2L-SP
does not exacerbate the RWP phenomenon, as hypothesized.
The underlying reason can be explained from the equivalent
circuit in Fig. 5. For an IMD, cable components L¢ and C¢ are
no longer in the circuit. With C¢ removed, the impedance mis-
match at the motor terminals (vm(t)) is minimized, lowering
the extent of RWP. The little overvoltage ringing observed in
upm(t) in Fig. 14 at switching transition is due to the excitation
of the antiresonance of the motor/load [47].
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Fig. 15. Variation of measured vk and icpky with Lg for 2L-SP-based
IMD.

VI. SWITCHING PERFORMANCE EVALUATION

Apart from the RWP, the performance and efficiency of
a motor drive is dependent on the switching performance
of the device. Compared with Si, the high dv/d¢ and di/dt
switching capability of SiC devices plays a crucial role in
reducing switching losses (Fsw) and dead time for comple-
mentary switches in a phase-leg and permitting high switching
frequency operation. However, due to their small intrinsic
junction capacitance Copss, the switching behavior of SiC
devices is more susceptible to converter and load parasitics
[48], [49].

For motor drives, the load parasitics include the cable and
motor parasitics, which form a complex impedance network.
This complex network does not behave inductively in the
device switching-related frequency range (in MHz), impacting
the switching transient [34]. In [38], the switching perfor-
mance of 2L-LF is analyzed and benchmarked against 2L for
a 7.5 kW motor connected using 2 m cable. It is shown that
for 2L, the antiresonances of the cable and motor load DM
impedance cause additional high-frequency ringing current to
flow through the device during switching, lowering dv/d¢ and
increasing Fsw. In contrast, the auxiliary inductor L in 2L-
LF configuration is shown to provide decoupling between load
parasitics and the device, leading to up to 10 % reduction in
Egw than 2L. Similarly, in [6], the switching performance of
2L-LF is analyzed for a 100 kW PM motor connected through
a 4 m cable. The tests conclude 9.1 % reduction in switching
loss than 2L configuration. Nevertheless, in both works, the
evaluation is only conducted for one cable length.

The 2L-SP topology shows prospects of decoupling the
cable and load parasitics from the device during the switching
transition. In [27], the switching performance of a SiC-based
2L-SP is investigated through DPT. According to the results,
L decouples the capacitance of devices in the complementary
cell from the switching device. As a result, the turn-ON loss
Fon is decreased while the turn-OFF loss Eogr is increased.
However, the total loss Fsw = Fon + Eorr is lower than 2L.
The increase in Fopr is attributed to an increase in turn-OFF
dv/dt, which increases the vps and ipg overlap. Nonetheless,
DPTs performed in this work are with a simple DPT inductor,
which does not fully represent the cable and motor load.
Therefore, it is necessary to analyze the switching performance
of 2L-SP for motor drive applications with varying cable
lengths to determine if the same trend follows.

The measured switching transients of the DPTs presented
in Sections IV and V are used to calculate Fon and Eogr
and measured ON and OFF dv/dt¢ for both 2L-SP and 2L-
LF for all cable lengths. For 2L-SP, the IMD case is also
considered. To ensure accuracy in the Egw calculation, the V-1
alignment procedure in [50] is followed. Fig. 16 compares the
time-domain turn-ON and OFF switching transient waveforms
of S»a and associated with switching energies for 8 m for 2L,
2L-LF (L = 5 pH) and 2L-SP (Ls = 10 pH). Similar to [27],
for 2L-SP Eoy is substantially lower, by 50 %, whereas Eogr
is higher, by 83 %, than 2L and 2L-LF due to higher turn-
OFF dv/dt. Nevertheless, the total Esw for 2L-SP (658 wJ)
is lower than 2L (852 pJ) and 2L-LF (774 pJ). Moreover, the
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vps of Sya for ON and OFF transients for 2L and 2L-LF has a
little ringing pattern superimposed on the large-signal voltage
step. Whereas for 2L-SP, the transition is smooth with higher
ON and OFF dv/dt of 19.5 V/ns and 35.8 V/ns than 15.8 V/ns
and 20 V/ns for 2L-LF and 14.5 V/ns and 18.1 V/ns for 2L,
respectively.
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Fig. 16. Measured S5 switching transients and switching losses for 8 m
cable. (a) Turn-ON. (b) Turn-OFF.

