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Reflected Wave Phenomenon in S1C Motor Drives:
Consequences, Boundaries, and Mitigation

Balaji Narayanasamy
Fang Luo

Abstract—In voltage source inverter-based motor drives, the fast
switching speeds of the power devices result in the reflected wave
phenomenon. Besides the overvoltages at the motor end, there are
overcurrents at the inverter end. The overvoltages increase stress
on the motor and cable insulation, and the overcurrents affect the
power devices. Wide bandgap (WBG) devices have lower switching
losses and enable high switching frequencies. However, the reflected
wave phenomenon is more pronounced in converters using WBG
devices and could potentially increase the switching losses. This
article presents a comprehensive analysis of the influence of the
reflected wave phenomenon on the switching characteristics of SiC
devices in motor drives. Notably, the effect of undamped reflected
waves and different cable lengths on both the inverter end and
motor end is studied. The analysis and experiments in this article
uncover that, depending on the switching instance, the undamped
reflected wave causes up to a 30 % increase or up to a 15% decrease
in the switching losses. A 12% reduction in the switching losses
is observed with no cable to up to 20-m long cable. The last part
of the article presents the design tradeoffs involved in designing
a dv/dt filter. Five different dv/dt filters are compared in terms
of their impact on the switching losses, dv/dt at the load, filter
loss, and damping time of the reflected wave. The L filter and the
RLC filter have around a 9% reduction in switching losses. The
L filter suffers from increased damping time and higher reflected
wave magnitude, making it unsuitable for high switching frequency
applications. Overall, L // R filter offers the lowest filters losses with
a 6% reduction in switching loss, making it more suitable for WBG
devices-based high-speed motor drives.

Index Terms—DV/DT filter, motor drives, reflected wave
phenomenon, switching losses, wide bandgap (WBG) devices.

1. INTRODUCTION

EFLECTED wave phenomenon in motor drives refers to
R the overvoltages at the motor end caused by the fast-rising
and falling inverter output pulses [1], as shown in Fig. 1. Over-
currents accompany these overvoltages at the motor end [2].
The overvoltages depend on the length of the cable, impedance

Manuscript received December 27, 2018; revised May 14, 2019, August 20,
2019, and November 21, 2019; accepted February 10, 2020. Date of publication
February 20, 2020; date of current version June 23, 2020. Recommended for
publication by Associate Editor Prof. D. Costinett. (Corresponding author:
Balaji Narayanasamy.)

Balaji Narayanasamy and Fang Luo are with the Department of Elec-
trical Engineering, University of Arkansas, Fayetteville, AR 72701 USA
(e-mail: bnarayan @uark.edu; fangluo@uark.edu).

Arvind Shanmuganathan Sathyanarayanan is with the Ohio State University,
Columbus, OH 43210 USA (e-mail: sathyanarayanan.5 @osu.edu).

Cai Chen is with the Huazhong University of Science and Technology, Wuhan
430074, China (e-mail: caichen@hust.edu.cn).

Color versions of one or more of the figures in this article are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2020.2975217

, Student Member, IEEE, Arvind Shanmuganathan Sathyanarayanan,
, Senior Member, IEEE, and Cai Chen

, Member, IEEE

Rectifier Inverter

Motor

Fig. 1.
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mismatch between the cable and the motor, the time of ap-
plication of consecutive pulses, and the damping time of the
pulses [3]. The overvoltages increase the insulation stress on the
motor and cable [1], and the overcurrents influence the switching
characteristics of the devices [2]. Thus, the reflected wave phe-
nomenon affects both the inverter and the motor. Therefore, any
method that is used to mitigate the reflected wave phenomenon
should take both the inverter switching characteristics and motor
overvoltage into consideration. Moreover, the emerging applica-
tion of SiC wide bandgap (WBG) devices in motor drives with
fast switching speeds adds more problems such as undamped
reflected waves, thus making the phenomenon even more com-
plicated. Traditional mitigation approaches involve bulky and
costly sine wave filters or dv/dt filters, which reduces the benefits
of employing WBG devices. Therefore, it is necessary to revisit
this phenomenon and incorporate this knowledge in converter
design.

Previously, various works [4]-[10] have developed design
methodologies for various filter topologies to mitigate the over-
voltages in Si IGBT-based motor drives. In [11], Swamy et al.
compared output filter designs for an Si IGBT- and a SiC
JFET-based motor drive in terms of filter losses and dv/dt at
the motor. Thus, the motor end overvoltage mitigation and filter
losses were previously studied in detail. However, the effect of
the filters on the switching characteristics has not been studied
previously. The study presented in this article fills in the existing
gap between the design of filters for overvoltage mitigation and
its impact on power device switching performance.

