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Abstract

Two new soft-switching converters for switched reluctance motor drives are proposed and analyzed. The pro-

posed zero-voltage-transition (ZVT) converter possesses the definite advantages that both main transistors and

diodes can operate with zero-voltage switching (ZVS), as well as unity device voltage and current stresses. On
the other hand, the proposed zero-current-transition (ZCT) converter offers the advantages that both the main
and auxiliary switches operate with zero-current switching (ZCS), as well as minimum current and voltage

stresses. Both converters have the merits of simple circuit topology, minimum component count and low cost.
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1. INTRODUCTION

The switched reluctance motor (SRM) drive is a kind
of brushless motor drives, without any rotor conduc-
tors nor permanent magnets. The SRM operates on
the force of magnetic attraction with the simplest con-
figuration compared with the other types of brushless
motors. The SRM drive has some definite advantages
— simple and rugged construction, simple control,
ability of extremely high speed operation, and hazard-
free operation, these prominent advantages are very
attractive for electric vehicle (EV) applications. It can
also inherently operate with extremely long constant
power range and highly favorable for vehicle traction
application [Ehsani et al., 2007].

Within the past decades, the research and develop-
ment on SRM drives have been focused on the motor
topology design and optimization as well as the mo-
tor control strategies [Zhan et al., 1999; Chen et al.,
2001; Chen et al., 2002; Chau and Chen, 2002; Chau
and Chen, 2003]. Nevertheless, a number of converter
topologies for SRM drives have also been proposed,
such as the 1-switch per phase, 2-switch per phase,
(n + 1)-switch, 2(n + 1)-switch, C-dump and Oulton
types [Miller, 1993]. However, all of these converter
topologies employ the hard-switching technique
which suffers from the drawbacks of high switching
losses and severe electromagnetic interference (EMI).
In recent years, a number of soft-switching tech-
niques, providing either zero-voltage switching (ZVS)
or zero-current switching (ZCS) condition, have been
successfully developed for switched-mode power sup-
plies [Ching, 2009] and has been extended to DC mo-

tor drives [Chau et al., 1999; Ching and Chau, 2001;
Ching, 2005; Ching, 2006]. Also, a few studies on
soft-switching converters for SRM drives have been
reported [Murai et al., 1997; Cho et al., 1997; Rolim
etal., 1999].

In this paper, two new soft-switching converters
for SRM drives, namely the zero-voltage-transition
(ZVT) converter, and zero-current-transition (ZCT)
converter, are proposed and analysed. They possess
some definite advantages over their hard-switching
counterparts and other soft-switching converters. For
the ZVT converter, it offers ZVS for all main switches
and diodes, as well as unity device voltage and current
stresses. For the ZCT converter, both the main and
auxiliary switches can operate with ZCS, as well as
minimum voltage and current stresses. Also, they both
have simple circuit topology, hence minimum hard-
ware count and low cost.

It should be noted that the ZVT topology, hence the
ZVS condition, is highly desirable for power MOS-
FET based power conversion. It is due to the fact that
the power MOSFET device generally suffers from
serve capacitive voltage turn-on losses. On the other
hand, the ZCT topology, hence the ZCS condition,
is particularly favorable for IGBT based power con-
version. The reason is due to the fact that the IGBT
device generally suffers from severe inductive current
turn-off losses.

2. SRM DRIVES

Figure 1 shows the circuit diagram of a conventional
hard-switching converter for three-phase SRM drives.
The upper chopping switch S, serves all three phases
while the lower commutating switches S,, S, and S;
commutate the phases by selecting one phase at a time
sequentially. As illustrated in Figure 2, the phase-1
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Fig. 1 Conventional converter for 3-phase SRM
drives.
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Fig. 2 Conduction modes for one phase

winding is excited by turning on S,, and the corre-
sponding current can be controlled by switching S,..
Whenever S, is turned off, the phase-1 current is free-
wheeling via D,. Whenever S, is turned off, the cur-
rent is fedback to the source through D,, and D,. Thus
the SRM drive can readily offer regenerative braking
which is a key demand for EV application.