The variation of ON and OFF dv/dt for all cable lengths
and inductances for both configurations is plotted in Fig. 17.
In the case of 2L-LF, both ON and OFF dv/dt exhibit variance
for lower values of L. The dv/dt value increases slightly till
L = 0.5 pH and then saturates for all cable lengths, implying
decoupling of load parasitics from the device. The net average
increase in ON and OFF dv/dt from the 2L baseline case
is 1.8 V/ns and 1.2 V/ns, respectively. Likewise, for 2L-SP,
both ON and OFF dv/dt increase with L until Ly = 4.7 uH
and saturate around the same value for all cable lengths. This
implies that the impedance offered by Ly > 4.7 uH is large
enough to fully decouple cable and motor load parasitics,
regardless of the cable length. However, compared with 2L-
LF, the net average increase in dv/d¢ for 2L-SP from the
2L baseline case is notably higher, with values of 5.5 V/ns
for ON and 23.2 V/ns for OFF dv/dt, respectively. The

higher dv/dt observed for 2L-SP is attributed to the additional
decoupling of the capacitance of complementary cell devices
(Phase A P-cell for the given case) by Ls. In contrast, for
2L-LF, the complementary cell devices are paralleled with the
switching device, increasing overall capacitance and lowering
the switching speed.

| 2L-LF | [ 2L-SP |
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Fig. 17. Comparison of ON and OFF dv/dt for both configurations for all
cable lengths.

Further, the switching loss trend for both configurations is
summarized in Fig. 18. For 2L-LF, Eon and Egpp show a
slightly falling trend with an increase in L for all cable lengths.
In contrast, for 2L-SP, the switching energies follow a trend
similar to what is presented in [27]. Fon falls sharply until
Ly = 1 yH and then saturates, reaching nearly the same value
for all cable lengths. This trend is due to a higher ON dv/dt,
which leads to a smaller overlap between vpg and ipg in 2L-
SP than in 2L-LF. On the other hand, Egpp follows a rising
pattern until Ly = 1 pH and then saturates, remaining invariant
for all cable lengths. This trend is attributed to a higher OFF
dv/dt, which leads to a higher overlap between vpg and ips.
Despite having a higher Eopr, the total loss Esw for 2L-SP
for Ls > 1 pH is nearly 17 % lower than 2L-LF.

Based on the trends shown in Fig. 17 and Fig. 18, it can be
concluded that in both 2L-LF and 2L-SP, irrespective of cable
length, the motor and cable parasitics are decoupled from the
switching device if the inductance of L and Ly is large. A large
value of L and Lg lowers the ringing frequency of additional
currents induced due to cable and motor load parasitics. As a
result, the resonant period of the parasitics-induced currents is
much longer than the switching commutation time, eliminating
the influence of these currents on the switching transient [38].

Further, from the design perspective, the criterion developed
for 2L-LF in [38] is also extendable to 2L-SP as the DM
impedance 1.5L (2L-LF) and 0.75Lg (2L-SP) for L = 0.5L; is
identical. Lastly, in addition to decoupling the load parameters,
2L-SP decouples the capacitance of the complementary cell
devices from the switching device, further lowering Fsw and
increasing motor drive efficiency compared with both 2L and
2L-LF.
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Fig. 18. Comparison of Egn, Eopr and Egw for both configurations for all
cable lengths.

