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Abstract

SiC-based motor drives have the advantages of achieving higher efficiency and higher power density than traditional Si-based
motor drives, and are gradually being widely used in electric power transmission. Due to different application situations such
as oil field and airplane, a long cable is applied between the motor drive and three-phase motor and the distance may exceed
hundreds of meters, which will cause serious voltage reflection problem, damaging working life of the motor. Meanwhile,
the high slew rate of output voltage created by SiC-based motor drive deteriorates this phenomenon. In order to solve this
problem, we first analyze the principle and influencing factors of voltage reflection, and establish the equivalent circuit model
of the long cable. Then we put forward design method of LRC passive filter to suppress voltage reflection, and give simulation
analysis. At last we built an experimental platform to verify the effectiveness of the LRC passive filter in SiC-based motor
drive, and the experimental results show that the LRC passive filter with optimized parameters has good suppression effect of
voltage reflection.
©2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).

Peer-review under responsibility of the scientific committee of the 4th International Conference on Electrical Engineering and Green Energy, CEEGE,
2021.
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1. Introduction

Wide-bandgap (WBG) semiconductors such as silicon carbide (SiC) have better electrical characteristics and
thermal stability compared with silicon (Si) semiconductors [1]. So they are widely used in high frequency and
high power applications due to their low power losses, fast switching speed, and high temperature capabilities.
These advantages can effectively improve power density and switching frequency of the SiC-based motor drive
system, which make them widely used in special applications such as aerospace and ship propulsion. However,
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as new devices used in complex motor drive system, there still have many challenges to be solved to utilize their
advantages completely [2].

In the fields of transportation including aerospace and ship propulsion, motors and drives often need to be
connected with long cables due to their placement restrictions [3]. When a PWM pulse is launched to a long cable,
part of it could reflect back to the motor drive at load terminals because the impedance of the long cable cannot
match with the motor, which caused overvoltage phenomena at motor terminals. If the impedance of both ends of
the motor matches, there will not exist voltage reflections. Meanwhile, the high dv/dt caused by high switching
speed of SiC-based motor drive results in more serious voltage reflection phenomena [4].

An open-end winding ac motor drive configuration is exploited in [5], and the overvoltage generated by one
inverter at motor terminals is effectively reduced by an adaptive pulse generated by the other one. This method is
relying on coordinated operations of the two motor drives, and requires the special configuration of motor terminals,
which is not applied widely. In [6], a PWM pulse pattern to calculate characteristic impedance and oscillation
frequency of the long cable between the inverter and motor is developed. This method does not increase the size
of the system and has the self-adjustment ability. However, the long dwell time in PWM pulse pattern may cause
distortion of the output voltage waveform. A quasi-three-level PWM scheme is developed in [7], and this pattern
adopts a brief zero-voltage state with a predetermined time. The results show that the overvoltage phenomenon
is significantly discontinued after two propagation cycles, but the complexity of control algorithm and three-level
inverter are limited the applicable scope. So we turned to filter design. An active reflected wave canceller (ARWC) to
suppress overvoltage is presented in [8,9], and the power loss is extremely low with the PWM pulse pattern, which
has same effect with passive filter. But the additional power devices increase the size and cost of the system. [10]
presents a multi-domain design of dv/dt filters, which includes consideration of electrical, magnetic, and thermal
domains. Compared with passive filters, its size and filtering effect are greatly improved, but the common current
reduction is not considered for the method of design, and common current is significant for motor drives. A passive
LRC filter design method is developed in [11], and the high-frequency modeling of the long cable is put forward.
But the test method of the characteristic impedance of the cable was not given.

The purpose of this paper is to propose the extracting method the high-frequency parameters of the cable and
present the design method of passive LRC filter, and verify the effectiveness of these methods in SiC-based motor
drive platform.