In general, SRM drives can operate in three different
modes [Miller, 1993]:

* single-pulse mode,

* voltage-PWM chopping mode,

* current-regulated chopping mode

In the single-pulse mode, as shown in Figure 3, each

Unaligned Aligned
\_/ I~
Idealized
inductance
Ve
Voltage
—Ve
Flux
linkage
Phase \\
t .
curren Powering Regenerating
0, 0, 0

Fig. 3 Single-pulse waveforms
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phase excites from zero during each stroke. The posi-
tive supply voltage is applied to the winding at the
turn-on angle 8, and the current begins to rise as the
rotor poles approach the stator poles of the next phase
to be excited. Then, the negative supply voltage is ap-
plied at the commutation angle 8., and hence the flux
linkage gradually drops to zero at the extinction angle
6,

The voltage-PWM chopping mode consists of two
schemes, namely asynchronous chopping and syn-
chronous chopping. The asynchronous chopping for
phase-1 involves turning on S, for the full period be-
tween 6,, and @,, and switching S,, on and off at a high
frequency with a fixed duty cycle during the same pe-
riod. When S is on, the supply voltage is connected
to the phase winding; otherwise, the winding is short-
circuited through S, and D,,. On the other hand, in the
voltage-PWM synchronous chopping mode, both S
and S, synchronously switch together at a high fre-
quency.

The current-regulated chopping mode employs a cur-
rent regulator to turn on and off the power switches.
Both synchronous and asynchronous chopping
schemes are possible. A simple hysteresis controller
can be used to maintain the current magnitude within
the desired upper and lower limits. As the supply volt-
age is fixed, the switching frequency decreases as the
incremental inductance of the phase winding increas-
es.

3. PROPOSED ZVT CONVERTER

Figure 4 shows the schematic diagram of the proposed
ZVT converter for SRM drives. To achieve ZVT
operation, there are two resonant tanks. First, a reso-
nant inductor L,, a resonant capacitor C,, an auxiliary
switch S, and an auxiliary diode D, are added to allow
for soft-switching S,,. Second, a resonant inductor L,,
three resonant capacitors C,;, C,,, C,;, an auxiliary
switch S, and four diodes D,, D,, D,,, D,; are added
to allow for soft-switching S,, S, and S,.

A simplified per-phase circuit diagram is shown in
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Fig. 4 Proposed ZVT converter



Journal of Asian Electric Vehicles, Volume 7, Number 1, June 2009

s, L oy

CARve  iwd

y 7
L/Y i,
D] - L R .1
“,1 3
| ¢
S,

Fig. 5 Simplified per-phase circuit diagram
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Fig. 6 Equivalent circuit of ZVT converter (powering)

: Dy off (ZVS)

: Sy on(ZVS)

A
B

C : S, off (ZVS)
D : D, on(ZVS)

T, LT LT T.T,
S1 83 S5 S7
S2 sS4 S6

Fig. 7 Key waveforms of ZVT converter (powering)

Figure 5. The phase winding can be considered to be
simultaneously fed by a buck converter (involving S,
and D,,)) and a boost converter (involving S, and D,).
The corresponding equivalent circuits and operat-
ing waveforms are shown in Figures 6 to 9. It can be
found that both equivalent circuits involve seven oper-
ating stages (S1 to S7) within one switching cycle.

3.1 Powering operation of ZV'T converter (see Fig-
ures 6 and 7)
(a) Stage 1 [T}-T,]: The phase winding is freewheel-
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Fig. 8 Equivalent circuit of ZVT converter (regener-
ating)
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Fig. 9 Key waveforms of ZVT converter (regenerat-
ing)

ing with 7, via D,,,.

(b) Stage 2 [T}-T5]: S, is turned on. Then i,, increases
linearly according to the slope of V,/L,. This stage
finishes at 7, when i,, equals /,.

