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Boost Type ZVS-PWM Chopper-Fed DC-DC Power Converter with
Load-Side Auxiliary Resonant Snubber and Its Performance Evaluations

Koki Ogura*, Srawouth Chandhaket*, Tarek Ahmed* and Mutsuo Nakaoka*

Abstract - This paper presents a high-frequency boost type ZVS-PWM chopper-fed DC-DC power
converter with a single active auxiliary edge-resonant snubber at the load stage which can be designed
for power conditioners such as solar photovoltaic generation, fuel cell generation, battery and super
capacitor energy storages. Its principle operation in steady-state is described in addition to a prototype
setup. The experimental results of boost type ZVS-PWM chopper proposed here, are evaluated and
verified with a practical design model in terms of its switching voltage and current waveforms, the
switching v-i trajectory and the temperature performance of IGBT module, the actual power conver-
sion efficiency, and the EMI of radiated and conducted emissions, and then discussed and compared
with the hard switching scheme from an experimental point of view. Finally, this paper proposes a
practical method to suppress parasitic oscillation due to the active auxiliary resonant switch at ZCS
turn-off mode transition with the aid of an additional lossless clamping diode loop, and can be reduced
the EMI conducted emission. .

Keywords: DC-DC converter, Active auxiliary edge-resonant snubber, Zero voltage soft switching
(ZVS), PWM, v-i switching trajectory representation, Parasitic oscillation diode clamping loop, EMI

noise evaluations

1. Introduction

In recent years, the higher efficiency and the more ad-
vanced power conversion, energy utilization equipment, a
variety of circuit topologies of the soft-switching DC-DC
power converter are urgently required. The practical devel-
opments of isolated or non-isolated DC-DC power con-
verter using power MOSFETs or IGBTs have attracted spe-
cial interest in various fields related to the alternative and
renewable energy generation and power supplies of small-
scale distributed type photovoltaic generation system
(PVGS), fuel cell generation system (FCGS) and battery or
super capacitor energy storage systems for residential
power energy applications, information and telecommuni-
cation equipment, and automobile power electronic appli-
cations including pure electric vehicle (EV) and hybrid EV
systems. Because of the high-frequency switching PWM
technologies with the great advances of power semicon-
ductor devices such as power MOSFETs, IGBTs, SITs, in
addition to microprocessor control board and the magnetic
circuit components of inductor and transformer, the DC-
DC power converters have been strongly demanded minia-
turization in size, lighter in weight, and high performances
(high-speed response, and waveform quality). However,
the significant problems for the high-frequency switching

* Department of Electrical and Electronic Engineering, The Graduate
School of Science and Engineering, Yamaguchi University, Japan.
(ogura@pe-newsl .eee.yamaguchi-u.ac.jp)

Received July 1, 2003 ; Accepted September 15, 2003

PWM power conversion technologies cause system effi-
ciency reduction due to increased switching losses and
snubber circuit losses, the higher dv/dr and di/dt electrical
surge stresses, high frequency leak current to the ground
and EMI noises; radiated emission and conducted emis-
sion. For effective and practical solutions, it is presently
necessary to use the principles of soft-switching power
conversion PWM techniques, which are based on active
auxiliary edge resonant snubber[1]-[6] or passive edge
resonant snubber[7],[8].

In this paper, the circuit topology of the boost type ZVS-
PWM chopper-fed DC-DC power converter with a simple
active auxiliary edge-resonant snubber is proposed. The
experimental results of boost type ZVS-PWM chopper-fed
DC-DC power converter designed for the maximum 3kW
output power, and switching frequency 16kHz are pre-
sented and discussed, together with comparative operating
characteristics of this ZVS-PWM chopper-fed DC-DC
power converter and conventional hard switching PWM
one. In addition, this paper points out the practical method
to protect a large voltage spike due to unnecessary and un-
dersigned parasitic oscillation of the auxiliary resonant ac-
tive power switch at ZCS turn-off commutation. This para-
sitic oscillation of this active resonant snubber can be sup-
pressed with the aid of the simple lossless clamping diode
connected with the auxiliary resonant snubber which can
utilize at the loadside energy processing. Furthermore, the
practical effectiveness of this ZVS-PWM chopper-fed DC-
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DC power converter with clamping diode loop is substan-
tially proved on the measured conducted EMI noise from
an experimental point of view.

