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A Motor Surge Voltage Suppression Method With
Surge Energy Regeneration

Toshihisa Shimizu, Senior Member, IEEE, Mikiya Saito, Masanori Nakamura, and Tomoo Miyazaki

Abstract—A novel motor surge voltage suppression method is
proposed herein. The features of the proposed method are that:
1) there is no requirement for an LC filter for suppression of the
motor surge voltage on the motor terminal; 2) the energy stored
in the main power cable, which causes the motor surge voltage, is
regenerated to the inverter dc-bus line; and 3) the motor surge volt-
age suppression effect is not influenced by the power cable length.
Therefore, the proposed method offers advantages in terms of vol-
ume and efficiency compared with conventional surge suppression
methods. The circuit configuration of the proposed system is pre-
sented and the operation principle is explained. The method used
to design the circuit parameters is also presented. The effective-
ness of the surge voltage suppression of the proposed method is
confirmed experimentally.

Index Terms—AC motor drive, overvoltage protection, pulse
width modulated inverter, power cables, surge protection.

I. INTRODUCTION

HE occurrence of a motor surge voltage on a motor ter-

minal in a pulse width modulation (PWM) inverter drive
system is a well-known problem [1], [2]. High Peak voltage
causes dielectric breakdown of the stator winding insulation in
the motor. Therefore, the surge voltage should be suppressed as
much as possible. Overvoltage at the motor terminal has been
analyzed using the voltage transmission and reflection theory
for the cable end [3]-[7]. Pulse voltages generated at the in-
verter terminal are transmitted to the motor power cable, and a
high voltage appears on the motor terminal at the time when the
transmitted voltage wave is reflected at the motor terminal. The
increase in amplitude of the surge voltage when the cable length
is long and the voltage transient dv/dt is high can be explained
by the transmission theory, which states that the maximum am-
plitude of the surge voltage becomes twice that of the inverter
pulse voltage [8].

The insertion of a differential mode LC filter is a tradi-
tional method for suppressing the surge voltage [9], [10]. In
this method, a large filter inductor along with an RC damping
resistor is necessary in order to reduce the voltage transient dv/dt
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and the peak amplitude of the motor terminal voltage. However,
the disadvantages of this method include the requirement of us-
ing a heavy, bulky inductor and a large loss generated on the
RC damping circuit. Efforts have been made to reduce the cost
and volume of the inductor [11], but these problems have not
yet been sufficiently addressed.

In order to solve the problems associated with the insertion
of the LC filters, a number of alternative methods have been
proposed. Fig. 1 shows a typical method in which the ampli-
tude of the reflection voltage wave is reduced by connecting
an impedance matching element in parallel to the motor termi-
nal [12]. However, the loss on the impedance matching element
cannot be avoided, and this loss increases with increase of the
inverter voltage.

Fig. 2 shows another method in which a diode rectifier circuit
is closely connected to the motor terminal [13], [14]. In this
method, the amplitude of the surge voltage is clipped by the
rectifier by setting the dc-bus voltage of the rectifier to the dc-
bus voltage of the inverter. A distinctive feature of this method
is that the surge energy is regenerated to the dc-bus line of the
inverter, and hence the loss in the system can be reduced com-
pared with that of the LC filter method. However, the ac terminal
of the rectifier must be connected very close to the motor ter-
minal. Therefore, this method is difficult to apply when there
is no additional space around the motor terminal, as in the case
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of electric/hybrid vehicles, industrial robots, and underwater
drilling machines, for example. The operation principle of this
method was described for an ideal step voltage of the inverter.
However, the surge voltage when the actual pulse voltage of
the inverter is used was not studied. Therefore, the effective-
ness of the system was not clearly confirmed, even though some
experimental results were presented.

Fig. 3 shows the third method, previously presented by the
authors of the present study, in which a surge suppression cable
is connected in parallel to the motor terminal [15]. The surge
suppression cable is a specially made coaxial cable in which the
high-frequency insertion loss of the cable is increased. In this
method, the surge voltage apparent on the motor terminal is re-
duced by penetrating the surge energy into the surge suppression
cable. The advantage of this method is that it is not necessary to
insert filter elements into the power cable in series. However, the
energy stored in the main power cable is still consumed in the
surge suppression cable, which results in a temperature increase
in the cable.