In the wake of emerging applications such as all-electric air-
craft, the demand for high power density, high-speed motors, and
their drive systems is increasing. Further, these high-speed mo-
tors tend to have low winding inductance and thus require high
switching frequency motor drives. The high switching speeds
and switching frequency capability of SiC devices enables the

0885-8993 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on June 07,2021 at 05:46:48 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-6388-3942
https://orcid.org/0000-0002-7240-961X
https://orcid.org/0000-0002-7596-6307
mailto:bnarayan@uark.edu
mailto:fangluo@uark.edu
mailto:sathyanarayanan.5@osu.edu
mailto:caichen@hust.edu.cn
http://ieeexplore.ieee.org

10630

possibility of high fundamental frequency motor drives. Switch-
ing frequencies up to 100 kHz were demonstrated in voltage
source inverter-based motor drives using SiC devices [12]. Such
high switching frequency brings new concern in the area of
reflected wave mitigation. Most of the previous works that ana-
lyzed reflected wave phenomenon, utilized Si IGBTSs operating
at switching frequencies of a few kilohertz. There was sufficient
time for the reflected waves to damp out before the next pulse
was applied. Hence, there was less concern to investigate the
effects of undamped reflected wave on the switching charac-
teristics of devices. But, while switching at tens of kilohertz to
lower hundreds of kilohertz, the subsequent pulses could occur
before the reflected wave from the previous pulse could die out.
Therefore, it is essential to understand the effects of undamped
reflected wave voltages on the switching characteristics of the
devices. This article studies the effect of undamped reflected
wave on the switching characteristics of SiC devices.

Further, due to the intrinsic characteristics of SiC devices,
such as small junction capacitance, small specific on-resistance,
and high di/dt and dv/dt during fast switching transients, their
switching behavior becomes more susceptible to parasitics and
noise of the application circuit [13]. With high switching fre-
quencies, even a small increase in switching losses translates
into a significant impact on the overall system efficiency. The
parasitic capacitance could arise from PCB (in the case of
discrete devices), device drain to the heatsink, output cable,
and the load [13]-[16]. These parasitic capacitances would in-
crease current overshoot and switching times, thereby increasing
switching loss [14]. Previously, in [15], Walder e al. used a 5-m
cable along with an inductor; in [13], Zhang et al. used a 2-m
cable along with a 6.5-kW induction motor; and in [16], Yi ez al.
used a 2.44- and 152.4-m cable along with a 112-kW (150 HP)
induction motor to study the switching characteristics of SiC
devices in a half-bridge configuration in a double pulse test
(DPT) setup. Both Walder et al. and Zhang et al. [17] and [15],
propose utilizing an inductor at the output to reduce switching
losses due to the cable and the motor loads. However, the impact
of the output inductor on the motor end voltage or the damping
time of the reflected wave was not studied. Also, the influence
of different cable lengths on the switching characteristics was
not studied. Besides, in previous works, the test setup does not
include connecting the case of the motor and the heatsink to the
ground, which would be the case in an actual motor drive system.
This article uses a test setup that resembles an actual motor
drive system and studies the effect of output inductors and other
different filters on both the inverter switching characteristics
and motor overvoltages. Some of the preliminary results were
reported in [18] and[19].

There are three significant contributions in this article. First,
the effect of undamped reflected waves on the switching charac-
teristics of the devices, and the motor voltages is studied. Second,
the effect of different length of the cable on both the switching
characteristics and the motor voltages is studied. Finally, the
effect of different filters on the inverter end along with the losses
in the filter is studied.

The rest of this article is organized follows. Section II de-
scribes the effects of the undamped reflected waves, length of
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the cable, and filters on the device switching characteristics.
Section III describes the experimental test setup used in this
work. Section IV discusses the experimental results that detail
the influence of undamped reflected waves on the switching char-
acteristics and reflected wave phenomenon. Section V discusses
the experimental results involving the impact of length of the
cable on the device switching characteristics and reflected wave
phenomenon. In Section VI, five different topologies of filters
that have been used to mitigate reflected wave phenomenon are
designed and tested. The filters are compared in terms of the
switching loss reduction, filter losses, and dv/dt at the motor.

II. EFFECTS OF REFLECTED WAVE PHENOMENON ON
SWITCHING CHARACTERISTICS

In a motor drive system, the interconnecting cable behaves
like a transmission line. The characteristic impedance (Z.) of
the power cables is in the range of 48 and 150 €2 [20]. The motor
load tends to have high impedance (Z,) than that of the power
cable. Due to this impedance mismatch, when a pulse is applied
at one end of the inverter, reflections occur at the motor end.
According to theory on reflections [7], [21], when a pulse of
voltage is applied to the combination of the cable and the motor,
a pulse of current travels along with it. This voltage pulse upon
reaching the motor is reflected along with the motor current.
This voltage and current once again undergo reflections at the
source end. The magnitude of the reflected current and voltage
depends on the nature of the impedance that reflects them. For
a given load, the theoretical peak reflections occur only if the
rise (fall) times are lower than two times the propagation time
of the cable. Reflections occur both during turn ON and turn OFF
of the device. Therefore, it becomes necessary to understand the
impact of the reflected waves on the switching characteristics of
the devices. The impact of the undamped reflected wave, length
of the cables, and output filters on the switching characteristics
of the power devices is discussed below.