VII. RWP INVESTIGATION UNDER CONTINUOUS
OPERATION

The DPT approach in Section IV provides an insight into the
occurrence of RWP in 2L-SP and 2L-LF drives. However, the
DPT approach in Section IV focuses on one switching state,
which does not emulate the RWP in an actual motor drive
system where the output voltage and current waveform vary
over one fundamental cycle fo, synthesized by transitioning
between different switching states in a pattern [7].

Further, as evident in the simplified DM equivalent circuit
models in Section III, the transients in vy (¢) and ic(t) are
a function of initial conditions ic(07), um(07), ¢iLm(07),
iLys(07) and vyvp(07) at the start of switching transition
and the dv/dt of the switch. Therefore, the RWP in a motor
drive system is expected to vary for each switching transition
due to varying initial conditions and switching dv/dt over fo
and hence warrants RWP performance evaluation of 2L-SP in
continuous operation and its comparison with 2L and 2L-LF.

The experimental setup in Fig. 6 is reconfigured for contin-
uous testing for 8§ m cable. The inductive load is replaced with
a three-phase RL load with phase resistance Rpy = 10 2 and
Lpy = 15.1 mH to emulate a loaded induction motor operating
at 0.87 power factor. The RL load is constructed using high-
power wire wound resistors from Ohmite and three-phase
reactors from MTE connected in series. The emulation of the
motor using an RL load is predominantly employed in the
literature for evaluating motor drive topologies [7], [23], [51],
[52]. The impedance response Zpwmm is depicted in Fig. 19,
with high-frequency response similar to 15 kW and 5.5 kW
motors in [6] and [39], respectively.

Further, SPWM is chosen and implemented on an Intel
Cyclone IV FPGA for drive modulation with 30 kHz and
60 Hz as the carrier and fundamental frequencies, respectively.
The SPWM modulation index is set to 0.86 to achieve 208 V
L-L RMS output voltage from the drive at 400 V DC link.
Lastly, Tektronix Tekscope PC Analysis tool is utilized to
capture and view waveforms from the drive and load side
oscilloscopes on a single screen.

Fig. 20 compares the drive and load side phase A to phase
B line-to-line voltages vc(t) and vy (t) and phase A currents
ic(t) and im(¢) for 2L, 2L-LF (L 5 uH) and 2L-SP

Magnitude (Q2)

0.01 0.1 1 10 50
Frequency (MHz)

Fig. 19. Measured Zpym of RL load.

(Ly = 10 pH) configurations. For 2L-LF and 2L-SP, vc(t)
is measured across the cable terminals after the inductors. As
can be noticed, for 2L, significant overvoltage and overcurrent
exist in vm(t) and ic(t). The peak of vy (t) levels around 2Vpe
with few peaks, exceeding 2Vpc and reaching 870 V due to
double-pulsing and varying load current [6], [7].

In the case of 2L-LF, a notable reduction of 30.1 % in
overcurrent amplitude is observed in ic(t). However, the
overvoltage in vy (t) is exorbitant, with overvoltage peak
reaching upto 998 V for few pulses. The underlying reason is
severe double-pulsing, compared with 2L, due to lower frw
caused by the presence of L and large oscillation damping
time. This is evident in Fig. 9(a) and is also discussed in [6].

In contrast, the 2L-SP configuration shows the least RWP.
The maximum overvoltage observed is 642 V, which in terms
of amplitude is 48.5 % and 59.5 % lower than 2L and
2L-LF, respectively. Likewise, there is a 81.9 % reduction
in overcurrent amplitude compared with 2L and a 74.1 %
reduction compared with 2L-LF. This is because the cable and
load parasitics are gradually excited in subinterval 1 in the 2L-
SP configuration, as discussed in Section III. Moreover, the
degree of double-pulsing is also lower due to lower damping
time, which is visible in Fig. 9(c).

It is worth noting that for both 2L-LF and 2L-SP, the
difference between vc(t) and vy (t) is minimal. This can be
explained by examining the equivalent circuits in Fig. 4 and
Fig. 5(b). The values of L and L, are significantly larger than
Lc of the cable. As a result, the voltage drop across Lc¢ is
almost negligible, leading to vc(t) = vm(t).