Taking these studies into consideration, the authors propose
a novel motor surge voltage suppression method, in which the
operational principles of the surge suppression cable and the
voltage clamping circuit are combined. The features of the pro-
posed method are: 1) the rectifier is located close to the inverter,
and the ac terminal of the rectifier is connected to the motor
terminal by a cable with a characteristic impedance that is the
same as that of the main motor power cable, so that no addi-
tional space is required around the motor terminal; 2) a high
surge suppression effect is realized, regardless of the inverter
pulse voltage waveforms, by connecting an RC circuit in par-
allel to the rectifier terminal; and 3) the surge energy can be
regenerated to the dc-bus line of the inverter through the rec-
tifier, so that the surge voltage can be suppressed effectively
without power loss.

In this paper, the concept of the proposed motor surge sup-
pression method and a practical system configuration are first
described. The operation principle of the proposed method is
then explained for both ideal step voltage conditions and ac-
tual inverter pulse voltage conditions, which reflect the PWM
inverter. Note that the RC circuit plays an important role in the
suppression of the surge voltage during the rise time of the actual
inverter pulse voltage. Experimental waveforms of the motor
surge voltage and the rectifier voltage/current reveal the proper
operation of the proposed method. Finally, the surge suppression
effect and the surge energy regeneration factor for RC values are
investigated, and an optimum RC value is suggested.
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TABLE I
CIRCUIT PARAMETERS

Inverter output voltage 200 V, 50 Hz
DC bus voltage E, 288 V

PWM carrier frequency fs 10 kHz

AC motor (induction motor) 200V, 750 W
Cable length of main-cable X| 50 m

Cable length of sub-cable X, 50 m

Characteristic impedance of main-cable Z,
Characteristic impedance of sub-cable Z,

65 Q (single-phase)
65 Q (single-phasc)

Conductor sectional area of the cable 3.5 mm?

Resistor Ry 47 Q/ 1 W

Capacitor Cy 50 - 14100 pF/ 630 V
i : 600V /6 A

Diode for rectifier (SDP06S60;Infincon)

II. CircUIT CONFIGURATION

Fig. 4 shows the circuit configuration of the proposed method.
The output terminal of the PWM inverter is connected directly to
the induction motor terminals by a three-phase main cable. The
surge suppression unit is composed of the three-phase subcable,
a diode rectifier, and an RC circuit. One end of the subcable
is connected to the motor terminal and the other end of the
subcable is connected to the ac terminal of the rectifier. The
dc terminal of the rectifier is connected to the dc-bus line of
the inverter. The RC circuit is connected to the ac terminal of
the rectifier. The circuit parameters of the experimental setup
are given in Table I. The main cable and the subcable are both
50 m in length and the characteristic impedance of each of these
cables is 65 (2. The same types of cables are used as the main-
and subcables, but it is not necessary to use the same cable in
the practical system as long as the characteristic impedance is
the same. Therefore, the thickness of the subcable can be small
because only a small amount of current caused by the surge
energy flows into the cable and it is less expensive. Moreover,
the power ratings of the resisters, capacitors, and the diode are
very small, i.e., R = 47Q/1W, C = 50-14100 pF/630V, and
the diode is rated at 6 A/600 V. As such, the volume and cost of
these components are generally low. In addition, the potential
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cost of the conventional method can be discussed as follows.
The potential cost of the method shown in Fig. 3 may be higher
because specially made cables must be used, which can greatly
reduce the surge voltage. The method shown in Fig. 2 does not
require an RC circuit and may be cheaper, but cannot reduce the
surge voltage effectively. The method shown in Fig. 1 has the
simplest circuit configuration. However, all of the surge energy
is consumed by the RC circuit. Therefore, we need to create
an RC circuit with high-power-rating components. As a result,
the potential cost of the previous methods may higher than we
expect.