A. Effect of Undamped Reflected Waves

Undamped reflected wave (RW) could result in RW voltages
higher than 2 pu. Different control methods [22], [23] have been
proposed to avoid double pulsing for switching frequencies up to
20 kHz [23]. But, at higher switching frequencies, the impact of
the undamped RW is even higher. The frequency of oscillation
of the reflected wave mainly depends upon the frequency of first
antiresonance in the impedance of the motor and the length of
the interconnecting cable [1]. In motors, the frequency at which
the first antiresonance occurs reduces with the power level. This
is shown by measuring the differential mode impedance of the
motors of different power levels. The measurement configura-
tion is shown in Fig. 2(a). Three induction motors of power
level 2 kW (Toshiba), 15 kW (Baldor), and 150 kW (Baldor)
are measured and shown in Fig. 2(b). The first antiresonance
occurs at frequencies of 16, 8, and 3.2 MHz for 2-, 15-, and
150-kW motors, respectively. Therefore, for a given length of
the cable, the frequency of the reflected wave is different for
different power levels. Further, for a given power level, the
frequency of reflected wave reduces with the increase in the
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Fig. 2. (a) Schematic of measurement. (b) Impedance of different induction
motors. (¢) Impedance of 2-kW induction motor with different cable lengths.

length of the cable. The impedance of a Toshiba 2-kW induction
motor connected to Lapp 700700 2-kV 16 AWG power cable at
different cable lengths is shown in Fig. 2(c). With increasing
length, the frequency of the first antiresonance shifts to lower
and lower frequencies. The frequency of the first antiresonance
reduces from 16.1 MHz with no cable to 8.6, 5, 3.5, and 1.6 MHz
as the length of the cable is gradually increased from 1, 4, 8,
and 20 m, respectively. The frequency of the reflected wave
determines the damping time.

The factors that contribute toward the damping time (¢4) of
the reflected wave are the ac skin resistance of the motor and
cable, and proximity effect in the cables. Therefore, for a given
l. and Zp, t4 is higher for higher power load and motor. This
is because of lower skin resistance with increasing cable and
motor winding thickness. The time to damp the reflected pulses
to 5% of the initial peak value is given as [1]

6/60 — e—rslc/2Zo — €—t/7—. (1)

The 37 damping times for different cables and at different
frequencies are shown in Fig. 3(b). The damping time ranges
from a few microsecond to tens of microsecond for a reflected
wave frequency of 1 MHz at different cable sizes. This becomes
an important consideration with ever-increasing switching fre-
quencies for inverters. When the next pulse is applied before
the reflected wave due to the previous pulse is damped, the
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Fig. 3. (a) Reflected wave voltage and current progression. (b) 37 damping
time at different frequency and different cable AWG for length of 30 m.

current through the device during the switching action changes
drastically. The next pulse can be applied during the peak,
trough, or middle of the reflected wave.

When a pulse voltage is applied, reflected wave currents and
voltages occur, as shown in Fig. 3(a). When the device turns
OFF, the reflected wave currents freewheel through the top diode.
Now, when the device turns ON again, the reflected wave currents
transfer from the diode to the device. Depending on the instance
at which the device turns ON, higher or lower than normal
currents could flow through the device. This drastically changes
the switching losses in the devices. The next pulse can be applied
during 17-37 time of the reflected wave.

This effect is more prominent in higher power level motor
drives with longer cable lengths. The longer the length of the
cable, the lower is the frequency of the reflected wave. At higher
power levels, the ac resistance due to skin effect is lower, and
therefore this effect is more pronounced.

B. Effect of Cable Lengths

The inductance and capacitance of the cable in differential
mode configuration for 1-m cable length are denoted as L¢
and C¢, respectively. The length of the cable and the time
of propagation of the reflected wave per meter is denoted by
lc and t,, respectively. The cable characteristic impedance,
load side reflection coefficient (I'z ), and peak magnitude of the
overvoltages are given in (2), (3), and (5). The frequency of
the reflected wave is ideally given by (5). However, when the
antiresonance of the cable is close to the motor*s antiresonance,
then the frequency is dominated by the motor’s impedance [24]

L¢
Zo =1 — 2
c Co (2)

Zyv — Zo
r, = 2M_“ZC 3
YT Zu+ Ze ©)
‘/load — (1 + FL)Vdc (4)
1

frw Heot, (5)

According to the theory on reflections [7], [21], the repeated
reflections could be approximated in the form of a decaying sine
wave. The frequency of the reflected wave voltages and currents
depends upon the time taken for propagation through the cable.
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Fig. 4. (a) Schematic of test setup. (b) Laboratory test setup (insert shows the
2-kW induction motor).

One complete cycle of reflected wave consists of two reflections
(one at the source side and the other at load side). Therefore,
the reflected wave has a period equal to 4 times the propagation
time of the reflected wave. While this holds for cable lengths
higher than a few tens of meters, short cable lengths are affected
differently. At shorter cable lengths, the motor’s antiresonance
dominates [24], and therefore the conventional explanation for
the frequency of reflected wave does not hold good.

That said, the majority of the HF currents occur at first
antiresonant frequency which corresponds to the frequency of
the reflected wave. And, therefore, the rest of high-frequency
antiresonances have a lesser impact on the switching losses
of devices. Therefore, if the frequency corresponding to the
switching speed of the device is lower than the antiresonance
frequency, then the reflected wave currents cause an increase in
the current flow through the device during the switching action.
This causes switching losses to increase. For a given switching
speed, an increase in cable length reduces the frequency of the
reflected wave voltages and currents. Therefore, the reflected
wave currents that flow through the device during switching
transients are lowered, leading to lower switching losses.