Further, the maximum values of vmpk) and icpk) over fo
in Fig. 20 for all drive configurations do not appear at the
same switching pulse/state. For instance, Fig. 21 shows the
zoomed-in comparison of RWP transient in vy(t) and ic(t)
for all drive configurations at which the maximum vypk) value
(998 V) for 2L-LF in Fig. 20 is observed. vs(t) = vc(t) is the
drive output phase A to phase B line-to-line voltage for the
2L case.

The double-pulsing in wvy(t) is evident for all three drive
configurations. However, the overvoltage transient for the
given switching transition is less severe for 2L-SP, with vmpk)
lower than the observed maximum (642 V). This is because
UMpk), according to (6) and (12), is related to the collective
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Fig. 20. Continuous test results for the 8 m cable connected to an RL load.
(a) 2L. (b) 2L-LF with L = 5 pH. (c) 2L-SP with Ly = 10 pH.

impact of the variables, having different values for each drive
configuration, within the argument vector x (5) and y (11). For
the given switching transient, the collective impact of these
variables yields the maximum and lower vapk) value for 2L-
LF and 2L-SP, respectively.

Additionally, the peak icpi value in Fig. 21 is the highest
for 2L, followed by 2L-LF and 2L-SP, respectively. This trend,
similar to vmxk), for the given transient is also attributed to
the collective impact of variables within the argument vector
x and y, governing (8) and (14).

VIII. 2L-SP MOTOR DRIVE DESIGN CONSIDERATIONS
AND COMPARATIVE REVIEW STUDY

The DPT and continuous test results in Sections IV and VII
show that 2L-SP provides enhanced RWP mitigation than 2L
and 2L-LF. However, for the design perspective, it is crucial to
size L optimally to meet motor performance and compliance

UM(2L-LF)

1000

UM(2L-SP) |'

UnM(aL)

800

600

400

Voltage (V)

Current (A)

Time (ps)

Fig. 21. Zoomed-in comparison of a RWP transient in vp(t) and ic(¢) in
Fig. 20 for all drive configurations.

targets. Further, for practical application it is crucial to review
and compare 2L-SP performance and viability with existing
approaches that leverages similar structure as 2L-SP but em-
ploy auxiliary reactor (2L-LF) or active control techniques to
partially or fully mitigate RWP.

A. Split Inductor Lg Sizing

The split inductors in 2L-SP, owing to their location, also act
as auxiliary reactors L in 2L-LF. This is evident from the same
measured frw in Fig. 10 and Fig. 11 for both configurations
with L = 0.5L,. For 2L-LF, the value of reactor L is motor
impedance/power rating dependent. The standard practice is to
limit L such that its impedance/reactance at the fundamental
frequency fo is around 3 % or 5 % of the per-phase motor
impedance/reactance [43]. The underlying reason is to avoid
power factor deterioration and significant voltage drop across
the reactor, lowering output torque [53]. Therefore, to prevent
severe performance degradation due to an oversized L, the
same 3 % or 5 % impedance criteria for 2L-LF can also be
extended to 2L-SP with I = 0.5L to have the same net DM
inductance as 2L-LF. Consequently, L value in terms of rated
phase RMS current I, and phase voltage V4, fo and the %
impedance factor Zg (0.003 or 0.005), can be expressed as

_ LV

Y dmfoly

However, another design constraint on Ly sizing is the
current ramp-up/spike Ais during the switching transition
(subinterval 1 in Fig. 5) which is shown to follow inverse
relation with Ly, as analyzed in [32], [33]. In [32], closed from
expressions for Aig, ignoring the load branch, are provided.
The load branch is ignored based on the fact that its impedance
is much higher than Lg; otherwise, a significant output voltage

5)
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would drop across Ls. Further, this also helps reduce the
circuit order to yield closed-form expressions for ease of Aig
estimation.