III. OPERATION PRINCIPLE

Typically, only one phase switch of the PWM inverter changes
its switching status during one switching transition. Therefore,
the voltage potential on the corresponding output terminal of the
PWM inverter is changed, while the voltage potentials on other
terminals are not changed. By focusing on one switching tran-
sition and the resultant surge voltage on the motor terminal, the
circuit configuration of the system can be simplified to a single-
phase equivalent circuit, as shown in Fig. 5(a). The switching
status of the U-phase switch is assumed to be changed, but the
switching statuses of the V-phase and W-phase switches are not
changed, so that the voltage source is assumed to be a step func-
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tion. The power cables used in this system are assumed to be
ideal transmission lines, and the characteristic impedances of
the main- and subcables are defined as Z,; and Z,», respec-
tively. In addition, both characteristic impedances have the same
value, i.e., Z,1 = Z,2. The impedance of the motor is denoted
as Z,,.

A. Motor Surge Voltage When a Step Function Inverter Voltage
is Assumed

The operation principle for surge suppression using the pro-
posed system is first explained using an ideal step voltage.
Fig. 5(b)—(d) show the ideal step voltage that propagates in
the cables. Since the horizontal axis x indicates the distance
from the inverter terminal, the step voltage propagation in the
cables can be observed.

Att = 0, the inverter voltage v; is changed from O to E;, and
an ideal step voltage of amplitude F,; appears on the sending
terminal of the main cable [see Fig. 5(b)]. The voltage starts
to propagate in the main cable toward the motor terminal as a
forward-traveling voltage wave.

At t = Ty, the forward-traveling voltage v, arrives at the
motor terminal [see Fig. 5(c). Here, T} is given by

T = 2 M
v
where X is the length of the main cable and v is the propagation
velocity of the traveling voltage wave. The reflection voltage v,
at the motor terminal for the forward-traveling voltage v, and
the motor voltage v,, are given as follows [15], [16]:

Up = Ym Uz ()
Uy = Vp + U = (1 + f}/m)vm (3)

where the reflection coefficient ~y,, and the transmission coeffi-
cient (3,,, at the motor terminal are given as follows:

Y = (Zme2/Zm + Zw?) - Zwl
" (Zm ZwQ/Zm + Zw?) + Zwl

_ Zw? - Zwl + (ZwIZwQ/Zm)
Zw2 + Zwl + (Zwlsz/Zm)

ﬁm =1- Ym - (5)

Since the characteristic impedances of the main cable and
the subcable are the same, ie., Z,3 = Z,2, and the motor
impedance Z,, is much larger than Z,; and Z,, the reflec-
tion coefficient is 7, = 0 and the transmission coefficient is
0B, = 1. Hence, no reflection voltage appears at the motor ter-
minal, and the transmitting voltage v; of the amplitude of E,
which is the same as the forward-traveling voltage v, transmits
to the subcable.

Att = Tj1 + Tjo, the transmitting forward-traveling voltage
v, arrives at the ac terminal of the rectifier [see Fig. 5(d)], where
T} is given by

“)

X
Ty = =2, (6)
v

Since the amplitude of the forward-traveling voltage is the same
as that of the dc-bus voltage of the rectifier, the diode switch
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S of the rectifier is turned ON. The reflection coefficient v, at
the rectifier terminal for the forward-traveling voltage wave is
given by

0—Z,»
=0 Z,, @)

because the impedance of the voltage source E; is assumed to
be zero.
The forward-traveling voltage v, the reflection voltage v,,

the transmission voltage v;, and the related currents at the rec-
tifier terminal are given as follows:

v, = By ()

Vp = YdVz = _Ed (9)

vi=v,+v,=14+v)E;=0 (10)

. Ed

L= 11

o Zw? ( )
E,

iy = Yaia = —Z—j? (12)
2E,

b =1y — 1p = —. (13)
In addition, another transient phenomenon arises by the turn-on
action of the diode switch S, and the new traveling voltage and
current, vs and 75, which are given as follows:

Vg = Ed (14)
Ey

g = —— 15

{ 7 s (15)

propagate to the subcable. Then, the overall backward-traveling
voltage and current, v, and 4,,, which propagate to the subcable,
and the input voltage and current, vrpcT and igrgcT, at the
rectifier terminal are given as follows:

vy = U, + Uy (16)
iy =iy + i (17)
URECT = Uz + Ur + U5 (18)
iRECT = it — ts. (19)

Substituting (8), (9), (13), (14), and (15) into (16), (18), and (19),
we can obtain vy = 0, vrecT = Ey4, and ijpcT = Ed/ZwQ.
This means that the voltage and current that reflect back to the
subcable are diminished. Hence, only the step voltage shown in
Fig. 5(e) appeared on the motor terminal. The current igpcT,
which has the same amplitude of the traveling current 7, , flows
into the rectifier, and hence the power transmitted through the
subcable is regenerated to the dc-bus line of the PWM inverter.
Note that the arrived traveling voltage and current are regen-
erated to the dc-bus line of the inverter, and hence undesirable
power losses, such as the losses on the damping resistor and the
filter inductor, which are unavoidable when decreasing the surge
voltage in the conventional method, can be prevented [10].
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Fig. 6. Actual waveform of inverter pulse voltage.

B. Motor Surge Voltage for the Actual Inverter Output Pulse
Voltage Without the RC Circuit Connected

The actual voltage waveform of the inverter output pulse
voltage v; is not usually a pure step waveform but instead is
as shown in Fig. 6, and the actual voltage waveform can be
expressed as an exponential function having voltage rise time
7, and settling time 7

vi(t) = Bg(1 —e /). (20)
However, in this case, an unexpected reflection voltage occurs at
the ac terminal of the rectifier. The mechanism of the reflection
phenomenon is explained hereinafter.

Fig. 7 shows the voltage and current, as well as the waveforms
at the ac terminal of the rectifier. When the forward-traveling
voltage v, arrives at the ac terminal of the rectifier, the volt-
age vrpcT at the ac terminal of the rectifier starts to increase.
However, while vgpcT < E4, the reflection coefficient at the
end of the subcable is 7, = 1 because all diodes on the rectifier
keep it in turn-off state. Hence, all of the traveling current 7, re-
flects back to the subcable as the reflecting current i, = v, /Z,,2,
and no transmitted current i; flows into the rectifier. Further-
more, since the amplitude of the reflection voltage v, is the
same as that of forward-traveling voltage v,, the amplitude of
URECT = Uy + vy is twice the voltage of v,, and the settling
time of vrgcr is reduced to Ti/2. Note that the reflected volt-
age v, propagates to the motor terminal and causes the surge
voltage.

When the rectifier terminal voltage vrpcT increases to the
dc-bus voltage, i.e., vppcT = L4, the diodes on the rectifier are
turned ON (switch S in Fig. 7(a) turns ON), and the reflection
coefficient changes to v; = —1. Along with this change of state,
the polarities of the reflection voltage v, and the reflection cur-
rent ¢, are reversed, as shown in Fig. 7(b). In addition, as a
result of the turn ON action of the diodes, a new transition volt-
age v; = E, and current iy = E;/Z,,» appear and propagate to
the subcable. Until ¢ < T}, the backward-traveling voltage v,
and current %,, which are given by (16) and (17), and v, > 0
and i, > 0 because |v,| < Ej, propagate to the subcable, and
hence the surge voltage at the motor terminal still exists. When
the forward-traveling voltage v, increases to F;, the backward-
traveling voltage v, and current ¢, become v, = o and i, = o,
and the surge voltage on the motor terminal is diminished.