In this paper, the principle of voltage reflection is analyzed, and we discuss the impact factors of the overvoltage
at motor terminals, and produce the high-frequency model of the cable, which is established to extract accurate
high-frequency parameters in Section 2. Thus the parameters needed by the design of LRC filter can be obtained. In
Section 3, we analyze the mechanism of LRC filter and put forward the detailed design method of LRC passive filter
to suppress voltage reflection. In Section 4, the experimental results are presented with the comparisons between
the overvoltage phenomenon with LRC filter and the conventional one. Section 5 summarizes the main conclusions
of this paper.

2. Analysis of voltage reflection on motor and high frequency cable modeling

2.1. Influencing factors of voltage reflection

In order to analyze the voltage reflection process in the real motor drive system, the dv/dt of the PWM pulse
and the characteristics of the cable are taken into consideration. The transmission line is equivalent to a two-port
network, and its equivalent circuit diagram is shown in Fig. 1. U; is the amplitude of PWM pulse generated by the
inverter, Z is the impedance of the inverter, Z¢ is the characteristic impedance of the cable, Z; is the impedance
of motor, and /.. is the length of the cable.

When the PWM pulse u™t on the cable is transmitted to the motor terminal from the inverter, voltage reflection
occurs at the motor, then a reflected wave ¥~ with an attenuated amplitude is generated. The reflection coefficient
I at the motor can be described as (1), and the characteristic impedance Z¢ of the cable can be described as (2):

_ (ZL—Z¢)
T 2o+ Zo) )
_ |k
Zc = Co 2
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Fig. 1. Equivalent circuit of motor drive system with a long cable.

where L is the equivalent inductance of a unit length cable; Cj is the equivalent capacitance of a unit length cable.
The reflection coefficient I at the inverter can also be described as (Zs — Z¢)/(Zs + Z¢).

The actual transmission process of the pulse voltage on the cable is shown in Fig. 2(a). The number of the red
circle represents the number of voltage reflection times. There is a large inductance Z; on the stator winding of
the motor, then Z >> Z¢, combined with formula (1), we can see that /7 ~1; while the inverter can be regarded
as a voltage source with small internal resistance, then Z¢ >> Zg, so Is~ — 1.
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(a) Transmission process of PWM pulse when long cable is (b) Schematic diagram of motor terminal voltage change during
connected voltage reflection

Fig. 2. The schematic diagram of voltage reflection process with consideration of the cable.

The schematic diagram of the voltage changes at the inverter end and the motor end during the whole process is
shown in Fig. 2(b). According to the above analysis, the voltage reflection process in the actual motor drive system
is as follows. The first reflection occurs at #,, the transmitted reflected wave is the same as the incident wave, and
the amplitude becomes I1 Upc (I1.~1), so the reflection makes the motor terminal voltage Upc + I1.Upc, which
is approximately twice. At 27, the inverter received the first reflected wave I Upc. The voltage on the cable will
drop since the reflected wave I's/1Upc will turn positive to negative. When the reflected wave ['s/1 Upc reaches
back to the motor, the voltage basically returns to zero because Upc + [1L.Upc + [sI1L.IsI1.Upc + FSFEUDC%O. A
complete oscillation cycle is finished at 4¢.

If the rise time #. of PWM pulse is too long or the cable length [.,p is very short, the PWM pulse is still rising
in the third transmission cycle, and the voltage at the motor terminal will decrease due to the negative reflected
wave. The critical length /4y 1S defined as:

Iy
leablec = V- = 3
bl 3 3)
Peak voltage value of the motor can be described as follow when f,< #./3.
3lUpcIL
Upeak,molor = T + Upc “4)

After normalization:
RIS

T

+1 ®)
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Upeak_motor generally does not exceed 120% of Upc. According to Eq. (5), the critical rise time #,_ of the PWM
pulse is obtained as:

15111,
v

(6)

It can be seen from the above analysis that the main factors affecting the voltage reflection are the length of the
cable and the rise time of the PWM pulse.

e =

2.2. Modeling and extraction of high frequency impedance of long cables

The switching speed of the SiIC MOSFET in motor drive system is within 100 ns, which will greatly increase
the rise time of the PWM pulse and generate a large amount of high-frequency components. According to the
transmission line theory, when a high-frequency signal passes through a long cable, the wave length of the signal
will change, and the influence of the distribution parameters such as inductance, and capacitance on the cable cannot
be ignored. Therefore, it is necessary to establish a high-frequency equivalent model of the long cables.