Finally, taking into account the % impedance and A
constraints, the general design approach for L sizing for 2L-
SP-based cable-connected motor drives is to estimate L using
(15) and use it as a maximum limit for finding the optimal
value from the Aig versus Ly curve for given drive parameters.
The obtained optimal value of Ly can then be used in the
proposed DM model in Fig. 5 to estimate vppk) beforehand for
a given cable and motor, ensuring that vypk) is not increased,
as seen for short cable lengths in Fig. 11(b).

B. 2L-SP Versus Existing Approaches for RWP Mitigation

The RWP mitigation approaches for 2L motor drives involve
using additional passive components as filters and/or semi-
conductor devices. The 2L-SP, compared with the 2L topology,
requires additional split inductors, provided SiC SBD is used
to keep the semiconductor count the same. Further, 2L-SP has
a similar structure with 2L-LF and existing active control RWP
mitigation approaches [24], [25], [54]. Therefore, questions
about the advantages and limitations of the 2L-SP and existing
approaches arise from a practical application perspective.

Table IV compares 2L-SP with 2L-LF and existing ap-
proaches in terms of the number of components, control com-
plexity, and extent of RWP mitigation. The control complexity
of 2L-LF and 2L-SP is the same. Moreover, provided that a
SiC SBD is utilized for 2L-LF and an inverse coupled inductor
is used for 2L-SP [32], the number of components for 2L.-
LF and 2L-SP are same but RWP mitigation with 2L-SP is
higher. In contrast, the active control techniques employ more
semiconductor switches per phase with their associated gate

drives than 2L-SP and 2L-LF but provide partial to full RWP
mitigation at the expense of increased control complexity and
cost.

Further, in terms of cable length, 2L-LF, and 2L-SP bring
concern of exacerbated overvoltage transients for short cable
lengths, which can be analyzed beforehand using the proposed
DM equivalent circuit models in Fig. 4 and Fig. 5, respectively.
For active techniques, cable length directly impacts the dwell
time and needs to be adjusted in the control. According to the
theoretical analysis presented in [24], [25], dwell time follows
a linear relationship with cable length, lowering the maximum
achievable modulation index (maximum fundamental drive
output voltage). However, the linear dwell time-cable length
relationship is not validated experimentally and might not hold
for the case where the antiresonance of the cable is greater
than that of the motor, with motor antiresonance dominating
the RWP [39]. In this case, the predicted dwell time does
not match the actual, and partial RWP mitigation would be
achieved [25].

Finally, the choice of RWP mitigation solution for 2L drives
entirely depends on the acceptable RWP level and risk for a
particular application. For instance, for conservative aircraft
applications with drive operation at high altitudes where the
Partial Discharge Inception Voltage (PDIV) is lower, the active
control RWP mitigation approaches could be more suitable in
achieving full RWP mitigation. On the other hand, for indus-
trial applications where the 2L-LF configuration is the first
common choice for RWP mitigation upto 300 ft cable length
[43], [54], 2L-SP appears to be more viable. This is because
the component count, control, and DC bus requirements for
2L-SP are similar to 2L-LF, allowing for a smooth and feasible
transition from 2L-LF to 2L-SP within the industry.

TABLE IV
COMPARISON WITH EXISTING TECHNOLOGIES
Parameter 2L-LF Ref[24] Ref[25] 2L-SP
Auxiliary reactor
RWP mitigation mechanism Auxiliary reactor Mid-level dwell-time Mid-level dwell time +
Lower output dv/dt
RWP mitigation approach Passive Active Active Passive
Partial to full Partial to full
RWP mitigation extent Slight (dependent on dwell (dependent on dwell Partial

time matching)

time matching)

Impact of cable length

Possible exacerbation of
overvoltage transient for
short cable lengths

Dwell time increases
and drive output voltage
range decreases

Dwell time increases
and drive output voltage
range decreases

Possible exacerbation of
overvoltage transient
for short cable lengths
(lower than 2L-LF)