C. Effect of Output Filters

One of the key purposes of using the filter is to damp the
RW voltages. While each filter could be designed to provide
the same magnitude of RW voltage, other metrics vary. The
dv/dt reduction is a key factor here since it increases the bearing

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

TABLE I
CONSTITUENTS OF TEST SETUP

DPT Board
Device
Anti-parallel Diode

Wolfspeed KIT8020CRD8FF1217P-1
Wolfspeed C2M0080120D
Wolfspeed C4D20120D

Cable Lapp 700700 - 4 Core 16 AWG 2 kV Shielded Cable
Motor 2 kW Induction Motor and 100 kW PM motor
TABLE II
MEASUREMENT INSTRUMENTS
Oscilloscope Tektronix MSO-58 8 channel 2 GHz
VrL,Vru and Vi, Tektronix THDP0200 200 MHz Differential Probe
Imp, T&M Research SSDN-10 1 GHz current shunt
A\ Tektronix TCPO030A 120 MHz current probe

currents in the motor. The undamped RW could increase the
switching losses of the device, and therefore, the RW damping
time also needs to be taken into consideration. On top of this,
the filter could help trim the high-frequency impedance seen
by the SiC devices, thus reducing the switching losses. The
impact of different output filters used to mitigate the reflected
wave phenomenon and its effect on the switching character-
istics is studied. The impact of the filters on the switching
characteristics is identified from their interaction with motor
and cable impedance. Five commonly used filters are designed
and compared in terms of the losses in the filter and reduction
in switching losses. The five filters include, the output inductor,
RC [7], RLC [6], LR [5], and L // RC (L parallel RC) [9].

III. EXPERIMENTAL TEST SETUP

The schematic of the test setup is shown in Fig. 4(a) and
the test setup is as shown in Fig. 4(b). The constituents of the
DPT are listed in Table I. A CREE SiC half-bridge evaluation
board [25] is used to realize the DPT circuit. The lower device
of the half-bridge is under study here. The DPT test setup is
configured to measure bottom device current (I77,) and voltage
(Vrr), top device voltage (Vg ), cable current at the inverter
end (I7), and motor voltage (V1,). The oscilloscope and probes
used for measurement are listed in Table II. The motor is supplied
using a 16 AWG 2-kV Lapp 700700 VFED cable [26], and the test
condition is 600 V and 10 A. For studying the effects of damping
time and length of cable, a 2-kW induction motor is used and for
filter designs, a 100-kW PM motor is used. The effect of filters
depends only on the interaction of the filter impedance and the
motor impedance and therefore is acceptable to use the 100-kW
PM motor. As will be shown in the later sections, the magnitude
of the peak RW with a 4-m cable is almost the same with both
the motors.

In order to evaluate the influence of the different phe-
nomenon, it is essential to have a standardized test setup.
The test setup is configured to represent a single switching
state of the voltage source inverters (VSI) under operation.
Two of the three-phase cables are connected to the positive
of the dc link, and the third phase cable is connected to the
midpoint of the half-bridge. At the other end, the three cables
are connected to three-phase terminals of the motor. To rep-
resent the actual condition of a motor drive system, the SiC
half-bridge board is placed on a copper plane (which mimics
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(a) Timings of pulses in a typical DPT. (b) t2 sufficient for the reflected wave to damp. (c) ¢2 insufficient for reflected wave to damp and switching ON

of bottom device at peak of reflected wave current (undamped case-2). (d) ¢2 insufficient for reflected wave to dam switching ON of bottom device at trough of

reflected wave current (undamped case-1).

the drive cabinet), and the heatsink is also connected to it.
The ground and shield conductors of the cable are connected
to the copper plane on the device side and to the case of the
motor on the other end. In motor drive systems, this is done to
provide a path for the CM noise to return back to the inverter.
It is essential to connect the copper plane to the power earth to
which the dc power supply’s ground is also connected.

IV. INFLUENCE OF UNDAMPED REFLECTED WAVE ON
SWITCHING CHARACTERISTICS

The phenomenon will be explained using the 2-kW inverter
and 20-m cable. As stated earlier, the effect of this phenomenon
is more pronounced in high power drives. However, the illus-
tration here is limited by the equipment available. Let 1, to,
and t3 be the period of the pulse corresponding to first turn ON,
turn OFF, and second turn ON of the bottom device, respectively.
Experimental measurements from the DPT with the timings
marked are shown in Fig. 5(a). Time ¢; is selected such that
the required current is reached at the given dc-link voltage.
Time t3 is selected such that it is at least higher than the device
turn-ON time. During time to, the current freewheels through
the antiparallel diode and body diode of the top device. In a
conventional DPT, ¢5 is set such that there is sufficient time for
the device to turn OFF but not high enough that the freewheeling

current decays to alower value. However, when using a cable and
motor in the DPT test setup, the minimum time should be set by
taking another factor into account. If ¢5 is set such that the ringing
in the current does not die out before the bottom device turns OFF
(start of ¢3), this current will cause an increase or decrease in the
switching losses depending on its magnitude. This is particularly
critical when testing with longer cable lengths. Since, for given
gauge of cable, the damping times also increase with increase
in cable length [27].

The switching transients and motor voltage for the case where
to is large enough for the reflected waves to damp are shown in
Fig. 5(b). Now, t2 is lowered to 2 ps such that the reflected
wave due to the previous pulse does not dampen out. There are
two subcases—when Iy is, near one of its peak (undamped
case 2), and near one of its troughs (undamped case 1). The
corresponding measurements are shown in Fig. 5(c) and (d),
respectively.

