KIEE International Transactions on EMECS, 12B-1, 37-43 (2002) 37

Novel Zero-Current-Switching (ZCS) PWM Switch Cell
Minimizing Additional Conduction Loss

Hang-Seok Choi and B. H. Cho

Abstract - This paper proposes a new zero-current switching (ZCS) pulse-width modulation (PWM) switch cell that has no addi-
tional conduction loss of the main switch. In this cell, the main switch and the auxiliary switch turn on and turn off under zero cur-
rent condition. The diodes commutate softly and the reverse recovery problems are alleviated. The conduction loss and the current
stress of the main switch are minimized, since the resonating current for the soft switching does not flow through the main switch.
Based on the proposed ZCS PWM switch cell, a new family of dc to dc PWM converters is derived. The new family of ZCS PWM
converters is suitable for the high power applications employing IGBTs. Among the new family of dc to dc PWM converters, a
boost converter was taken as an example and has been analyzed. Design guidelines with a design example are described and veri-
fied by experimental results from the 2.5 kW prototype boost converter operating at 40kHz.
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1. Introduction

Recently, various kinds of soft switching techniques for
switching power converters have been proposed in order to
satisfy the ever-increasing requirements for smaller size,
lighter weight and higher efficiency. These techniques re-
duce the switching losses enabling high frequency opera-
tion and consequently reduce the overall system size. In
general, the soft switching approaches can be classified
into two groups; zero voltage switching (ZVS) approaches
[1-3] and zero current switching (ZCS) approaches [4-12].
The ZVS approaches are desirable for the majority carrier
semiconductor devices such as MOSFET’s, since the turn-
on loss caused by the output capacitance is large. While,
the ZCS approaches are suitable for the minority carrier
semiconductor devices such as IGBT’s, since the turn-off
loss is large due to the current tail characteristics.

These days, IGBT’s are replacing MOSFET’s for high
voltage, high power applications, since IGBT’s have higher
voltage rating, higher power density, and lower cost com-
pared to MOSFET’s. In an effort to increase the switching
frequency of IGBT’s by reducing switching losses, several
kinds of ZCS soft switching techniques have been pro-
posed since the ZCS PWM switch cell was first proposed
in [4]. In the approaches proposed in [4] and [5], ZCS of
the active switches is achieved by using a resonant inductor
in series with the main switch and a resonant capacitor in
series with the auxiliary switch. The main drawbacks of the
ZCS approaches are high current stress on the active
switches and high voltage stress on the diodes. In the ap-
proaches proposed in [6], {7] and [8], the resonating cur-
rent for ZCS flows only through the auxiliary circuit, thus
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the current stress of the main switch is eliminated. How-
ever, it presents two power diodes in the power transfer
path, which increases conduction losses of the diodes. In
the approach proposed in [9], the peak current through the
main switch is substantially reduced by using an additional
inductor. Unfortunately, this approach is not effective in
reducing conduction loss of IGBT, since the on-voltage of
IGBTs is almost independent of the current.

This paper proposes a novel ZCS PWM switch cell that
improves the drawbacks of the previously proposed ZCS
PWM converters. The proposed cell provides ZCS condi-
tion for both the main switches and the auxiliary switch.
Since the circulating current for the soft switching flows
only through the auxiliary circuit, the conduction loss and
current stress of the main switch are minimized. The volt-
age stress of the main diode is reduced by about 15% com-
pared to the previous ZCS PWM switch cell. A new family
of dc to dc PWM converters based on the proposed ZCS
PWM switch cell is proposed. These converters are suit-
able for the high power applications employing IGBT’s.
Among the new family of dc to dc PWM converters, a
boost converter was taken as an example and has been ana-
lyzed. Design guidelines with a design example are de-
scribed and verified by experimental results from the 2.5
kW prototype converter operating at 40kHz.

l

2. The Proposed ZCS PWM Switch Cell

Fig. 1 shows the proposed ZCS PWM switch cell. It
consists of two switches S1 and S2, two diodes D; and Dy,
two small resonant inductors L,; and L,,, and one resonant
capacitor C; S1 is the main switch through which the input
current flows while, S2 is the auxiliary switch that handles
only a small portion of the output power and is rated at a
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Fig. 1 The proposed ZCS PWM switch cell

lower average current. In case of the boost type converters,
it does not require a floating driver for the auxiliary switch,
since the two switches have a common ground.