Additional carrier

Time shift equal to dwell time
required between paralleled

Control complexity Same as 2L displaced by dwell time half-bridges Same as 2L
required +
Power imbalance active control
Number of passive . . ' 1 (inverse coupled inductor)
components per phase 1 (inductor) - 1 (inverse coupled inductor) or
P per phas 2 (discrete inductor)
Number. of SiC switching ) 4 4 )
devices per phase
N f Si
umber of SiC Optional Optional Optional 2

anti-parallel diodes per phase
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IX. CONCLUSION

RWP is more pronounced in SiC-based 2L motor drives
owing to fast switching capability of SiC devices, causing
excessive motor side overvoltage and drive side overcurrent.
This article explored RWP in a 2L-SP inverter-based motor
drive and benchmarked its performance against the closest
matching 2L drive with an auxiliary reactor L filter (2L-LF).
Compared with simple 2L topology, 2L-SP shows prospects
of RWP mitigation owing to its lower output dv/d¢ due to
split inductors, which also act as L filter. For modeling RWP,
in contrast to transmission-line theory, which qualitatively
describes the RWP in terms of reflection coefficient, lumped
DM equivalent circuit models are developed for 2L-LF and 2L-
SP to model the first antiresonance of the cable and load, the
root cause of RWP. The models are coupled with a ramp edge
source to represent the drive output, including the switching
dv/dt of the device.

The RWP is first investigated through DPTs for different
cable lengths and inductor values on a 2L-SP/2L-LF config-
urable SiC-based motor drive prototype. The inductor values
for 2L-LF and 2L-SP are chosen to achieve the same net
DM impedance. For long cables, overvoltage and overcurrent
peaks show a more significant reduction with an increase in
inductance for 2L-SP than 2L-LF. The underlying reason is
the presence of an intermediate subinterval in 2L-SP, which
lowers the output dv/dt and consequently the excitation of
the cable and load parasitics. In contrast, overcurrent falls
inversely with inductance for short cables for both configu-
rations, while overvoltage exhibits an anomalous rising trend.
The rising overvoltage trend is analyzed and validated through
the proposed DM equivalent circuit models. Hence, these DM
circuit models hold practical significance in assessing RWP in
2L-SP and 2L-LF motor drives and determining the impact of
inductance on overvoltage beforehand, speeding up the design
process.

Additionally, the analysis on short cable also led to an
investigation of RWP in the 2L-SP inverter-based integrated
motor drive system, where the results show no presence of
RWP due to the absence of cable. Moreover, from a switching
performance perspective, both 2L-SP and 2L-LF decouple the
load parasitics from the device, thereby reducing switching
loss. However, split inductors in 2L-SP also decouple the
complementary cell’s output capacitance from the switching
device, further lowering switching loss compared with 2L-LF.

Further, the article also analyzed RWP under continuous
operation for both configurations. According to the results, the
overvoltage and overcurrent peak varies over the fundamental
cycle due to varying load current and double-pulsing. The 2L-
LF shows the highest overvoltage owing to severe doubling
pulsing due to large oscillation damping time. On the other
hand, the 2L-SP configuration has a lower degree of RWP
due to lower excitation of the cable and load parasitics, and a
reduced level of double-pulsing.

Finally, based on DPT and continuous test results, it can
be concluded that 2L-SP is a better candidate than 2L-LF
for mitigating RWP, provided that a SiC SBD is utilized
to maintain the same semiconductor count. Although 2L-SP

requires two inductors per phase-leg compared with one in
2L-LF, this limitation can be overcome using a single inductor
with a center tap or an inverse coupled inductor. Additionally,
with Medium Voltage (MV) SiC technology evolving and
enabling direct use of low-level drive topologies such as
2L, 2L-SP also becomes an attractive option owing to its
lower output dv/d¢, superior switching performance, cross-
talk immunity and enhanced RWP mitigation.