The switching transients during turn ON and turn OFF of the
bottom device that includes Viry,, Irr, Vg, ITH, and Vi, for
all the three cases are shown in Fig. 6. The two undamped cases
would be compared to the damped case in terms of switching
losses. From Fig. 6(a), it could be observed that the undamped
case 2 (near peak) has higher current flowing through the bottom
device during switching than the damped case. This results in
an increase in the switching loss during the ON-transient. For
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the undamped case 2 (near peak), the current increases and for
the undamped case 1 (near trough), the current decreases when
compared to the damped cases. The peak overvoltage at the
motor end V7, also increases for the undamped case 2 (near peak)
and reduces for the undamped case 1 (near trough). During the
OFF-transient, the reflected wave is completely damped out and
therefore, the turn-OFF losses ),y and the switching transients
are identical in all the cases.

The tests are repeated for different times, such that the switch-
ing action takes place near the different peaks and troughs of
the reflected wave current. The results of the experiments are

summarized in Table III. The changes in F,,, and the peak V7,
are plotted in Fig. 7(a) and (b). The worst-case turn-ON loss
for the undamped case 2, F,,, is 100 pJ or 40% higher than
the damped case. This results in the switching loss increase by
approximately 30%. The worst case reduction in turn-ON loss
is about 53 uJ or 20%. This, in turn, results in the switching
loss decrease by approximately 15%. The Vrr and Vpp are
unaffected by this phenomenon. However, the change in currents
can be clearly seen in /7. The maximum change in switching
losses and the peak load voltage occur during the 17 of the
reflected wave current. As the reflected wave current dies out,
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TABLE III
EFFECT OF UNDAMPED REFLECTED WAVE VOLTAGES
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TABLE IV
TEMPERATURE RISE DUE TO UNDAMPED REFLECTED WAVE
VOLTAGES FOR fsw OF 100 kHz

Test t2 Eon Eoff Esw VLoad
Condition (ns)  (pd) (ud) (@d) V) C2M0080120D CAS325M12HM2
RW damps out 4 253 67 320 1150 Case Eo Py T} Fsw Psy T}
undamped case-2 29 u 280 67 347 1240 (nJ) (W) (C) @@m)) W) (O
undamped case-1 2.7 200 67 267 1056 RW damped 320 32 137 8 800 148
undamped case-1 2.2 210 65 275 1234 RW undamped-1 418 418 1468 10 1000 172
undamped case-2 1.9 312 68 380 1098 RW undamped-2 267 267 131.7 6.7 670 133
undamped case-2 1.6 303 67 370 1223
undamped case-1 1.4 215 68 283 1229
undamped case-1 1.16 205 67 272 1175 Ry ca = 0.4 °C/W) and an ambient temperature 7’4 of 25 °C is
undamped case-2  0.87 352 66 418 1328 considered here. Conduction loss, Pc is I3, Rpson is equal to
80 W.The Eg, (E,,, + E,ys)is taken from the measurement and
is used to calculate the switching losses at different switching
400 frequencies. Three cases are considered here (RW completely
damped, undamped peak, and undamped trough). Switching
350 loss, Psw = fow Esw and P is the sum of P and Py, and
g - device junction temperature is given by
Z
@ T; = Roja Pot +T4. (6)
20 As mentioned previously, the undamped RW is major concern
200 . for high speed motor drives which require switching frequencies
0.5 1 1.5 2 25 3 35 4

t, (us)

(a)

Peak RW Voltage (V)

b - —

— - 1)

=) n 1=

S S S
T

25 3 35 4
t2 (7))

(b)

n
—
vl ®
i
(5]

Fig. 7. Turn-ON loss and reflected wave voltage at different value of ¢o.
(a) E,y, at different to. (b) Peak Vi, at different to.

the change in F,,,, and V7, slowly die out. Since the reflected wave
current starts with a peak value, it would result in a net increase
in the switching losses during the continuous operation of the
converter. The time period ¢, discussed here is of the order of a
few microsecond. This just serves to illustrate the phenomenon.
In high power drives, the change in E,,, and V7, would be much
worse due to increased damping times and lower frequency of
reflected wave.

The effects of undamped RW on switching losses is illustrated
using two examples here which are summarized in Table IV.
First one uses MOSFET C2M0080120D from Wolfspeed. The
conduction losses are calculated for an average drain current
of Ip of 10 A. From the datasheet, Rps,, is 80 mf2, and
thermal resistance from junction to ambient, Ry s is 1 °C/W
(from datasheet thermal resistance from junction to case, Rg jc =
0.6 °C/W and assumed thermal resistance from case to ambient

up to a few hundred kilohertz. Therefore, calculations are carried
for fo of 100 and 200 kHz for illustration. For f, of 100 kHz,
the junction temperature of the discrete device changes by about
9.8 °C, which is not very significant. However, the junction
temperature changes are much more significant in case of a
power module - Wolfspeed CAS325M12HM2 (1.2 kV, 300 A,
3.7 mf2 module). The switching losses from the datasheet are
adjusted by the same amount for the undamped case as obtained
from the experiment. For calculations, the thermal resistance
from junction to ambient, Ry ja is 0.12 °C/W (from datasheet,
the thermal resistance from junction to case, Rgjc = 0.1 °C/W
and assumption of thermal resistance from case to ambient
Ry ca = 0.02°C/W) and an ambient temperature 74 of 25 °C is
considered. Conduction losses for an average of current of 250 A
is 231 W. For f, of 100 kHz, the junction temperature changes
by 15-24 °C for undamped RW. Thus the undamped RW can
have significant impact on junction temperature at higher power
levels. However, other factors such as dead time, in addition to
the switching frequency and cable length, also need to be taken
into account in order to gauge the overall impact of undamped
RW on the switching losses. Owing to the limitation of space,
this analysis will be part of future publication.