(c) Stage 3 [T,-T5]: When i,, = I, D,, is turned off
with ZVS, and L, and C, start resonating. This
stage ends at 7; when v, equals V.

(d) Stage 4 [T5-T,]: When v, reaches V,, S, is turned
on with ZVS. §, is turned off to recover the stored
energy in L, to the source. Then i,, flows through
D, and decreases linearly with a slope of V,/L,.
At T,, i;, decreases to [, and i, crosses zero from
negative to positive.

(e) Stage 5 [T,-Ts]: i), keeps decreasing while ig,
increasing until i,, reaches zero at 75 and D, be-
comes off.

(f) Stage 6 [Ts-T¢]: It is a powering stage. V, is di-
rectly connected to the phase winding via S, and
S,.

(g) Stage 7 [T-T,]: I, discharges C, linearly with a
slope of 1,/C, until v, equals zero at 7>, and even-
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tually D,, becomes turn-on with ZVS.

3.2 Regenerating operation of ZVT converter (see

(a)
(b)

(©)

(d)

(e)

H
(2

Figures 8 and 9)

Stage 1 [T,-T]: D, is conducting, and it is a re-
generating stage.

Stage 2 [T,-T,]: S, is turned on. i,, increases with
the slope of V,/L,. This stage finishes at 7, when
i, equals 7,.

Stage 3 [T,-T5]: When i,, reaches I, at 7,, D,
becomes turn-off with ZVS, and L, and C, start
resonating. At Tj, v, decreases to zero.

Stage 4 [T5-T,]: When v, reaches zero, S, is
turned on with ZVS. S, is turned off to recover the
stored energy in L, to the source. Then i;, flows
through D, and D,,, and decreases linearly. At T,
i,, decreases to /, and iy, crossed zero from nega-
tive to positive.

Stage 5 [T,-T5]: i,, keeps decreasing and i, in-
creasing until i;, reaches zero at 75. D, and Dy,
become off.

Stage 6 [Ts-T]: The phase winding is freewheel-
ing with 7,.

Stage 7 [T,-T5]: I, charges C, linearly with a slope
of 1,/C, until v, equals V, at T, and eventually D,
becomes turn-on with ZVS.

4. PROPOSED ZCT CONVERTER

As

shown in Figure 10, two resonant tanks are added

to form the proposed ZCT converter for SRM drives.

Fig. 11 Simplified per-phase circuit diagram
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A resonant inductor L,, a resonant capacitor C,, an
auxiliary switch S, and an auxiliary diode D, are add-
ed to allow for soft-switching S,,. A resonant inductor
L,, a resonant capacitors C,, an auxiliary diode D,, and
four auxiliary switches S,, S,,, Sy,, and S,; are added
to allow for soft-switching S,, S,, and S;. A simplified
per-phase circuit diagram is shown in Figure 11.

Similar to the ZVT converter, the phase winding can
also be considered to be simultaneously fed by a buck
converter (involving S, and D,,) and a boost converter
(involving S, and D,). The corresponding equivalent
circuits and operating waveforms are shown in Fig-
ures 12 to 15. It can be found that both equivalent
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Fig. 12 Equivalent circuit of ZCT converter (power-
ing)
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Fig. 13 Key waveforms of ZCT converter (powering)
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ating)
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Fig. 15 Key waveforms of ZCT converter (regenerating)

circuits involve nine operating stages (S, to Sy) within
one switching cycle.

4.1 Powering operation of ZCT converter (see Fig-

ures 12 and 13)

(a) Stage 1 [T,-T,]: S, is turned on with ZCS at T,
L, and C, start resonating. i,, increases from zero
to peak, then decreases towards zero, and then
changes its direction. This stage finishes at T
when i;, reaches -/, so that D,, becomes off.

(b) Stage 2 [T}-T,]: S, is turned off while S, is turned
on with ZCS at 7). The current of D, is directed to
the auxiliary circuit. i;, increases rapidly towards
zero. This stage finishes at 7, when i,, reaches
Zero.