2. Boost Type ZVS-PWM Chopper-fed
DC-DC Power Converter

2.1 Circuit Description

Fig. 1 shows the circuit configuration of the proposed
edge-resonant boost type ZVS-PWM chopper-fed DC-DC
power converter using IGBTs. This converter is based on
the conventional boost type PWM chopper-fed DC-DC
power converter, which also includes an active auxiliary
resonant snubber circuit composed of a resonant inductor
L,, a resonant capacitor C,, a lossless snubber capacitor C;,
an auxiliary active power swich S, and an auxiliary diode
D,. This DC-DC power converter is an improved circuit of
[1]. The converter circuit proposed in [1] has a problem
which the auxiliary switch is turned off under hard switch-
ing. However this auxiliary switch in the proposed boost
type ZVS-PWM chopper-fed DC-DC power converter can
operate ZCS and ZVS under the turn-off transition by add-
ing a resonant capacitor C..
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Active auxiliary edge resonant snubber
Fig. 1 Zero voltage soft switching boost chopper type DC-
DC converter using auxiliary edge resonant snubber

2.2 Circuit Operation

The mode transition of boost type ZVS-PWM chopper-
fed DC-DC power converter are depicted in Fig. 2. The
gate voltage pulse sequences of the main active power
switch and the auxiliary active power switch are indicated
in Fig. 3, the operating voltage and current waveforms of
each component are shown in Fig. 3. The operating princi-
ple in mode transitions of this chopper-fed DC-DC power
converter is explained as follows;

Mode 0 The stored energy of the boost inductor L,, is
transferred to the load side. When the auxiliary power
switch §, is turned on, Mode 0 changes to Mode 1.
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Fig. 2 Mode transitions and equivalent circuits

Mode 4

Mode 1 When the auxiliary power switch S, is turned
on with ZCS, the current through the diode D; begins to
flow the active auxiliary resonant snubber circuit. The cur-
rent flow through the resonant inductor L,, and the resonant
capacitor C;, and the auxiliary power switch §, increases
sinusoidally.

Mode 2 When the diode D, is turned off, the current
flowing through D; commutates through the active auxil-
iary resonant snubber circuit. The lossless snubber capaci-
tor C;connected in parallel with the main power switch S,
is produced the edge-resonant mode with a resonant induc-
tor L, and resonant capacitor C, Therefore, the lossless
snubber capacitor C; becomes the discharging mode, and
the voltages across C; drops gradually. Then, Mode 2
changes to Mode 3.

Mode 3 When the voltage across the snubber capacitor
C; becomes zero, the anti-parallel diode Dg, of the main
power switch § is naturally turned on. As a result, the main
power switch S| can achieve ZVS and ZCS hybrid soft
commutation in a turn-on transition when current flow
through the anti-parallel diode Ds; decreases and naturally
shifts to the main power switch S, by giving the gate voltage
signal of the main power switch §; while Ds; is turned on.
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Fig. 3 Gate pulse sequences and typical operating waveforms

Mode 4 When the current of the main power switch S
becomes bigger than the current flowing through a boost
inductor L, the diode Dy, in anti-parallel with the auxil-
iary power switch §,is naturally turned on, and the current
flowing through S, begins to commutate to the anti-parallel
diode Ds,. By turning the gate voltage pulse signal deliv-
ered to the auxiliary power switch S, during this period, an
auxiliary power switch §, can achieve complete ZVS and
ZCS hybrid soft commutation under the turn-off transition
when the current flowing through the auxiliary power
switch §, shifts exactly.

Mode 5 When the auxiliary power switch S, is turned
off, the resonant current flowing through the inductor L,
and the capacitor C,becomes zero; all the circuit operations
are identical to the conduction state of the conventional
boost type PWM chopper-fed DC-DC power converter.