The equivalent model of the long cable is established as shown in Fig. 3. A single wire can be equivalent to a
resistor Ry and an inductance L in series, and when there are multiple wires, a coupling effect will occur between
them, that is, there will be a capacitance Cy and a conductance Gy.

Fig. 3. The equivalent model of the long cable.

In order to accurately extract the high-frequency impedance of the cable, we take the 9 m AWGI10 cable used
in the experiment as an example, and utilize the network analyzer E5S016B as test instrument, and the measurement
frequency band is selected as 100 kHz—4 MHz. The short-circuit impedance Zgc and open-circuit impedance Zoc
of the cable are measured. The measurement methods are shown in Fig. 4.

A )
I~

Test Point: Zoc

P )
I~ )

Test Point: Zgc

Fig. 4. Schematic diagram of measurement methods of Zsc and Zoc.

The measurement results of the cable are shown in Fig. 5.

For short-circuit impedance Zgc, the equivalent resistance Ry of the cable can be measured by the measuring
instrument (LCR) at a low frequency of 100 Hz, and the result of Rj is 64 m<2. The equivalent inductance L should
be tested at a high frequency (3 MHz), and the results of Zgc is 127.07 €2, the short-circuit angle is 89°, so Ly is
4.49 uH. For open-circuit impedance Zoc, the value can be described by the first resonant frequency 4.48 MHz, so
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(a) Measurement results of Zsc (b) Measurement results of Zoc

Fig. 5. Measurement results of the cable.

the value of equivalent capacitance Cy is 281 pF. Due to the higher insulation level of the cable, the conductance
Gy is negligible, the results of high-frequency parameters per unit length of AWGI10 are given in Table 1.

Table 1. High-frequency parameters of AWGI0.

Parameter Ry (m) Lo (uH) Co (pF)
AWG10-9 m 64 4.49 281
Per unit length of AWG10 7.11 0.49 30.22

2.3. Simulation of influencing factors of voltage reflection

In order to verify that the influencing factors of voltage reflections in Section 2.2 includes length of the cable
and the rise time of PWM pulse, a simulation model of the voltage reflection is built in the Simulink Module of
Matlab. The cable lengths are selected as 10 m, 50 m and 100 m respectively. The simulation results are shown in
Fig. 6. It can be seen that the cable length is proportional to the motor terminal voltage, which confirms to formula
(6). When the length of the cable is less than 100 m, the amplitude of the motor terminal voltage increases greatly
with the increase of the cable length. When the cable length is 10 m, the voltage peak value of the motor terminal
is 452 V, and when the cable length is 100 m, the voltage peak value of motor terminal is 773 V.

— 10m
— 50m
— 100m

49.98us 50.00us  50.02us  50.04ps  50.06ps  S0.08us  50.10ps  50.12us  50.04ps  50.16ps  50.18ps

Fig. 6. Voltage reflection at the load terminal with different cable lengths.

The rise time of PWM pulse is selected as 100 ns, 500 ns and 1 ps respectively, and the simulation results are
shown in Fig. 7. It can be seen that as the rise time increases, the amplitude of the motor terminal voltage is greatly
reduced, which confirms to formula (6). When the pulse voltage rise time is 100 ns, voltage peak value of the motor
terminal is 769 V, and when the pulse voltage rise time is 1 ps, the motor terminal voltage peak value is 416 V.

It can be seen that if the long cable has a fixed length, the best way is to reduce the rise time of the PWM pulse.
However, if the switching speed of the SiC MOSFET is reduced, it will impact the power density of the motor
drive system, and cannot make full potential of SiC MOSFET, so it is not considered.
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Fig. 7. Voltage reflection at the load terminal with different rise times of PWM pulse.