3438

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 7, JULY 2012

Tl Tiss
ke, & i
3 —_— 5 X
—_—
Ly ls lrecr S i i i i
r t S rect S
Vi -
A 1 V. 1 l
vV, Vrecr —_ E4 * aa R,
Tvs Vy V Vrecr —
C
@) vs T
a
I,/2 V¢&ecT @
Y _ 7 o
Ea VrwEct +
Y
7 t Ey
/ ’'y v P
Vx Ed TJ
i Vi 7y
r 3 Ed
Sel Vi Eq v
R /)
Y Yy FEy
Vv VS A
} —_—— Es A AP,
~ v [
. Vs Eq
LrecT 4
Ed/ ZwZ
A4
. LrecT [
l[ A Ed/ZwZ
i 2Eq/ Z\y> y
i --------.--I------.------
P
—_~ Ey/ Zy> 4
- — 4 l'? 2E4/ Z\y»
__— [ 12 pompeasosspessee
Ix "EJ/ Z2 IE(I/ Zyw2
N 7'y 3
.o - lr Ed/ Zw_a -
S i Y e Ix L
vy, =1 y,=—1 vy, =—1 'Ed/sz
. h
(b) lr Ed/ Zw2
. i X
Fig. 7. Voltage and current waveforms on the rectifier terminal when the RC Lrc
circuit is not connected. (a) Equivalent circuit. (b) Operation waveforms. \
. . Y.=0 Y. =—1
Hereinafter, the rectifier voltage and current are vppcr = Ey
(b)

and iggcr = Eq/Z,2, and flow into the rectifier.

Based on the aforementioned analysis, the backward-
traveling voltage and current, v, and ¢,, which propagates to-
ward the subcable, remain during the settling time 7, and hence
a surge voltage with a narrow pulse width occurs at the motor
terminal.

C. Motor Surge Voltage for the Actual Inverter Output Pulse
Voltage With the RC Circuit Connected

In order to remove the narrow surge voltage, a transient
matching method, in which the RC circuit is connected in par-
allel to the ac terminal of the rectifier, is proposed.

Fig. 8 shows the voltage and current as well as the corre-
sponding waveforms at the ac terminal of the rectifier of the
proposed method. The RC current ¢z, which flows into the RC
circuit, plays an important role. During the settling time 7%, the
arrived traveling current i, flows into the RC circuit, but does

Fig. 8. Voltage and current waveforms on the rectifier terminal when the RC
circuit is connected. (a) Equivalent circuit. (b) Operation waveforms.

not flow into the ac terminal of the rectifier. The magnitude of
irc in the RC circuit is approximated as follows:

. vﬂ?
inc ~ 7 @1

when a sufficiently large capacitance C, 1 is selected. Here, the
value of R, is set to be equal to the characteristic impedance
Z,, o of the subcable. Therefore, all of the current 7,, flows into
the RC circuit, and the reflection coefficient 74 is equal to zero

_ R:z:l - Zw? -0
Yd R+ 7. .

= 22
1 T Zw‘2 ( )
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Therefore, the reflection voltage is v, = 0 and hence no
backward-traveling voltage v, appears. Since the ac terminal
voltage vt is equal to the forward-traveling voltage v, dur-
ing the settling time 75, the settling time of vrpcT becomes
equal to 7.

When the rectifier terminal voltage vggcr increases to the
dc-bus voltage, i.e., vrpcT = Ejy, the diodes on the rectifier are
turned ON (switch S in Fig. 8(a) turns ON), and the reflection
coefficient changes to 74 = —1. Along with this change of
state, the reflection voltage v, = —v, = —FE; and the reflection
currenti, = —E,;/Z,,5 appear as shown in Fig. 8(b). In addition,
by the turn-on action of the diodes, a new transition voltage
vy = Ey and current iy, = E;/Z,» appear and propagate to the
subcable. Hence, the backward-traveling voltage and current
are obtained as v, = v, + vy =0 and i, =%, + iy = 0, and
i, = Eq/Z,9 flows into the ac terminal of the rectifier.

Consequently, since no backward-traveling voltage or current
appear during entire periods, the motor surge voltage can be
suppressed even when the inverter pulse voltage waveform takes
an exponential function.

Note that the energy stored in the capacitor C,; is charged
and discharged through the resistor R, 1, which results in energy
loss on R. In general, settling time 7 is much shorter than the
switching interval. The time constant of the RC circuit can be
selected as a small value, because the RC circuit must operate
only during the settling time 7. Hence, the required capacitance
of the capacitor C; can be reduced, and the resultant loss on the
RC circuit is minimized. In addition, note that most of the arrived
energy due to the arrived voltage and current is regenerated to
the dc-bus line through the rectifier. As a result, surge voltage
suppression can be realized through surge energy regeneration.