(c) Stage 3 [T,-T5]: Since i,, becomes positive at 7.
The antiparallel diode of S, is off while D, be-
comes on. L, and C, continue resonating. When 7,
returns to zero at 75, D, turns off naturally.

(d) Stage 4 [T5-T,]: It is a powering stage. V, is di-
rectly connected to the phase winding via S, and
S,.

(e) Stage 5 [T,-T5]: S, is turned on with ZCS. L, and
C, start resonating. i;, increases from zero to peak,
then decreases towards zero, and then changes its
direction. When it reaches -/, at T, the antiparal-
lel diode of S, becomes on.

(f) Stage 6 [Ts-T4]: S,, is turned off with ZCS at Ts.
As i;, keeps decreasing, its negative surplus flows
through the antiparallel diode of S,,. At T, i,
swings back to -/, and the antiparallel diode of S,
stops conducting.

(g) Stage 7 [T-T5]: i), keeps at -1, and v, is linearly
discharged towards zero. This stage ends at 7,
when v, reaches zero.

(h) Stage 8 [T,-T;]: At T, D,, starts to conduct. i,,and
V¢, Tesonate again and i;, reaches zero at 7.

(i) Stage 9 [T-T,]: The phase winding is freewheel-
ing with /7, via D,,..

4.2 Regenerating operation of ZCT converter (see

Figures 14 and 15)

(a) Stage 1 [T,-T,]: S, and S,, are turned on with
ZCS. L, and C, start resonating. When i,, de-
creases from zero to negative peak, then increases
towards zero, and then changes its direction. i,
reaches /, at 7, and D, becomes off.

(b) Stage 2 [T,-T,]: Both S, is turned off with ZCS
and S, is turned on with ZCS at T;. i,, decreases
towards zero. This stage finishes at 7, when i,
reaches zero.

(c) Stage 3 [T,-T;]: Since i,, becomes negative at
T,. The antiparallel diode of S, is off while D,
becomes on. L, and C, continue resonating. i;, re-
turns to zero while both S, is turned off with ZCS
and D, is turned off naturally at 7}.

(d) Stage 4 [T;-T,]: The phase winding is freewheel-
ing with 7, via S,.

(e) Stage 5 [T,-Ts]: S, and S,, are turned on with ZCS.
L, and C, start resonating. i,, decreases from zero
to negative peak, then increases towards zero, and
then changes its direction. When it reaches /, at
T, the antiparallel diode of S, becomes on.

(f) Stage 6 [T5-T¢]: S, is turned off with ZCS at 7. As
i,, keeps increasing, its surplus flows through the
antiparallel diode of S,. At T, i,, swings back to /,
and the antiparallel diode of S, stops conducting.

(g) Stage 7 [T,-T5]: i), keeps at I, and v, is linearly
discharged towards zero. This stage ends at 7,
when v, reaches zero.

(h) Stage 8 [T;-T]: At T;, D, starts to conduct. i,, and
V¢, Tesonate again and i;, reaches zero at 7.

(i) Stage 9 [T¢-To]: It is a regenerating stage via D,.

5. SIMULATION AND VERIFICATION

5.1 Results of ZV'T converter

Different modes of operation of the proposed ZVT
converter for SRM drives are PSpice-simulated.
Figure 16 shows the simulated waveforms of the pro-
posed converter operating in the single-pulse mode.
The supply voltage turns on at the turn-on angle 4,
and then turns off at the commutation angle 4. Oper-
ating waveforms of the voltage-PWM asynchronous
chopping mode is shown in Figure 17. S, is turned on
for the full period between 8, and 8., and S, is turned
on and off at a high frequency with a fixed duty cycle
during the same period. Figure 18 shows the operat-
ing waveforms of the ZVT converter operating in the
voltage-PWM synchronous chopping mode. Both S,
and S, simultaneously switch together at a high fre-
quency. To obtain the simulation waveforms in Figure
19, a hysteresis current controller is used to maintain
the current magnitude within the upper and lower
limits of the proposed converter, so-called the current-
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Fig. 16 PSpice-simulated waveforms of ZVT con-
verter at single-pulse mode
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Fig. 17 PSpice-simulated waveforms of ZVT con-
verter at voltage-PWM asynchronous chopping mode