3. Passive LRC filter design

In order to reduce the voltage reflection problem, a suppression device can be added to the circuit. The LRC
filter works by slowing down the #, and # of the PWM pulse to reduce the du/dt of the output PWM.

Due to the symmetry of the three-phase system, one phase can be taken for analysis, and the equivalent circuit of
one-phase of the inverter adding LRC filter is shown in Fig. 8. The LRC filter consists of an inductor L¢, a capacitor
Ct and a resistor Ry. Ly and Cr form a series resonant circuit, and Ry and Ct are connected in series to adjust the
loss.

u
ZS - YN J_ . D
Le Z,
Ct
Us Uis) Uo(s) Long Cable Z.
Ry -
_ _ LR
L O
-+
Inverter LRC Filter l Motor

Fig. 8. Equivalent circuit of motor drive system with LRC filter.

The working principle of LRC is changing the input impedance at the end of the long cable. The LRC filter’s
response curve is relatively flat before the cutoff frequency w., but drops sharply after the cutoff frequency, which
has a good inhibitory effect on high-frequency components. The transfer function of the LRC filter is described as:

Ry 1
L_;S L¢Cy zé‘wns + a)IZI
H(s)= 0 = . @)
S +L_fs+_Lfo S +2§wns+wn

In order to completely suppress the overvoltage, the damping ratio ¢ should not be less than 1, and the Cy
is approximately short-circuit at high frequency. At the same time, in order to ensure that overvoltage of the
motor occurs only once to reduce the energy consumption caused by voltage reflection, the Ry should be equal
to the characteristic impedance Zc of the cable. According to Shannon’s sampling theorem, the high-frequency
components with the oscillation period lower than 27, . should not be passed. So the frequency characteristics of
the filter can be deduced:

H oy = L0 __ iRCGo+1
Ui (jo) —LiCiw? + jReCrow + 1

In summary, we can design the LRC filter depending on the high-frequency parameters of the long cable which
were extracted in Section 2 (Lo = 0.49 uH/m, Ry = 4.24 mQ/m, Ry = 30.22 pF/m). The cut-off angular frequency
o, = 4.137 x 106 rad/s. The selected parameters of the filter are shown in Table 2.

®)
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Table 2. Parameters of the LRC filter.
Parameter R (2) L¢ (uH) Cr (nF)
Value 210 50 4.5

4. Experimental verification and discussion of voltage reflection suppression method

4.1. Experimental platform setup and testing principle

In order to explore the voltage reflection phenomenon under long cables, a voltage reflection test platform was
established, as shown in Fig. 9. The power module adopts the 1200V/134A BSM120D12P2C005 SiC module
from Rohm. The experimental cable is the 9 m-cable mentioned in 2.3. The experimental instruments includes the
oscilloscope (DP0-2024B) from Tektronix, the rogowski coil (SS-282A) for measuring drain current, differential
probe (SRS2100) for measuring load voltage Uy, across load inductor and reverse voltage Up of diode, and common
probe(TPP0200) for measuring driving voltage.

SiC Motor Drive Long ble
Fig. 9. Experimental platform setup of voltage reflection.

Fig. 10(a) shows the schematic diagram of the voltage reflection experiment. A long cable is connected between
the diode and the inductor of the double-pulse test circuit. The test sequence used in the experiment is shown in
Fig. 10(b), in which the first pulse for O} in the test sequence is generally used to establish the required test current
I, and the second pulse is used to establish the required PWM pulse.

----------------------- UGS,L“
Ut .t U
[ \_L »
) ng Upd | L
v \i
—Upc=— f————— - .

i i A
i Long Cable; UL I r\ﬂl_i N
L I I I
| | |
to 3 t t
(a) Schematic diagram of the voltage reflection experiment (b) Test sequence

~Y

Fig. 10. Voltage Reflection Test Process.

The specific working principle is as follows.

Stage 1 [0 <t< 1;]: At #y, the driving voltage Ugs of Qr becomes high, and the Qp is turned on, the bus
voltage Upc is applied to both ends of the load inductance L,,, and the load current I, rises linearly.