IV. DETERMINATION OF RC CIRCUIT PARAMETERS

The optimum values of the RC circuit parameters are dis-
cussed in this section. As shown in Section III, in order to
prevent the reflection voltage at the rectifier terminal during the
settling time Ty, the value of R, should be chosen to be equal
to the characteristic impedance Z,, of the subcable, and the
capacitance of C,1 should be selected so that the time constant
of R,1C, is equal to or greater than the time constant, 7, of
the inverter pulse voltage. Under this condition, the RC current
irc, which flows into the RC circuit, is almost the same as the
arrived traveling current 7,, during the settling time 7.

The RC parameters being discussed on the single-phase
equivalent circuit should be converted to the practical RC pa-
rameters on the three-phase system. Since RC circuits on the
three-phase system have a Y-connection, the resistor R, on the
three-phase system is R, = (2/3)R,;. In addition, the mea-
sured result of the characteristic impedance, which is measured
between the U and VW phase terminals, is Z,2 = 65 2. The
value of R, can be obtained as follows:

2
R, =37, =4339 (23)

Capacitance C; is determined by the time constant 7, of the
inverter output voltage v;. The rise time of the voltage waveform,
as shown in Fig. 5, 1s 7. = 58.0 ns. Then, the capacitance of the
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(a) Overall voltage waveforms. (b) Motor surge voltage.

single-phase equivalent circuit and of the three-phase system,
C,1 and C,., are obtained as follows:
Tr

C’ml = R_z

(24
and

C, = ;C’m = 1500 pF. (25)

In the experimental setup, R, = 47 and C,, = 1470 pF. These
values are hereinafter referred to as standard values.

V. EXPERIMENTAL RESULTS
A. Evaluation of Motor Surge Voltage

Table I shows the circuit parameters of the experimental setup.
The output power ratings, the carrier frequency, and the dc-bus
voltage of the PWM inverter are 1 kW, 10kHz, and 288V, re-
spectively. The cable length and the characteristic impedance of
both the main cable and the subcable are 50 m and 65 €2, respec-
tively. A three-phase induction motor with a power rating of
750 W is used. Voltage/current waveforms are measured on the
PWM modulated waveform condition. The inverter voltage v;,
the motor voltage v,,, and the rectifier terminal voltage vrgcT
are measured between the U-phase terminal and the V-phase
(or W-phase) terminal by triggering when the U-phase switch is
changed from low level to high level (whereas the voltages on
the V-phase and W-phase terminals remain at the low level at
the moment).

Fig. 9 shows the experimental results of the inverter output
voltage v; and the motor terminal voltage v,, for the case in
which no surge suppression unit is connected. Fig. 9(a) shows
the overall waveforms and Fig. 9(b) shows the motor surge
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voltage waveform when the U-phase switch is changed. The in-
verter output voltage v; has a quasistep waveform with an ampli-
tude of 288 V, and the motor terminal voltage v,,, contains an os-
cillatory waveform with a peak amplitude of v,,, (peak) = 524 V.
This high surge voltage has a risk of a dielectric breakdown of
the stator windings of the motor.