V. INFLUENCE OF CABLE LENGTH ON SWITCHING
CHARACTERISTICS

This section studies the effect of different lengths of cable
along with a motor on the influence of switching characteristics.
The phenomenon discussed previously is verified experimen-
tally. The tests are carried out using the motor only (no cable)
and with 1-, 2-, 3-,4-, 5-, and 20-m lengths of cable. The tests are
carried out with gate resistors of R,, of 5 and R,f; of 10 €,
respectively. The experimental results showing the switching
transients are shown in Fig. 10 and the results are summarized in
Table V. The impedance of the motor connected with different
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TABLE V
INFLUENCE OF CABLE LENGTH ON SWITCHING CHARACTERISTICS
(Ron =5Q Rypp = 10Q)

Cable length TOn TOff EOn EOff Esw VLoad—peak
(m) (ms) (ms) (uh wh @) (pu)
0 47 82 307 66 373 743
1 47 83 281 67 348 793
2 46 84 276 66 342 980
3 46 88 270 65 335 1024
4 46 94 269 59 328 1067
5 46 94 265 58 323 1098
20 45 96 252 60 313 1163
10*
=102
N
—&—2m
——3m 6.4 M_w"“xm i,

10°

~~
=]
N’
N
Hz 6 MEY" V6 MHZ|
3.5 MHz§ 63 MHz
0
10
10* 10° 10° 10’
Frequency (Hz)
(b)
Fig. 8. Impedance of cable + motor with different cable length. (a) 0-3 m.
(b) 0-20 m.

lengths of the cable is given in Fig. 8. From Fig. 8, without
cable, the first antiresonance occurs around the frequency of
16.1 MHz. With an increase in cable length, this resonance point
starts shifting further to lower frequencies and more antireso-
nances occur at higher frequencies. For cable lengths of 1, 2,
3, 4, and 20 m, the first antiresonance occurs at 8.63, 7, 5.4,
5, and 1.6 MHz, respectively. The magnitude of the reflected
wave voltages increases with the increase in cable lengths. For
lengths of 1 and 2 m, full reflections do not occur because the
propagation time is lower than the rise time of the pulse during
the ON-transient. Also, during the OFF-transient, the magnitude
of the reflections is lower for 1-, 2-, 3-, and 4-m cables because
the fall time of the pulse is lower than the propagation time.
The variation of switching losses (E,,,, F, ¢, and Ejy ), peak
reflected wave voltage (V7,), the switching times (%,,, and ¢, )
with the length of the cable, and are plotted in Fig. 9. The
switching losses can be seen to decrease with an increase in cable
length. For 5-( gate resistance, the frequency corresponding to
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Fig. 9. Effect of different cable lengths on switching characteristics and
reflected wave phenomenon. (a) Length of cable versus Ty, and Ty .
(b) Length of cable versus peak V7. (c) Length of cable versus to, and o 5.

the turn-ON voltage transient is 6.7 MHz. The turn-ON losses are
highest for the no cable and gradually reduce with an increase in
cable length. Since the majority of turn-ON losses come during
the current fall transient, it is not affected by the changing cable
lengths. The reduction in switching losses is about 16%. The
turn-ON times also reduces with increase in the cable length
from 47 to 45 ns. But, the decay of the OFF-transient current
is affected by the cable length, and therefore the switching time
increases from 82 to 96 ns, which corresponds to a 17% increase
in switching time. Also, the reflected wave voltages increase
steadily from no cable to 4 m from 743 to 1163 V.

VI. INFLUENCE OF OUTPUT FILTERS ON SWITCHING
CHARACTERISTICS

As previously mentioned in Section II, the interaction of filter
impedance with the impedance of the cable and motor will be
used to explain the influence of the filters on the switching
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Switching transients with different cable lengths. (a) ON-transient: Vrr, & I7r, . (b) OFF-transient: Vrr, & I, . (c) ON-transient: V. (d) OFF-transient:

Vrg. (e) ON-transient: I pr. (f) OFF-transient: I7pr. (2) ON-transient: V7. (h) OFF-transient: V7,.

characteristics and therefore is not dependent upon the type of
motor used. From Figs. 10(e) and 13(c), the peak magnitude of
the reflected wave without any filter when a 4-m cable is used is
about 1060 V for both the 2-kW induction motor and the 100-kW
PM machine. All the filters are designed such that the reflected
wave voltage at the motor is reduced from 1.7 pu without the
filter to less than 1.2 pu with the filters. The key purpose of
using the filter at inverter output is to damp the RW voltages.
While different filter topologies could be designed to provide
the same magnitude of RW voltage, other metrics such as the
dv/dt, filter losses, and damping time vary. The dv/dt reduction

is a key factor here since it is related to the bearing currents in
the motor. Also, the undamped RW could increase the switching
losses of the device and therefore, the RW damping time also
needs to be taken into consideration for filter design. On top
of this, the filter could help trim the high-frequency impedance
seen by the SiC devices, thus reducing the switching losses. The
filters are designed for a specific case of 4-m cable length and for
a 100-kW PM motor. The gate resistance of 5 € is used for both
turn ON and OFF. Previously, an output inductor was proposed
in [15] and [17] to reduce the switching losses. In this section,
the output inductor compared with other filters such as RC [7],
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Fig. 11. Different filters and one of the prototypes of filter. (a) Layux filter.
(b) RC filter. (c) RLC filter. (d) LR filter. (e) L // RC filter. (f) Filter prototype.
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Fig. 12. Impedance with different cable lengths and filters. (a) Measured
Impedance of motor, 4-m cable and filters. (b) Measured impedance of motor,
4-m cable and filters.

