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Abstract—This letter proposes a simplified lumped analytical
model to investigate reflected wave phenomenon (RWP) in a two-
level voltage source inverter-based motor drive with an output reac-
tor. RWP causes motor side overvoltage and drive side overcurrent.
The output reactor at the drive side is a preferred RWP mitigation
approach for its simplicity. However, existing RWP modeling ap-
proaches, for reactor design purposes, rely on complex cable and
motor circuit models, requiring time-consuming simulations or are
oversimplified, neglecting motor impedance and drive’s output slew
rate dv /dt. To address this, the proposed model incorporates a con-
densed motor model and a ramp edge source for the drive output. It
is solved to obtain closed-form expressions for estimating the slew
rate of overvoltage and overcurrent transients and their respective
peak values. Finally, the derived expressions are validated through
double pulse tests on a silicon carbide-based hardware prototype
for different cable lengths and reactor values.

Index Terms—Drive side overcurrent, motor side overvoltage,
output reactor, ramp edge, reflected wave phenomenon (RWP),
silicon carbide (SiC), vector fitting.

I. INTRODUCTION

HE emergence of fast switching power semiconductor de-
T vices, such as wide bandgap, brings the concern of exacer-
bation of reflected wave phenomenon (RWP) in cable-connected
motors powered by two-level (2L) voltage source inverter (VSI)-
based motor drives [1], [2], [3]. RWP transients refers to the
drive side overcurrent and motor side overvoltage, leading to
decreased drive performance and accelerated motor winding
insulation degradation. The extent of RWP in VSI-based drives
depends on drive’s output dv/dt, cable-motor differential mode
(DM) impedance and pulse application timing [1].
For RWP mitigation, the output reactor or L filter at the
drive output, owing to its simplicity, is widely employed for
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cable lengths up to 300 ft [4]. Generally, L is sized to keep
its impedance at fundamental frequency within 3%—5% of the
per-phase motor impedance to avoid significant voltage and
power factor deterioration [5]. L lowers the reflected wave ring-
ing frequency frw, thereby reducing the slew rate of the RWP
transients. It also helps reducing peak overvoltage, with the trend
being almost proportional [1], [4]. However, as shown in this
letter for short cable lengths, depending on system configuration,
increasing L can increase peak overvoltage. Hence, it is crucial
to analyze the impact of L on slew rate and peak overvoltage
beforehand for reliable operation as mandated by standards, such
as NEMA MG 1-2009 [6]. Likewise, it is essential to examine
its impact on overcurrent transients, unexplored in the existing
literature.

The existing approaches for predicting slew rate and peak
values of RWP transients rely on complex cable and motor
models, which either cannot be solved symbolically due to
higher order characteristic function or require frequency domain
analysis [3], [7], [8], [9]. Therefore, the user has to resort to using
SPICE simulation or numerical analysis software.

Although simplified models with closed-form solutions have
been proposed, they do not specifically address the L filter con-
figuration, rely on conservative assumptions, and primarily focus
on estimating peak overvoltage [6], [10], [11], [12]. In [10],
a second-order approximation of the motor drive system with
L and L||R filter is presented. Nonetheless, the approximation
yields peak overvoltage to 2 per unit because the motor drive
output is taken as an ideal step (infinite dv/dt) and the motor
as an ideal open circuit. The same assumptions are also adopted
in [6], and [11] focusing on drive-side LC filter design. Further,
in [12], an expression for peak overvoltage, considering pulse
rise time, is presented. Nevertheless, the expression requires the
precise value of the reflection coefficient to be known.

This letter presents a simplified analytical model to investigate
RWP in a cable-fed motor drive with output reactor. The model
comprises lumped DM equivalent circuits of the reactor, cable,
and motor connected to a pulse voltage source, representing the
drive output. The impedance of the proposed model accurately
models the total DM impedance Zpy of the drive system up
to the first antiresonance, the root cause of RWP in the L filter
configuration [1], [4]. For the drive output, instead of a step
source considered in [6], [10], and [11], which overestimates
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Fig. 1. 2L VSI cable-fed motor drive with output reactor. (a) Schematic.
(b) Experimental setup.

RWP, a ramp edge source is utilized to account for the drive’s
output dv/d¢. Further, closed-form expressions are obtained by
simplifying the proposed model to estimate the slew rate of
overvoltage and overcurrent transients and peak values. The
expressions facilitate the reactor design and RWP analysis by
eliminating characterization of complex cable and motor circuit
models, followed by computationally expensive simulations.
The model and derived expressions are validated through DPTs
for two cable lengths and various reactor values on an 18 kVA
SiC-based 2L VSI prototype interfaced with an emulated motor
load through a bundled shielded cable.