Fig. 2 shows the previous ZCS PWM switch cell pro-
posed in [4,5] and Fig.3 compares the additional conduc-
tion losses of the previous ZCS switch cell and the pro-
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Fig. 2 The previous ZCS PWM switch cell [4,5]
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Fig. 3 Comparison of the additional conduction losses for ZCS
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Fig. 4 New family of ZCS dc-to-dc PWM converters

posed ZCS switch cell, with respect to a hard switching
counterpart. As can be seen in Fig.3, the proposed ap-
proach has about 30% reduction in the conduction losses
compared to the previous approach. Fig.4 shows the new
family of ZCS PWM converters derived using the pro-
posed cell.

3. Operation Principle

To explain the operation principle of the proposed cell, a
boost converter was taken as an example. To analyze the
steady state operation, the followings are assumed;

All components and devices are ideal

The input inductor and the output filter capacitor are
large enough to be regarded as a constant current source
and constant voltage source, respectively during one oper-
ating cycle.

The proposed converter has nine operation modes during
one switching cycle. The key waveforms and the equiva-
lent circuit of each operation mode are shown in Fig. 5 and
6, respectively.
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Fig. 5 Key waveforms of the new ZCS PWM Boost con-

verter

Model (T¢T;): Prior to Ty, the input current I flows to
the output through the ouput rectifier diode D1. At T, the
main switch S1 turns on and the output voltage Vo is
applied to the resonant inductor L,,. The current through S1
and L, increases linearly until it reaches the input current
IS at TlA

ISI(t)=1m(t>=LV—“(t—To) )

rl
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Mode2 (T-T) : The input current flows through S1 and
L,;. During this mode the ouput diode remains in the OFF
state and the voltage of the resonant capacitor C; is
clamped at the output voltage.

Mode3 (T,-T;) : At T,, the auxiliary switch turns on and
C, is discharged through the auxiliary switch S2 resonating
with auxiliary resonant inductor L,,. When V,, reaches zero
at T;, diode D2 turns on and this mode ends. The voltage of
C, and the current through the auxiliary switch are obtained
as

V() =V, cos(w, (t - Ty) @)

I =2 % sins () 3

and Z, = L2

where, w, = ‘/__
C,

Moded (T3-T,) : At T3, D2 begins to conduct and C, is
discharged resonating with L, and L,. The currents
through the main switch and the auxiliary switch decrease,
and this mode ends when the current through the main
switch reaches zero.

v
V() = ————2sin(w,, (1 - T. 4
® L L (Weo (1 = T3)) 4
L,
1s1(t)=1s——— [1 cos(w,, (t —T3))] ®)
rl
V
T () =—2—" .21~ t—T, 6
s2(0) = 5= 1= 0080 (1= T5)] ©
1
where, w,, = and L, =L, //L
> Weq \/'L_C,_ eq rl r2
eq - r

Since D2 is conducting, the voltage of the diode D1
increases as Vcr decreases.

Vo (H)=V, + sin(w,, (1 —T5)) (7
D1 0 1+Lr2 /Lrl eq 3

Mode5 (T4-Ts) : At T4, the current through S1 reaches
zero and the anti-parallel diode of S1 begins to conduct.
This mode ends when the current through S2 reaches zero
at Ts. Ver, Vpy, Is; and Ig; are governed by (4), (5) and (6),
respectively through modeS and 6.

Mode6 (Ts-T-) : The current through S2 reaches zero
and the anti-parallel diode of S2 begins to conduct At Ts.
When the current through the antiparallel diode of S2 goes
back to zero, this mode ends. When the currents of S1 and
S2 reach their negative peak value at Tg, the gate-drive
signals for SI and S2 are disabled at the same time and
both the two switches are turned off with zero currents.

Mode7 (T+-Ts) : C; is charged by the resonance with L,;
and this mode ends when the current through the anti-

parallel diode of S1 reaches zero.

Mode8 (Ts-Ts) : The input current flows through D2
charging Cr, and the voltage of Cr increases linearly until it
reaches Vo at Ts.