The experimental results obtained using the proposed method
are shown in Figs. 10—13. Here, SiC diode rectifiers [6]00 V/
6 A: SDP06S60 (Infineon)] are used in the rectifier circuit in or-
der to prevent the reverse-recovery current of the diode. Fig. 10
shows the experimental results for the inverter output voltage
v; and the motor terminal voltage v,,, on the proposed surge
suppression unit without the RC circuit. The peak amplitude
of the motor surge voltage vy, (peak) 18 suppressed to 364V, al-
though a surge voltage with a small amplitude remains. The
remaining surge voltage is caused by the reflected voltage at
the rectifier terminal. Fig. 11 shows the experimental results
for the voltage vrpcT and current iggct when the transmitted
forward-traveling voltage wave v, arrives at the ac terminal of
the rectifier. The input current igpct does not flow into the
rectifier until the voltage vggc T reaches the dc-bus voltage E;.
This means that all of the traveling voltage and all of the current,
v, and 7., are reflected to the subcable, and the reflection co-
efficient 7; = 1. The reflected voltage and current generate the
surge voltage on the motor terminal, as shown in Fig. 10. Since
twice the amplitude of v, occurs on vggcT, the settling time ¢
is reduced to 100 ns, which is approximately equal to 7,/2 =
90 ns. When the voltage vgpc reaches the dc-bus voltage Fy,
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Fig. 13.  Voltage and current waveforms on the rectifier terminal.
the forward-traveling current ¢, flows into the rectifier as the
input current ig o, but the motor surge voltage still appears.
Fig. 12 shows the experimental results of the inverter voltage
v; and motor terminal voltage v,,, when the proposed surge sup-
pression unit with the RC circuit is used. Fig. 12(a) shows the
overall waveforms and Fig. 12(b) shows the motor surge volt-
age waveform when the U-phase switch is changed. The peak
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Fig. 14  Surge suppression ratio.

amplitude of the motor surge voltage is reduced t0 vy, (peak) =
334 V. Fig. 13 shows the experimental results of the voltage
and current waveforms when the transmitted forward-traveling
voltage wave v, arrives at the ac terminal of the rectifier. The
forward-traveling current ¢, flows into the RC circuit as the RC
current ipc during the settling time 7. Since reflection coef-
ficient 4 is close to 0, no reflection voltage or current arises.
Then, the ac terminal voltage vrgcT is approximately the same
as the forward-traveling voltage v,, and the settling time ¢ of
vrecT 18 180 ns, which is close to the settling time 7. When
the amplitude of the forward-traveling voltage v, reaches the
dc-bus voltage E;, the RC current ipc commutates to the in-
put current igpcr. This means that all of the forward-traveling
current 7, flows into the rectifier, and the energy stored in the
inductance component of the power cable is regenerated to the
dc-bus line of the inverter.

We have also tested the use of a small cable having the same
characteristic impedance Z,5 = 652, and obtained the same
surge suppression effect.

Fig. 14 shows the surge suppression ratio of K when the
capacitance C, is changed. Here, K is defined as follows: where
C, = 0 means that no RC circuit is connected

2Eq — vy, (peak)

K =
Ey

% 100[%]. (26)

The surge suppression ratio increases as the capacitance C, is
increased but is limited at approximately 90%;, even if a large ca-
pacitor is connected. The aforementioned observations indicate
that the power loss on the resistor increases as the capacitance
increases. Considering the power loss, the use of a standard
value of C, = 1470 pF appears to be sufficient and using a
large value is not recommended, as will be discussed in the next
section.

B. Ratio of Energy Regeneration

In this method, the energy accompanying the traveling wave
can be regenerated to the dc-bus line of the inverter. However, the
power loss on the RC circuit will increase if a larger value of C,
is selected, which results in low-energy regeneration. Therefore,
the optimum capacitance C, of the RC circuit requires further
investigation.

Fig. 15 shows the experimental results of the voltage and
current waveforms of the rectifier circuit, and the RC circuit
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Fig. 15.  Voltage and current waveforms on the rectifier terminal during one
switching interval.

during one switching interval of the inverter. The input current
irpcT flows into the rectifier, except during the starting transient
of the rectifier voltage vggcT.

The arrived power from the subcable P,, the regenerative
power to the inverter PrrcT, and the power loss on the RC
circuit Pr¢ are calculated as follows:

Tsw
P, =/ VRECT to dt 27
0
Tew
Prect :/ VRECTIRECTdE (28)
0
and
Tow
Prc =/ VRECTIRAE (29)
0

where T, is the switching period of the inverter. In (27), the
rectifier terminal voltage vrgc is used instead of the forward-
traveling voltage v, because, although the sum of the arrived
voltage v, and the reflecting voltage v, appears on the rectifier
terminal, the individual values cannot be measured. However,
for the case in which the RC circuit is connected to the rectifier
terminal, the reflecting voltage is very small and the traveling
voltage can be assumed to be v, = vrpcT.