P I o e
i Hﬁfﬁﬁhhr\\-\;
y o e e e Y s O
b L i e e e
S e N e Y Y 0 I

N
[
B
]
]
]

[

I\ ' SN [USNU S —
i | T T e i w | I
i | e VN e N e N e SR
O A e U O e Y Y 0 s O
i | I’”I/‘lwrﬂrrﬂ{J_Ilfr—]wr—T
B S e S e A e 0 e Y

O
N
]
N
I
I
o 1

0

@

Fig. 18 PSpice-simulated waveforms of ZVT con-
verter at voltage-PWM synchronous chopping mode
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Fig. 19 PSpice-simulated waveforms of ZVT con-
verter at current-regulated synchronous chopping
mode

regulated synchronous chopping mode. The simula-
tion results agree with those theoretical waveforms.
The main switches and diodes of the converter (S,,
D, and S,, D)) can always maintain ZVS operation.
As shown in Figure 20, the main switches (vg, and
vg;) and diodes (v, and v,,) operate with ZVS, and
they are subjected to the same voltage and current
stresses as those in the PWM counterpart. Never-
theless, the two auxiliary switches still suffer from
hard-switching operation. Since the power involved
in these auxiliary switches is only a fraction of the
total power handled by the main switches, the hard-
switching turn-off losses of the auxiliary circuitry can
be outweighted by the reduction of switching losses in
the main circuitry.
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Fig. 20 Zero-voltage turn-on/turn-off condition
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5.2 Results of ZCT converter

Different modes of operation of the proposed ZCT
converter for SRM drives are also PSpice-simulated.
Figure 21 shows the simulated waveforms of the pro-
posed converter operating in the single-pulse mode.
The supply voltage turns on at the turn-on angle 6,
and then turns off at the commutation angle &,. Oper-
ating waveforms of the voltage-PWM asynchronous
chopping mode is shown in Figure 22. S, is turned on
for the full period between @, and 8., and S,, is turned
on and off at a high frequency with a fixed duty cycle
during the same period. Figure 23 shows the operating
waveforms of the ZCT converter operating in voltage-
PWM synchronous chopping mode. Both S, and S,
are switched together at a high frequency. Figure 24
shows the waveforms in the current-regulated syn-
chronous chopping mode, where a hysteresis control-
ler is used to maintain the current magnitude within
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Fig. 21 PSpice-simulated waveforms of ZCT con-
verter at single-pulse mode
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Fig. 22 PSpice-simulated waveforms of ZCT con-
verter at voltage-PWM asynchronous chopping

6,

the upper and lower limits. As expected, all these
simulation results agree well with these theoretical
waveforms. As shown in Figure 25, both the main and
auxiliary switches of the proposed ZCT converter (S,,,
S,, S; and S,) can always operate with ZCS.
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Fig. 23 PSpice-simulated waveforms of ZCT con-
verter at voltage-PWM synchronous chopping mode
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Fig. 24 PSpice-simulated waveforms of ZCT convert-
er at current-regulated synchronous chopping mode

6. CONCLUSION

Two new soft-switching converters for SRM drives
has been presented. The ZVT converter possesses the
definite advantages that all main switches and diodes
can achieve ZVS while the corresponding device volt-
age and current stresses are kept at unity. It is a very
desirable feature for high frequency switching power
conversion where MOSFETs are used because of
their severe capacitive turn-on losses. The new ZCT
converter possesses the advantages that both the main
and auxiliary switches can always maintain ZCS with
minimum current and voltage stresses. Both the pro-
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Fig. 25 Zero-current turn-on/turn-off condition

posed soft-switching converters utilize simple circuit
topology, hence minimum hardware count and low
cost, leading to achieve high power density and high
efficiency.
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