Mode 6 When the main power switch §; is turned off
with ZVS, the current flowing through the boost inductor
L., flows through the snubber capacitor C,. Therefore, the

lossless snubber capacitor C; becomes its charging mode,
and the voltages across the lossless capacitor C, increases
gradually.

Mode 7 When the voltage across the lossless snubber
capacitor Cs becomes larger than the sum of the voltage
across the resonant capacitor C; and the output voltage V,,
the auxiliary diode D, is turned on. When the voltage
across the lossless snubber capacitor C; equals to the out-
put average voltage V, and the voltage across the auxiliary
resonant capacitor C, becomes zero, the diode D, is natu-
rally turned off. At the same time, the diode D, is turned on
and Mode 7 shifts to Mode 0.

This boost type ZVS-PWM chopper-fed DC-DC power
converter repeats cyclically the steady-state operation de-
scribed above.

3. Experimental Results and Performance
Evaluations

3.1 Design Specifications and Switching Operating
Waveforms

The experimental design specifications and circuit pa-
rameter of the boost type ZVS-PWM chopper-fed DC-DC
power converter with a single active auxiliary edge-
resonant snubber is listed in Table 1.

Table 1 Design specifications and circuit parameters

DC Input Voltage | Vi | 200V Snubber Capacitor | C; [ 33nF
DC Output Voltage | V| 380V Resonant Inductor | L | 7.6puH
Switching Frequency | f, s | 16kHz Resonant Capacitor C | 121n0F
Output Capacitor | C, | 8,200uF Boost Inductor L, | 1.02mH

(Remarks)

Power Switching Devices

-IGBT [S,, §,] — Mitsubishi CM75DU-24H
- Diode [D,] - Toshiba 30JL.2C41
- Diode [D,] ~ Hitachi DFM30F12

Fig. 4 (a) illustrates the voltage and current operating
waveforms and its v-i trajectory in case of turn-on commu-
tation of the main power switch S of the hard switching
boost type PWM chopper-fed DC-DC power converter in
the hard switching. Fig. 4 (b) illustrates the voltage and
current operating waveforms and its v-i trajectory in case
of turn-on commutation of the main power switch S, of the
ZVS-PWM one in the soft switching. From the voltage and
current waveforms in Fig. 4 (a) under a condition of a hard
switching commutation, the higher dv/dr and rapid di/d:
characteristics as well as voltage surge and current surge
can be observed. Moreover, taking a look at the v-i trajec-
tory in Fig. 4 (a), it spread out over the first quadrant and
the second quadrant area. Therefore, it is based on the in-
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censement of the electrical switching stresses for IGBT
used in the converter, and increase of the switching power

loss and EMI noises. However, switching waveforms in Fig.

4 (b) under a condition of soft-switching commutation, the
softened dv/dt and di/dt, and the suppression of the voltage
surge and current surge can be achieved. Observing the v-i
trajectory in Fig. 4 (b), it goes along at the voltage axis and
current axis of the main power switching device, so the
ideal soft switching operation can be achieved without the
switching losses at turn-on transition. Therefore, under the
soft-switching scheme, the switching power losses, voltage
surge and current surge don’t occur because the switching
can be achieved under a condition of ZVS and ZCS.

. Voltage
100V/div

Voltage
100V/div

(b) Soft switching scheme
Fig. 4 Voltage and current waveforms and v-i trajectory in
case of turn-on transition of main power switch S,

Fig. 5 (a) shows the voltage and current operating wave-
forms and its v-i trajectory in case of turn-off switching
commutation in the hard switching. Fig. 5 (b) illustrates the
voltage and current operating waveforms and its v-i trajec-
tory in case of turn-off switching commutation in the soft-
switching. From the voltage and current switching wave-
forms at turn-off commutation as depicted in Fig. 5 (a) un-
der the hard switching commutation, there is overlapped
region of voltage and current switching waveforms. More-
over, observing the v-i trajectory in Fig. 5 (a), it spreads
out in the first quadrant in the v-i plane. Therefore, this
concerns with increase of the switching power losses.
Therefore, in Fig. 5 (b) under soft switching commutation,
except for the overlapping period of the switching voltage
and falling current during the turn-off period and tail cur-
rent during the tail period of IGBT, there is no overlapping
region. And taking a look at the v-i trajectory illustrated in