RLC [6], LR [5], and L // RC (L parallel RC) [9]. Simplified
schematic of the filters and PCB prototype of one of the filters
is shown in Fig. 11.

Since only the device switching losses are considered here,
the losses in the filter are also calculated during the switching
transients so that they could be scaled up to any switching
frequency. During the switching transients, the losses in the
resistors of the different filters are dominant when compared
to that of the losses in the inductor and capacitor. The currents
and voltages through the resistors and their product is integrated
over the switching interval to calculate the filter losses. Since
the inductor values for the L, RLC, LR, and L // RC are in a
similar range, the steady-state core losses and copper losses
would be similar and are ignored for simplicity. The component
values of inductors, capacitors, and resistors that form the filter
are listed in Table VI. The design, the resulting impedance,
and the performance of each filter are discussed below.
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TABLE VI
FILTER COMPONENTS

. L R C
Filer o @ P
L[17] 6.8 - -
RC [7] - 100 10

RLC [6] 6.8 100 4.7
LR [5] 6.8 100 -
L // RC [9] 15 200 1

The different filters are compared in terms of the losses in the
filters, change in the switching losses, switching time, damping
time (5% of steady-state value), and dv/dt at the load. The resis-
tors used in the filters are low inductive type from Ohmite [28].
Surface mount inductors from Coilcraft [29] with self-resonant
frequencies above 20 MHz are chosen. And, capacitors from
Kemet [30] are selected based on the voltage and dv/dt rating
requirements. For the experiment, components are chosen based
on the available standard values. The device switching transients
and load voltages are shown for RC and RLC filters in Fig. 13
and Lqax, LR, and LRC filters in Fig. 14, respectively.

A. Output Ly

The output inductor is designed in order to move the antires-
onance frequency of the cable and motor from 6.57 MHz to a
lower frequency. In this case, the output inductor is designed
such that the antiresonance frequency is shifted to 2.4 MHz,
as shown in Fig. 12. This is done by sweeping a 20-dB/dec
line from low frequency toward high frequencies such that the
first resonant point in the impedance lies to the right. With the
inductor, all the high-frequency antiresonances are not present
anymore. The resonance around 16 MHz is because of the
self-resonant frequency of the inductor. The output inductor
helps reduce the switching losses by about 9.1% and reduces
both turn-ON and turn-OFF times of the device. The dv/dt at the
load is reduced by 68%. However, the output inductor reduces
the reflected wave voltage at the load end to only 1.4 pu and
increases the damping time of the reflected wave by 30%. To
reduce the peak load voltage to 1.2 pu, a larger inductance has
to be used. But, this would further increase the damping time,
which would result in undesired increase in switching losses due
to undamped reflected waves.

B. RC Filter

The RC filter is installed at the motor terminal to provide
impedance between the cable and the motor. The resistance value
is chosen to be close to the characteristic impedance of the cable.
The capacitance required depends on the length of the cable and
the overshoot voltage allowed for the given rise time of the pulse.
It is given as

3(lc Vv LCCC)

¢=- 274In(0.95)

=7.6nF. (7
The resistance is chosen to be standard 100 €2 resistor, and a
capacitance of 10 nF is chosen. From the impedance plot in
Fig. 12, it can be seen that, with the RC filter, the first resonance
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shifts from 230 to 65 kHz. The impedance becomes capacitive
above 65 kHz till the second resonance frequency. Also, the
location of resonances and antiresonance above 1 MHz do not
change. Therefore, the RC filter does not help in the reduction
of switching losses. Because the overall impedance has become
more capacitive, the losses increase. From the Table VI, the
switching losses increase by 4%, and the turn-ON and turn-OFF
times also increases. The losses in the resistor are about 3.6 mJ,
and the dv/dt atload reduces by 48% for aload voltage of 1.05 pu.

C. RLC Filter

The RLC uses a combination of the output inductor and the
RC filter at the output of the inverter. The RC network provides
impedance matching, and the output inductor helps reduce the
dv/dt of the output pulse. The following filter transfer function
is solved to obtain L and C values:

B 1+ sRC
" 14 sRC + s2LC”

From the impedance plot in Fig. 12, it can be seen that the
first resonance point is shifted from 230 to 100 kHz. However,

(®)
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Influence of RC and RLC Filters on Switching Characteristics. (a) ON-transient: Vpy, & I7y. (b) OFF-transient: Vi, & I7r. (¢) ON-transient: V7.

TABLE VII
INFLUENCE OF DIFFERENT OUTPUT FILTERS ON SWITCHING CHARACTERISTICS

Filter Eon Eoff Es, Eriter d’t}/dt tdamp VLoad AEsw
W) uh @) (mJ) (V/ns) (ns) pu %
None 288 108 396 - 15.8 766 1.7 -
RC 292 120 412 3.6 10.6 190 1.2 4.1
RLC 263 94 357 176 2.8 744 12 -9.6
LR 272 99 371 0.120 6.7 186 1.1 -6.2
L/ RC 270 97 367 0.110 1.9 1360 1.1 -7.1
L 261 98 359 - 4.9 995 14 -9.1

because of the inductor, the high-frequency antiresonance are not
present anymore. The resonance around 16 MHz is due to the
self-resonant frequency of the output inductor. From Table VII,
the filter losses are 1.76 mJ and a reduction in load dv/dt is about
82% for a load voltage of 1.2 pu.

