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A ZVS-PWM Single-Phase Inverter Using a
Simple ZVS-PWM Commutation Cell

Chien-Ming Wang, Member, IEEE, Ching-Hung Su, Maoh-Chin Jiang, and Yan-Chun Lin

Abstract—A new zero-voltage-switching (ZVS) pulsewidth-
modulated (PWM) single-phase inverter using a simple
ZVS-PWM commutation cell is presented in this paper. Except
for the auxiliary switches, all switching devices in the ZVS-PWM
single-phase inverter operate at ZVS turn on and turn off. The
auxiliary switches operate at zero-current-switching turned-on
and turned-off. Besides operating at constant frequency, the
proposed inverter has no overvoltage across the switches on the
main switch compared to the hard switching inverter counterpart.
Auxiliary components rated at very small current are used. The
principle of operation, theoretical analysis, and experimental
results of the new ZVS-PWM single-phase inverter, rated 1 kW
and operated at 40 kHz, are provided in this paper to verify the
performance.

Index Terms—Inverter, zero-voltage-switching (ZVS).

I. INTRODUCTION

UCH EFFORT has been exerted by researchers all over

the world in an attempt to reduce harmonic distortion
and audible noise in the output of the inverter. Their objectives
have been attained through an increase in inverter commutation
frequencies and appropriate modulation strategy. These mea-
sures have provided some benefits, such as a reduction in the
weight and volume of the magnetic elements. However, they
have caused some difficulties due to the high commutation
losses in the switches and the appearance of electromagnetic
interference. These factors occur mainly in inverter topologies
that use the bridge inverter configuration. At the moment that
the main switch turns on, the antiparallel diode of the bridge
complementary switch begins its reverse recovery current. Both
contribute significantly to increasing the commutation losses
and producing electromagnetic interference.

Recently, to address this problem, a number of soft-switching
pulsewidth modulation (PWM) techniques were proposed
aimed at combining desirable features of both the conventional
PWM and resonant techniques. The zero-voltage-switching
(ZVS) approaches are desirable for a majority of carrier semi-
conductor devices such as MOSFETs, since the turn-on loss
caused by the output capacitance is large. The zero-current-
switching (ZCS) approaches are suitable for the minority of

Manuscript received December 27, 2006; revised October 22, 2007. This
work was supported by the National Science Council, Taiwan, R.O.C., under
Project NSC 96-2628-E-197-001-MY?2.

C.-M. Wang, M.-C. Jiang, and Y.-C. Lin are with the Department of Electri-
cal Engineering, National Ilan University, I-Lan 26047, Taiwan, R.O.C. (e-mail:
jimiwang @ms6.hinet.net).

C.-H. Su is with the Department of Electronic Engineering, Lunghwa
University of Science and Technology, Taoyuan 33306, Taiwan, R.O.C.

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

Digital Object Identifier 10.1109/TIE.2007.911925

carrier semiconductor devices such as insulated gate bipolar
transistors (IGBTs), since the turn-off loss is large due to the
current tail characteristics. IGBTs are preferred for high-power
application, since they have a higher voltage rating. However,
IGBTs are relatively slow in switching speed, so the switching
losses and the high frequency of operation are two well-known
problems. Thus, IGBTs are not suitable for high frequency
converter application. IGBTs have been replaced by MOSFETSs
for high frequency and medium power converter applications.
For improving MOSFETSs’ switching losses problem, several
soft switching techniques have been proposed for the PWM
inverter, and nearly all of them accomplish ZVS. Typical ex-
amples are the auxiliary resonant commutated pole inverter
(ARCP) [1]-[3] and the ZVS and zero voltage transition (ZVT)
inverter [4]-[14]. The ARCP is composed of one bidirectional
switch, one resonant inductor, resonant capacitors, and two ac
sources or two low-frequency capacitors. The arrangement of
the capacitors can be considered a single capacitor connected to
the midpoint of the input source. Therefore, the low-frequency
capacitors provide the input voltage share. This topology is in-
teresting whenever half-bridge topologies are employed. Now,
if the full-bridge topology is considered, two ARCPs will be
necessary, one for each leg, besides two large input capacitors
to divide the input voltage source. This practice may increase
the volume of the converter. It is important to comment that,
in some cases, as in high voltage, the capacitors may be
center-tapped ones. In these cases, the volume is not penalized.
Furthermore, the auxiliary commutation circuit only helps main
switches turn-on to perform ZVS, while snubber capacitors
reduce turn-off losses. At main switches turn-off, the load
current charges these capacitors, and as a result, there is an
important dependence between the load current value and the
conduction time of the main diodes. Main switches turn-off
with ZVS cannot be achieved for small load current values. To
overcome some drawbacks of the aforementioned soft switch-
ing techniques, this paper proposes a new simple ZVS-PWM
commutation cell for a single-phase inverter. The presented
circuit is illustrated in Fig. 1. This circuit discards the use of
auxiliary voltage source or an input low-frequency center-tap
capacitor. Also, in the proposed cell (except for the auxiliary
switches), all switching devices in the ZVS-PWM single-phase
inverter are turned on and turned off with ZVS. The auxiliary
switches operate at ZCS turn-on and turn-off. Besides operating
at constant frequency, the new ZVS-PWM single-phase inverter
has no additional voltage stress on the main switches compared
with the corresponding hard switching single-phase inverter.
To achieve good dynamic regulation and properly gating the
power switches, the sinusoidal pulsewidth modulation (SPWM)
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Fig. 1. Proposed ZVS-PWM single-phase inverter using a new simple
ZVS-PWM commutation cell.