II. LuMPED DM EQUIVALENT CIRCUIT MODELING

The RWP in drive systems with L filter is primarily attributed
to the excitation of the first antiresonance at frw in Zpy at each
switching transition in each phase leg of the motor drive [1], [3].
The measurement procedure for Zpy is discussed in [1], [2].
Fig. 1 depicts the schematic and experimental setup of cable-fed
2L VSImotor drive with an output reactor for the phase A bottom
switch S, o OFF — ON switching transition with phase B and C
clamped to dc link (Vpc). To maintain consistency, this switching
transition is considered throughout the letter. Further, the motor
terminal (line-line) voltage and drive side output current, along
with their respective peak overvoltage and overcurrent due to
RWP, are denoted as vy (t), ic(t), vmepk) and icpi), respectively.

The proposed equivalent DM circuit for Fig. 1(a) is presented
in Fig. 2. vs(t) represent the output pulse of the drive, with
slope corresponding to dv/dt of drain-source voltage of S5 a.
The impedance ZDM is intended to accurately model frw in
Zpm- 1.5Ry, and 1.5 L represent the net DM impedance of
the output reactor. The cable is modeled as a single lumped
RLC branch comprising Rc, L¢ and Cc. The lumped approx-
imation is valid as reactor value L. >> L and dominates the
RWP transient [10]. The DM impedance of the cable model
is intended match to that of the actual cable Zpyc till its first
antiresonance.
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Fig. 2. Lumped DM equivalent circuit.

107 107

10° _Z_DM 10° _Z_DM

105 - 'ZDM 105 - ZDM
Z 10? Z 10? .
] 3 ] 3
ERU T 10
b1 2 b1 2
E 10 E 10
o g o g
% 10 % 10

10° Faw> 10° faw >

107! 107!

107 107

0.01 0.1 1 1020 0.01 0.1 1 1020
Frequency (MHz) Frequency (MHz)
(@) (b)
Fig.3. Comparison of measured Zpy and modeled ZDM for two cable lengths

with L = 2.35 pH. (a) 1 m. (b) 8 m.

Further, for the motor model, inspired from [7], Ly represents
the DM inductance of the motor, which is 1.5 times the per phase
inductance Ly (Ly = 1.5L4). The parallel branch containing
Lys and Cys models the first antiresonance of the actual motor
impedance Zpm M. Lastly, Ryp and Rys provides damping for
the resonances.

The cable and motor models’ component values can be deter-
mined through vector fitting measured Zpy c and Zpyvm [13].
Fig. 3 compares Zpy and ZDM for the 1 and 8 m cable with
L = 2.35 pH for the experimental setup in Fig. 1(b). As can be
seen, ZDM matches with Zpy accurately till frw and therefore
can be used for modeling RWP transients.

III. DERIVATION OF CLOSED-FORM EXPRESSIONS

The proposed model in Fig. 2 can be solved to obtain expres-
sions for vy (t) and ic(t), which can be used for estimating
slew rates dun(t)/dt and dic(t)/dt and peak values vnpk)
and icqk). However, the underlying characteristic function is
fifth-order, which cannot be solved symbolically. To address
this, the proposed model can be further simplified based on the
observation that the overvoltage and overcurrent transients are
underdamped (¢ < 1), with vy (%) and i (¢) reaching their peaks
UMpk) and icpk) at the onset of the transient where the value
damping scaling term ¢~ ~ 1. Therefore, Ry, Rc, Ryp, and
Rys can be excluded, yielding the circuit in Fig. 4 with the
following characteristic function in s-domain:

ko s* 4+ ky s + ko = 0. (D)
The coefficients ks, k1, and kq are given by

ks = (1.5L + L¢) Ly Lys CeCais @
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+ LMSCMS((1-5L + Lc) + LM) 3)
ko =1.5L+ Lc + Ly. “

With damping ignored (s = jw), the circuit’s response is
oscillatory, characterized by pure complex roots s; = s5 and
s3 = sj. The magnitude of the roots are the angular frequencies
wp1 and wpy Withwp; < wps. wpy 1S the first antiresonance wry =
2w frw responsible for RWP, while wp, denotes the second
antiresonance, which has minimal impact due to wp; << wpy,
caused by L. Therefore, wp; = wrw becomes the dominant pole,
governing the RWP transient [1]. The expressions for angular
frequencies are

V2 — dkoky — k
wa\/ (L (5)

2ks

VE2 — dkok k
wpy = \/— L 2o . (6)

2ks

The RWP transient heavily depends on the slew rate of vs(t)
[1], [2], [3]. Therefore, a ramp edge with a rise time 7R, corre-
sponding to the drive’s output dv/dt, is considered as follows:

W
us(t) = 7

where 7(t) represents the unit ramp ¢t (¢). The closed-form ex-
pressions for vy (¢) and ic(t) can be obtained through s-domain
analysis of Fig. 4 and taking inverse laplace.