D. LR Filter

The LR filter uses an output inductor in parallel with a resistor.
The resistor is chosen to provide impedance matching with the
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filter. The value of L is dependent on the voltage overshoot and
is given by the following equation:

_ 4x540x107°
o (1)
)

From the impedance plotin Fig. 12, the low-frequency resonance
is unaffected but the high-frequency antiresonances that cause
the losses are not present anymore. However, the impedance is
still lower than L,,, or RLC filter. Therefore, the reduction in
losses is about 6.2%, which are lower than L, or RLC filters.
The losses in the filter are about 120 pJ and dv/dt at load reduces
by 57% for a load voltage of 1.1 pu.

leLe

L=—ren-

)

= 5.4 puH.

1.2
1+,

E. L//R Filter

The L // RC filter uses an output inductor in parallel with a RC
network. The RC network is chosen such that the filter provides
impedance matching to the cable while also reducing the filter
losses. Condition for selection of R for given L is given by the

following equation:

(L+Lc)/(Cc)

< .
i 2

(10)

From the impedance plotin Fig. 12, the low-frequency resonance
is unaffected, but the high-frequency antiresonances that cause
the losses are not present any more. However, the impedance is
still lower than L, or RLC filter but higher than the LR filter.
Therefore, the reduction in losses is about 7.1%, which is lower
than L,y or RLC filters and higher than LR filter. The losses in
the filter are about 110 pJ, and dv/dt at load reduces by 88%
for a load voltage of 1.1 pu. However, the damping time of
the reflected wave voltage is higher than all filters and is about
1.36 ps.

F. Comparison of Different Filters

The test results are summarized in Table VII. The normalized
values of dv/dt, tgamp, AEsW, and Ejes is shown in Fig. 15.
It can be seen that the L filter and RLC filter have the highest
reduction in switching losses. This is made possible by shifting
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Fig. 15. Comparison of normalized switching loss reduction, filter loss,
output dv/dt and damping time of reflected wave with different filters
(Esw, tdamp, and dv/dt normalized for case without filter and FEjog normalized
for the RC filter losses).

the first antiresonance to lower frequencies while masking the
antiresonances at higher frequencies. But, the RLC filter suffers
from very high losses in the resistor, thus increasing the overall
losses by four times the switching loss. The L filter only offers a
moderate reduction in peak voltage while having a 30% increase
in damping time. This makes it suitable only for low switching
frequency applications and low cable length applications. Using
the inductor at the output of the inverter helps decouple the
high-frequency impedance seen by the inverter and therefore
helps switching loss reduction. But, the damping time of the
RW and magnitude of the RW increases. Therefore, this filter is
suitable for low switching frequency applications. The RC filter
has the highest filter losses in the filter and also increases the
switching losses. Therefore, it is not desirable to use this filter.
Similar to the RC filter, the RLC filter also suffers from high
filter losses and does not offer better metrics when compared
to the other filters. The conclusions drawn here are only for the
case under study here. At higher power levels and different cable
lengths, case-by-case study taking into account the conduction
losses in the inductor is required in order to identify the optimum
filter topology. Owing to the limitation of length of the article,
this analysis will be part of future publication.

VII. CONCLUSION

This article revisits the reflected wave phenomenon with
the focus on the influence of undamped reflected waves. This
becomes essential with ever-increasing switching frequencies
of inverters in motor drives due to the emergence of high-speed
low inductance motors. The undamped reflected wave was seen
to increase or decrease the switching loss depending on the
whether the next pulse was applied during the peak or trough of
the switching transient. The effects would be more pronounced,
resulting in even greater changes in switching losses in high
power drives due to higher damping times of the reflected wave.

10641

This article has presented a demonstration of this phenomenon
and was limited by the available test setup. Both motor‘s and
cable’s antiresonance in the impedance affect the frequency of
the reflected wave voltage and currents, which in turn are shown
to affect the device switching losses. The effect of increasing
cable lengths on the switching losses, turn-ON and turn-OFF times
are presented. Different output filters are designed to mitigate the
reflected wave and their impact on the switching characteristics
is observed. A maximum reduction in switching losses was
observed with the L,,x and LRC filter. This is because these
filters effectively decouple the loads from the inverter. Other
effects of employing an L, filter is the increased damping time
of the reflected wave voltage and ineffective reduction of the
peak magnitude of reflected wave voltage. While the RLC filter
provides good reflected wave voltage suppression, it increases
the overall system loss considerably. The RC terminal filter was
found to be very lossy for reflected wave voltage suppression and
also does not help reduce switching losses. Both LR and L // RC
filters find the middle ground in switching loss reduction and the
losses in the filter resistor. The LR filter has the lowest damping
times, making it ideal for high switching frequency applications.
Therefore, for WBG devices-based inverters operating at high
switching frequencies, the LR filter makes the best candidate.
The L // RC filter has high damping time while offering lowest
dv/dt at the load. This makes it a good candidate for WBG
inverters with low switching frequency applications such as
retrofit drives where the motor may need a lower dv/dt.
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