control strategy is designed in the proposed converter. System
analysis for predicting and evaluating the inverter performance
is conducted.

II. PRINCIPLE OF THE NOVEL ZVS-PWM
SINGLE-PHASE INVERTER

The power stage diagram of the proposed ZVS-PWM single-
phase inverter is shown in Fig. 1. The circuit can be divided
into two sections. The first section is a conventional PWM buck
inverter with bipolar voltage switching. It is composed of the
switches S7, S, S3, Sy, their body diodes, and output filter
L¢, Ct. This section performs the operation of the conventional
PWM buck inverter with bipolar voltage switching. The second
section is the proposed new simple ZVS-PWM commutation
cell, composed of S,1, Sao, Ly, Cr1, Cia, Cis, Ciy, which
are rated for a small power when compared to the output
power. This section is synchronous with the circuit of the first
section. It provides the ZVS on all semiconductors in the PWM
buck inverter with bipolar voltage switching. To simplify the
analysis, it is assumed that the proposed ZVS-PWM single-
phase inverter is operating in the kth switching period and the
following assumptions are made during one switching cycle.

1) All components and devices are ideal.

2) The output filter inductance Ly is large enough to assume
that the output current [rg is constant during the kth
switching period.

3) Input voltage V;, is constant.

4) During the kth switching period, the resonant voltages
ver1(t) and vepa(t) equal zero, the resonant voltages
ver2(t) and vers(t) equal Vi, and the resonant current
i1 (t) equals zero.

Based on these assumptions, circuit operations in one switch-
ing cycle can be divided into eight stages. The eight dynamic
equivalent circuits of the novel ZVS-PWM single-phase in-
verter during the kth switching period are shown in Fig. 2. The
ideal relevant waveforms of the novel ZVS-PWM single-phase
inverter are shown in Fig. 3.

A. Stage of Operation of the New ZVS-PWM
Single-Phase Inverter

STAGE 1 [Fig. 2(a)— ty <t <t1]: Before t =1y, the
switches S, and S3 maintain turn-off state, and the switches
S1 and S4 maintain turn-on state. The input dc voltage source

Vin supplies the output stage composed of output filter L¢, Ct,
and the load Zp,. This stage begins when S,; turns on with ZCS
att = to. The resonant inductor L, charges linearly from input
dc voltage source V4. The resonant current iy, (¢) is increased
linearly. The stage ends when the predecision time Aty = t; —
to is completed and the switches S7 and Sy turn off with ZVS
att = t;. The resonant current iy, (t), voltages vcy (t), vera (t),
vers(t), and vepg(t) can be respectively described as

Ve

i (t) I (t —to) (1)
UCrl(t) =7UCr4 (t) =0 (2)
’UCrQ(t) :UCrB(t) = Vvin- (3)

STAGE 2 [Fig. 2(b)— t; < t < to]: During this stage, the
ZVS-PWM commutation cell performs resonance behavior.
The resonant inductor L, resonates with the resonant capacitors
Cy1, Cra, Cy3, and Cy4. The resonant current iy, (¢) increases
and then decreases when it reaches its peak value. The resonant
voltages vy (t) and vera(t) are increased. The resonant volt-
ages vora(t) and veys(t) are decreased. The voltage vap(t) is
also decreased. The stage is finished when the resonant voltages
vera(t), vers(t) drop to zero and the resonant voltages vy (¢)
and vcpa(t) reach Vi,. The resonant current i, (t), voltages
ver1 (t), vera(t), vors(t), and vepa(t) can be respectively de-
scribed as

i (t) =i (t1) coswp(t — t1) — Lo (1 — cosw, (t — 1))
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— Zo (Lo + i1 (t1)) sinw, (¢ — t7) (5)
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where

wy =1/\/C. L, ()
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Zo = c. (®)

STAGE 3 [Fig. 2(c)— t3 < t < t3]: During this stage, be-
cause the resonant voltages vcyo(t) and veys(t) equal zero, this
instant is the best time to turn on switches S, and S5 at ZVS.
The energy stored in resonant inductor L, is delivered back
to the dc source. The resonant current i, (t) is decreased lin-
early. The input dc voltage source supplies the output stage by
—Vin. This stage ends when the resonant current 4, (¢) drops to