The peak amplitude of the current flowing in the subcable
is decided by (11) and its waveform is shown in Fig. 15. The
switching frequency is 10 kHz. Taking the earlier condition into
account, we can calculate the rms value of the current 7,, flowing
through the subcable. In this case, the rms value of the current
i, is approximately 0.3 A. This result reveals that a cable having
a small cross section can be used for the subcable.
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Fig. 17.  Power regeneration ratio.

Fig. 16 shows the measured results for the arrived power
P,, the regenerative power Prpcr, and the power loss Pro
for various values of capacitance C,. Note that the power loss
on the RC circuit is sufficiently small. However, the amount of
regenerative power is reduced if a large capacitance C,, is used.

The regenerative power ratio is defined as follows:

_ Precr
P,

(30)

and the experimental results for the regenerative power ratio
for various capacitances C, are shown in Fig. 17. Regenera-
tive power ratios 77 of 99.4%, 95.4%, and 80.9% are realized
for C, = 50, 1470, and 14 100 pF, respectively. As shown in
Fig. 14, a higher surge suppression ratio of K cannot be real-
ized, even though a large capacitance is used. Therefore, the use
of a capacitance C,, given by (10) is sufficient to achieve a high
regenerative power ratio and sufficient motor surge suppression.

From Fig. 17, the power loss P is approximately 0.3 W
when C, is less than 2000 pF. The power loss of the RC method
(see Fig. 1)is shownin [14], and Pr¢ is 208 W for a cable length
of 200 m and a switching frequency of 15 kHz. By adjusting the
cable length and the switching frequency, we obtain a Pr¢o of
34 W. Based on the aforementioned results, the proposed method
can reduce the power loss to 1/100.

The experimental results indicate that the motor surge voltage
cannot be suppressed completely even when the RC circuit is
used. The reason for this is explained by the skin effect of the
cables. Rudenburg has shown that the wave-head voltage of the
pulse voltage transmitted in the transmission line is expressed
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Fig. 19. Wave-head voltage and motor terminal voltage.

as follows [15], [17]:

v (z,t) = e P (t=T) (31)
R, [o—t—-T
oz N =T (32)

where v, is the voltage at the cable end, v; is the pulse voltage,
T is the transmission time on the cable, R, is the dc resistance
of the cable, Z, is the characteristic impedance of the cable,
and o is the skin effect coefficient. Fig. 18 shows the calculated
results for the wave-head voltage of the forward-traveling volt-
age v, , when the cable length X is changed. The amplitude of
wave-head voltage decreases as the cable length increases and
is smaller than the dc-bus voltage. In this experiment, the cable
length X = 100 m, and the wave-head voltage is approximately
260V, whereas the dc-bus voltage is 288 V. In addition, some
tens of microseconds is required in order to reach 288 V. During
this time, the reflection coefficient 7, is not zero, although it
is close to zero. Then, a small reflection wave exists, and the
reflected voltage appears at the motor terminal as the surge volt-
age. Fig. 19 shows the calculated waveforms of the wave-head
voltage v, , the measured waveforms of the motor terminal volt-
age vy, , and the step voltage on the inverter output v;. The step
voltage component in the motor terminal voltage coincides well
with the wave-head voltage, which means that the decrease in
amplitude of the wave-head voltage is the cause of the slight
motor surge voltage that remains. However, since the amplitude
of the remaining surge voltage is small, the proposed method is
still effective.
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VI. CONCLUSION

A novel motor surge voltage suppression method with surge
energy regeneration was proposed. The operation principle was
explained based on the signal transmission theory. The motor
surge voltage under both an ideal step voltage and actual expo-
nential voltage conditions is explained. The surge suppression
effect during the rise time of the output pulse voltage of the
PWM inverter can also be realized by inserting an RC circuit
into the diode rectifier. The experimental results revealed that
the relation of the RC circuit parameters to the arrived power,
the regenerative power, the RC power loss, the regenerative
power ratio, and the motor surge voltage. Although a small surge
voltage caused by the skin effect remains, the effectiveness of
suppression of the motor surge voltage is not impaired.
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