Fig. 5 (b), it is nearly moving along the voltage axis and
current axis of v-i plane. Therefore, under a soft-switching
PWM scheme, the switching power losses of the power
switch can be lowered as compared with that of the hard
switching PWM scheme.
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Fig. 5 Voltage and current waveforms and v-i trajectory
in case of turn-off transition of main power switch .S,

3.2 Temperature Characteristics of Main Power Switch

A small pin hole is made under the metal bottom side of
IGBT as the main switch §; power module package as
shown in Fig. 6, and the tip of the K-type thermocouple
probe is tightly inserted into the central portion of the
IGBT module. The measured temperature of the IGBT
module package under a both operating conditions of the
hard switching (H-SW) and soft-switching (S-SW) PWM
schemes is depicted in Fig. 7.

Fig. 6 Temperature measurement of IGBT module using
K-type thermocouple
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Fig. 7 Temperature measurement of IGBT module

As shown in Fig. 7, after 80 minutes of operation, the
temperature of IGBT under hard switching scheme is 60°C,
but the temperature under soft-switching scheme is 48°C.
So soft-switching reduced temperature about 12°C as com-
pared with hard switching scheme. From these results, the
downsizing of the cooling equipment can be substantially
achieved, because the switching power losses of the main
power switch §; can be sufficiently reduced with using
ZVS-PWM scheme.

3.3 Actual Power Conversion Efficiency Characteristics

The actual power conversion efficiency of hard switch-
ing boost type PWM chopper-fed DC-DC Power converter
and soft switching ZVS-PWM type can be respectively
measured by using the digital power meter. As the results
in Fig. 8, the actual efficiency of the soft switching is
higher than that of hard switching for the required output
power range. Especially, for 3kW breadboard setup, the
actual conversion efficiency of soft-switching PWM
scheme achieves up to 97.8%. And moreover, for high fre-
quency switching, this power circuit can achieve higher
efficiency characteristics.

3.4 EMI Testing of Radiated Emissions

The performance of radiated emission measured by
EMC bilog antenna (30MHz~1GHz) in the shielded an-
echoic chamber shown in Fig. 9. Observing from the re-
sults in Fig. 10, soft switching has the lower noise level
compare to the hard switching for all over the frequency
range. Especially, the noise level for the maximum 37.1
[dBuV/m] can be reduced at 230MHz. It is more effective
to use the boost type ZVS-PWM chopper-fed DC-DC
power converter with active auxiliary resonant snubber to
suppress the radiated emission.

3.5 EMI Testing of Conducted Emissions

The measuring result of conducted emission is measured
with using the line impedance stabilization network (LISN)
shown in Fig. 11[9],[10]. According to the results shown in
Fig. 12, soft switching is lower noise level compare to the
hard switching all over the frequency range except for
around 1.8MHz, 2.7MHz and 5.5MHz. Especially over
6MHz, soft switching can be excellent performance com-
pared with hard switching. It is effective to use a soft-
switching PWM scheme with active auxiliary resonant
snubber to suppress the conducted emission.
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Fig. 12 Noise measurement of conducted EMI

4. Parasitic Oscillation of Auxiliary Power Switch
at ZCS Turn-off

4.1 Generation of Parasitic Oscillation

Fig. 13 depicts a parasitic oscillation phenomenon at the
voltage across the auxiliary power switch $, and its current
waveforms at ZCS turn-off. This means that the quality
factor of edge resonant circuit is high, and the element of
dissipation is substantially small. The peak surge voltage
across the auxiliary power switch §, becomes about 900V,
so the power semiconductor device protection of the auxil-
iary power switch from a surge voltage is a significant
problem.