(r(t) = r(t = Tk)) ©)

A oy(t)
The expression for vy () can be derived as
_ VbcLm
To(1.5L + Le + Ly)
+ vac(t)u(t) + vac(t — Tr)u(t — Tx) (8)

where vac(t) comprises sinusoidal terms, with angular fre-
quency wrw, constituting to the overvoltage ringing transients

om(t) (r(t) = r(t = Tx))

vac(t) = f(z)sin(wrwt) + g(x)cos(wrwt) )
x=[ic(07),vm(07),im(0" ), ims(0), vms (07 ), wrw, we2, TR].
(10)
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The amplitudes f(x) and g(x) are given by

2
Vo — V2WRw
fl@)= —F— 3~ (11)
wrw (Why — Wrw)
2
U1 — U3WRw
g(x) = 57 (12)
(%2’2 - wl%Wl)
The coefficients vs, v2, v1, and vy are given by
vy =oum(07) (13)
vy — ic(oi) - Z'M(Oi) — ’L'Ms(oi) B LyVpe
g Cc Tr(L5L + Lc + Ly)
(14)
oy = Cecom(07) + Cyusvoms (07) (15)
LyisCcCwyis
o = ic(o_) — iM(O_) B LMVDC<CC + CMS)
LysCcCus TRLMsCCCMs(1.5L + Lc + LM) '

(16)

With damping, vac(t) in (8) decays over time. However, the
purpose of (8) is to estimate duy(t)/dt and vvpk). The slew-
rate, based on 10%-90% value criterion, is approximately the
maximum slope of vac () at vac(t) = 0. Further, vmpk) is sum of
the maximum value of vac(t) and steady state voltage. Through
trigonometric simplification, following expressions can be ob-
tained:

dvzlt(t) A2 2wrwSin (?wRW> 72(x)+¢2(x)107°  (V/ns)
an

VocLm
1.5L + L¢c + LM)

- et (R T )

(1.5L+Lc+LM)
(18)

UMpk) = ( + max{vac(t) — vac(t — Tr)}

B. ic(t)

The voltage vs(t) — vm(t) across 1.5L + L¢ can be inte-
grated to obtain expression for ic(¢) (19). Further algebraic
manipulation of (19) yields the expression for dic(t)/dt, based
on 10%-90% value criterion, and i)

ic(t) = (15L71+Lc) /O/(US(T) (7)) dr + ic(07)

(19)
dic(t) . (Tr @)+ g% =x) |-

ccit ~ 2sin <2wa> l(15L+Lc) 1072 (A/ns)

(20)
2(x 2(x

icpk) = ic(07) + 2sin (?WRW> [M .

(21)
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C. Remarks

The sinusoidal scaling term sin(0.57rwrw ) in the expressions
for vmpk) and icpk) provides valuable insight into RWP. If T =
nIrw, where n is a set of positive integers (n = 1,2,3,...) and
Trw = 27 /wrw, the scaling term becomes zero and the RWP is
ideally eliminated. Likewise, the expressions for duy (¢) /dt and
dic(t)/dt are applicable for Tx < Trw. For Tk > Trw, the slew
rate solely depends on ratio of steady stage value and 7x. This
is also consistent with the analysis presented in [2].

Moreover, the initial current variables ic(0~), im(0~) and
ims(07) only affect vmepk) and icpr) when the prior RWP tran-
sient is not fully decayed. For instance, in Fig. 4, if the prior
RWP transient is completely decayed, the voltage across Cc
and Cys is clamped, and no current flows through Lys, resulting
in ic(07) = im(07). Therefore, the influence of initial current
values on vy and vy and subsequently on f(x) and g(x) is
eliminated.

D. Extension to dv/dt Filters

The proposed lumped equivalent circuit model in Fig. 2
can be extended to dv/dt filters, which are broadly classified
into LC and RLC types and encompass various variants [14].
These filters are essentially an extension of the output reactor
configuration with an additional C' (LC' type) or RC' (RLC
type) branch to enhance RWP suppression [1].