As part of future work, the authors’ focus is on analyzing the
impact of each variable in the expressions for peak overvoltage
and overcurrent through sensitivity analysis to identify the
dominant variables impacting RWP transients. Furthermore,
from the magnetics perspective, the authors plan to investigate
and compare inductor losses (core and copper) in 2L-LF and
2L-SP for different modulation strategies. The findings of
these works will be shared in future publications.
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APPENDIX A
DERIVATION OF vp(t) AND i¢(t) FOR 2L-SP

The circuit for subinterval 2 in Fig. 5(b) is identical to
the equivalent circuit for 2L-LF (Fig. 4) with 1.5L replaced
with 0.75L¢ and ramp edge ws(t) replaced with constant
Vbe. Therefore, the expressions for characteristic function and
complex poles wrw and wp;, derived for the 2L-LF in [35],
are applicable to the subinterval 2 with L replaced with 0.5Lj.

The underlying characteristic function is expressed as fol-
lows

kos* + k12 + ko =0 (16)

The coefficients ko, k1, and ko are given by
ko = (0.75Ls + Lc) L LmsCcCwms
k1 =Lm(0.75Ls + Lc)(Ce + Cus)
+ LmsCOms ((0.75Ls + Lc) + L)

ko = 0.75Ls + Lc + Ly

The roots of the characteristic function are given by

kE—akoko—k1

- (17)

Sl,SQZi 9

£/ k%*4k2kg+k)1
e

5 (18)

53,84 = +
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The response of the equivalent circuit is oscillatory, im-
plying complex roots/poles (s; = s5 and s3 = s}). Further,
as there is no damping term in the system (s = jw), the
magnitude of the complex roots are the angular frequencies
wp) = wrw and wpy with wp; < wpy and wp; = wrw being the
dominant pole.

wpi = wrw = [s1] = |s2] (19)

wpy = |s3]| = [s4] (20)

The roots of the characteristic function serve as the basis
for solving the equivalent circuit for subinterval 2 to obtain
expressions for vy (t) and ic(t), respectively.

A. UM (t)

Contrary to the ramp edge vs(t) in Fig. 4, the excitation
source for the subinterval 2 is constant Vpc. The expression
for vy (t) in s-domain, for the constant Vpc excitation, can be
derived using the node voltage analysis as follows

w353 + w252 + wi1s + wo
S+inw)(S—iwkw)(8+iwpz)(8—inz)

um(s) = ( 21

The coefficients w3, ws, wy, and wq are given by

- LmVoe
0.75Ls + Lc + Ly

ws = vm(1y)

ic(Ty ) — iLm(Ty ) — iLys(Ty)
Cec

Wo =

Lyv(vms (T, ) — Vbe) + (0.75Lg + Le)vms(17,)
LnmsCe(0.75Lg + Le + Ly)
um(T, )(0.75Ls + Lc + Lm) — LmVbe
LmsCwms(0.75Lg + Le + Ly)

_ic(Ty) — ilu(Ty)
LyvsCmsCe

The time-domain expression is obtained by taking the
inverse Laplace transform of (21) and is given by (9). vac(t)
in (9), likewise for 2L-LF, is the sum of sinusoids expressed
as

w1 =

vac(t) =m(y)sin(wrwt) + n(y)cos(wrwt) (22)

y represents the set of variables in (11). Further, the
amplitude of the sinusoidal terms m(y) and n(y) are related
to ws, we, w1 and wy and angular frequencies wrw and wp;
as

2
Wo — WalWRw

— 5~ (23)
wrw (Why — Waw)

m(y) =

wy — wgwgw

(why — wiw)
Finally, vmpk) can be expressed (12) as the sum of the

steady-state DC value and the maximum value of vac(t).

n(y) = (24)

B. ’ic(t)

The current ic(t) is the integral of the voltage (vs(t)—uvm(t))
across 0.75L + Lc (13). The peak value icgpy), given by (14),
is mainly dependent on the maximum value of the integral of
maz{vac(t)} (10).
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