Before the auxiliary power switch S, is turned off, the
resonant current flowing through $, has naturally commu-
tate to the antiparallel diode Dsg,. During this interval, the
gate voltage pulse signal of the auxiliary power switch §,
has to be turned off. Presently, the resonant current flowing
through the antiparallel diode Ds, becomes zero if the di-
ode Ds» is ideal. But in fact, the resonant current is not
suppressed, and the reverse recovery current flowing
through Ds, appears when changes from forward-
directional bias to the reverse-directional bias.

The recombination and diffusion of the minority carrier is
to be generated when the current direction changed into the
reverse direction from the forward direction. Due to the

rapid direction change of current with a higher di/dr, a
resonant inductor L, connected to the auxiliary power
switch S in series induces a large voltage from the steep
di/dt. So the voltage across the auxiliary power switch S,
induces a large voltage, too. The voltage and current wave-
forms of the resonant inductor [, at this time are shown in
Fig. 14. The energy stored into that resonant inductor de-
creases with continuing resonant oscillation between the
resonant inductor and the resultant parasitic capacitance
including diffusion capacitance and junction capacitance of
the antiparallel diode Ds; in addition to the capacitance
Cce(see Fig. 15). Observing this oscillation frequency by
using the synchroscope, the frequency is about 2.7MHz. As
compared with the results of synchroscope and the results
of conducted emission shown in Fig. 12, it is proved that
the fundamental frequency (about 2.7MHz) and the twice
of frequency (about 5.4MHz) appear as a spectrum due to
this oscillation.
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Fig. 14 Voltage and current waveforms of resonant inductor
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Fig. 15 Parasitic oscillation principle
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4.2 Suppression Method of Parasitic Oscillation

As for suppressing the parasitic oscillation, the clamping
diode loop in the boost type ZVS-PWM chopper-fed DC-
DC power converter is added as illustrated in Fig. 16. This
clamping diode with lossless snubber is naturally turned on
when the voltage across the auxiliary power switch S, is
higher than a voltage of the output DC port. Therefore,
with using clamping diode loop can suppress the peak volt-
age across the auxiliary power switch S, less than the
output voltage. And this snubber energy is used effectively
at the output side, so that lossless snubber can be imple-
mented.

Vs -T--_ SIJK

Active auxiliary edge resonant snubber
Fig. 16 Boost type ZVS-PWM chopper-fed DC-DC Power
converter with an additional clamping diode D¢
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Fig. 17 Voltage and current waveforms and v-i trajectory of
auxiliary switch §, with a clamping diode
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Fig. 18 Comparative noise measurement of conducted EMI
with a clamping diode and without clamping diode

The voltage and current operating waveforms of the aux-
iliary power switch S, in case of adding a clamping diode
are represented in Fig. 17. As shown in Fig. 17, a large os-
cillation in Fig. 13 disappears, and the surge voltage is ef-
fectively suppressed. Therefore, the over voltage across the
auxiliary power switch §; can be reduced positively. Fig.
18 illustrates the measured result of conducted emission in
case of using the clamping diode loop. According to Fig.
18, the noise level can reduce 5dBuV~10dBuV around
2.7MHz and 5.5MHz, therefore, excellent results are ob-
tained for the suppression of the conducted emission.

5. Conclusion

In this paper, boost type ZVS-PWM chopper-fed DC-
DC power converter with a load side single active auxiliary
resonant snubber has introduced for the power interface of
the solar photovoltaic or fuel cell power conditioner. The
feasible characteristics of this boost type ZVS-PWM chop-
per-fed DC-DC power converter using IGBTs is compared
with the conventional hard switching PWM one on the ba-
sis of the voltage and current waveforms, switching v-i tra-
jectory, measured temperature of IGBT module package,
actual power conversion efficiency, and EMI test data. In
addition to these, this paper also discussed the problem of
ZCS turn-off of the auxiliary active power switch, and sug-
gested to reduce the unnecessary parasitic oscillation with
using lossless clamping diode loop. In terms of the meas-
ured voltage and current operating waveforms and EMI
conducted emission, the diode clamping diode loop to sup-
press this high-frequency parasitic oscillation is suggested
and presented herein.
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