For modeling these filters, the proposed lumped circuit model
in Fig. 2 needs to be modified by adding the DM equivalent C'
branch for LC type, or R and C' branch for RLC type dv/dt
filter across nodes A and B. The existing DM equivalent of the
output reactor in Fig. 2 serves as the inductive L component of
the filter.

However, the addition of R or RC branch in the proposed
lumped circuit model raises concerns about a higher order char-
acteristic function with a nongeneralized closed-form solution.
Consequently, numerical analysis techniques can be used to
obtain the solution of the characteristic function and subse-
quently estimate the slew rate and peak value of overvoltage and
overcurrent transients for filter analysis and design purposes.

IV. EXPERIMENTAL VALIDATION

To verify the proposed model and derived expressions, DPTs
are performed for the bottom device S, o of phase A in Fig. 1 at
600 V and 32 A for two cable lengths (1 and 8 m) and five values
of L (0, 0.075, 0.5, 2.35, and 5 H). The 0-5 pH range for L is
chosen to keep the maximum % impedance/inductance of L to
within 3% of the per-phase value Ly = (2/3) Ly = 183.41 puH
(see Table I). The top devices Sig and S| ¢ 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 low logic to their
gate drivers. The external ON and OFF gate resistances for 5, A
are set to 2.5 and 0.47 (), respectively.

A MATLAB code is written to generate waveforms for vy ()
and ic(t) using (8) and (19) for the second turn-ON transient of
S5 a- The cable and load parameters are extracted using vector
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TABLE I
EXTRACTED CABLE AND LOAD PARAMETERS
Value
Parameter
1m 8 m

Lc (nH) 170.95 | 926.01

C¢c (pF) 140.20 | 815.07

Ly (uH) 275.12

Lys (uH) 4.40

Cys (pF) 14.28
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Fig.5. Comparison of experimental and the proposed model-generated wave-

forms for vy (t) and ic(t) with L = 2.35 pH. (a) 1 m. (b) 8 m.

fitting (see Table I). The value of Tk for vs(t) is extracted from
the measured waveform.

For brevity, Fig. 5 compares the measured and model-
generated waveforms for 1 and 8 m cable for L = 2.35 pH.
The rising trajectory of modeled vy (¢) and i¢ () matches closely
with the measured waveforms as the slew rate of vs(t) is consid-
ered in the proposed circuit model. For 8 m cable, the slew rate
and peak values of the modeled waveforms match accurately
with the experimental results. However, for 1 m cable, the
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model slightly overestimates these values. This overestimation
is attributed to the lower settling time for 1 m than 8 m due to
the lower value of L¢ and Cg, increasing the damping factor ¢
[1]. As aresult, the first peak for 1 m experiences slightly higher
damping than 8 m. Nevertheless, the error in the measured and
modeled peak values for 1 m cable is less than 5%.

Further, the variation of measured and calculated vyypk) and
ic(pk)» using (18) and (21), with L, for both cable lengths is
shown in Fig. 6. The values are plotted per unit with bases values
as the steady stage voltage value VpcLm/(1.5L + Lc + L)
for vmpk) and 32 A for icqpk. The predicted trend follows the
measured, justifying the efficacy of the proposed model and
derived expressions.

For vmpk), a dissimilar trend is observed with vk Tising
with L for 1 m and falling slightly for 8 m. This trend implies that
for short cable lengths, depending on the reactor, cable and motor
load impedance interaction and the value of Ty, the addition of
L can cause higher vvpk). Conversely, icqk) exhibits a falling
trend with L for both cable lengths.

V. CONCLUSION

A simplified lumped DM analytical circuit model, incor-
porating the output slew rate (dv/dt) of the motor drive, is
proposed in this letter to simplify RWP investigation in cable-fed
2 L VSI-based motor drive systems with output reactor. The
model is solved to obtain closed-form expressions that pre-
dict the transient trajectory and estimate the peak values for
overvoltage and overcurrent. The effectiveness of the model
and derived expressions is validated on hardware for short
and long cable lengths and reactor values. Notably, a rising
overvoltage pattern with increasing reactor value is observed
for the short cable, which is captured by the model with ac-
curacy. This trend suggests that increasing reactor value does
not necessarily lower overvoltage, as suggested in the litera-
ture. Therefore, from a design perspective, the proposed model
and derived expressions provide a more straightforward means
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of analyzing the overvoltage and overcurrent transient trends
beforehand.
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