Stage 2 [t} <t< t]: At 11, the Qy is turned off. I; freewheels through the upper tube Dy. The losses created in
the diode cause the current to drop slightly. Until #,, the driving voltage Ugs_. of the QO becomes high again.
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Stage 3 [t, <t< 13]: At 1, the Qr is turned on again, the required PWM pulse is set on the terminal of the load,
and the waveforms of Up an Up can be obtained.
Stage 4 [t; <t< t4]: At t3, the Qy is turned off again, the test experiment is finished.

4.2. Results and discussion

The voltage reflections without suppressing measures are tested when Upc was 200 V and 400 V respectively,
and voltage across the diode Up and voltage across the load inductance Uy, are obtained as shown in Fig. 11. When
Upc = 200 V, Up is up to 224 V, and the peak value of Up is 452 V, and the Uy is nearly twice as high as the
Up; When Upc =400 V, UL is up to 432 V, and the peak value of Uy is 826 V, and the Uy is also nearly twice as
high as the Up. It can be seen that the impedance mismatch under the long cable condition will almost cause the
voltage at the load double, affecting the insulation safety of the load inductance coil.

ur (100V/div) ! 1, (200V/div)
) |
0V/div) | oA 1p(200V/div)
| ARA I A
; WM ffu;lx "“1 R r’)\rj\ DA A N o
| | TV V Vv yes
(! y ¥
| ‘i.
400ns/div | 400ns/div
(a) Voltage reflection at Upc =200V (b) Voltage reflection at Upc =400V

Fig. 11. Voltage reflection without the LRC filter at different Upc.

After connecting the designed LRC filter between the diode and the long cable, the voltage waveforms of the
Up and Uy are obtained as shown in Fig. 12. The peak value of the Uy dropped to 272 V at Upc = 200 V, and
only 524 V at Upc = 400 V, so the effect of suppression method is obvious. At the same time, it can be found that
after the filter is added, a delay of about 400 ns will occur at PWM pulse. Lower overshoot can be obtained, but
at the expense of longer delay time. Therefore, the trade-off should be made in the choice of the filter parameters.

ur (100V/div

e "f"v"‘?\"'h
| NA\"’ up(100V/div)

iy
S

400ns/div 400ns/div
(a) Voltage reflection with the filter at Upc = 200V (b) Voltage reflection with the filter at Upc = 400V

Fig. 12. Voltage reflection with the LRC filter at different Upc.

The waveforms of the line voltage at the motor with the LRC filter and without LRC filter are shown in Fig. 13.
After the filter is connected, the line voltage is very clean with no obvious overshoot, and the peak value drops
to about the bus voltage, indicating that the designed filter can effectively suppress the overvoltage problem at the
motor.

5. Conclusions

In this paper, the principle and influencing factors of the voltage reflection caused by the long cable connected
between the SiC-based motor drive system and the motor are analyzed, and the method of using the LRC filter to
suppress the voltage reflection is proposed. The following conclusions may be drawn:
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UAR(200V/div)

: : _2mS/le : g : ¢ ] .2‘ms/div"'
ne voltage at the motor without the LRC filter (a) Line voltage at the motor with the LRC filter

(b) Li

Fig. 13. Voltage reflection on the motor without LRC filter and with the filter.

(1) The amplitude of the overvoltage at the motor is affected by the length of the long cable and the switching
speed of the SiC MOSFET, and as the cables becomes longer, or the switching speed becomes faster, the voltage
reflection become more serious.

(2) By building the high-frequency model of the long cable, and exactly extracting the high-frequency impedance
of the cable, the detailed design method of LRC filter and design process is put forward.

(3) The effect of the filter is verified on the voltage reflection test platform: when Upc = 200 V and 400 V, the
suppression degree is around 39.8% and 36.6% compared with the conditions without filter, and the line voltage at
the motor driver is very clean, which means excellent suppression effect.
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