Vc,(t>=Vc,(Tg)+é—S(t—T8) @®

r

Mode9 (To-Typ) : When the V, reaches Vo, D2 turns off
and DI begins to conduct. Since the voltage of Cr is
clamped at Vo, D2 turns off with zero voltage. During this
mode, Is flows to the output through D1.
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4. Topology Variations

An alternative circuit variation to reduce the number of
resonant inductors is shown in Fig.7 [12]. In the cell shown
in Fig.7, one resonant inductor is used and other circuit
operations are very similar with the proposed ZCS PWM
switch cell. It also has no additional conduction loss in the
main switch. Fig.8 shows alternative ZCS PWM boost
converter derived using the cell in Fig.7. Contrary to the
proposed cell in Fig.1, it requires floating gate driver since
the two switches do not share common ground, and the
voltage stress of the output diode D, is twice of the output
voltage.
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Fig. 7 Alternative circuit variation [12]
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Fig. 8 Alternative ZCS PWM boost converter [12]

5. Design Procedure and Example

Fig.9 shows the detailed current waveforms of S1 and
S2 when they turn off. In order to achieve ZCS for the two
switches, I and I, given by (5) and (6) should reduce to
zero during the time interval from T4 to Ts. From (5) and
(6), the following conditions are obtained;

: I

| S B ©)

Is ZZIs (Lrl +Lr2)

pz 2L,
= >1 10
Vo/ L, +L (10)
L L .
where, 1, = 2o Leg s A= 2Vo 2t and I, is the
ZZ Lrl 22 Lr2

peak value of the input current.
To minimize the circulating current, K;, K, should be

chosen as small as possible satisfying (9) and (10).

The proper turn-off time for S1 and S2 is when Is, and
I, reach their negative peak values, and the on-time for the
auxiliary switch is given by

DT = %”ﬁ,zc, +1|L,C, an

Fig. 9 The detailed ZCS waveforms

Thus, D,T; is only determined by the resonant parame-
ters and independent of the input and output conditions.

The voltage stress of the output rectifier diode is below
2V,, since the two resonant inductors decrease the current
charging Cr as in (5) and (6). The maximum voltage of the
rectifier diode D, is given by

max Lr
Vo, = (12)
¥ r

By setting the value of Lrl close to Lr2, the voltage
stress of D1 can be minimized.

Design example
The specifications of the boost example are as follows;

Vs=220V, Vo=400V, Po=2.5kW, fs=40kHz
1. The peak of the input current is
« P

I =—2-=124 13
=7 (13)

2. By setting D,=0.1, K;=K,=1.15, from (9), (10) and
(11) the values of the L,;,L,, and C, are obtained as;
L,=28uH, L,=22pH, Cr=34nF, and V=699 V

The power stage circuit is shown in Fig.10 and the main
parameters are summarized in Table I. To prevent ringing
of the voltages of the active switches, a simple clamp cir-
cuit is used as shown by the dashed line in Fig.10 [11]. The
clamp circuit consists of a low voltage zener diode in series
with the clamp diode. The voitages of the switches are
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clamped to a voltage slightly higher than the output voltage.
A small saturable core is used to suppress the parasitic os-
cillation between the resonant inductor and the parasitic
capacitance during the main switch is turned on.

Table 1 Utilized components and parameters

Components Parameters
Lf PE22EC9%0-Z , 2mH
Lrl,Lr2 PQ2620, 28uH / PQ2620, 22uH
Cr 34 nF ,polypropylene capacitor
Co 450V/ 470 pF, electrolytic capacitor
S1 IRGPC40UD2 (600V, 20A)
S2 IRG4BC30UD?2 (600V, 12A)
D1 DSEI30-10A(1000V, 30A)
D2 MURS60(600V, 8A)
Clamp circuit
) > -
ztne;(24v) M;:RKMI
= DSEI30-10A
2mH D
— Y'Y\ # 1
Lf Vo
MURS60
28uH D, 400V
Lri
20v 470uF
L o U1
T ™ §

Vs st s2

+ & -
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Fig. 10 Implemented circuit of the new ZCS PWM Boost
converter

6. Experimental Results

Fig.11 and Fig.12 show the current and voltage wave-
forms of the main switch and the auxiliary switch at full
load, respectively. The main switch and the auxiliary
switch turn on and turn off with zero currents. Fig.13 and
Fig.14 show the current and voltage waveforms of the out-
put diode and the auxiliary diode at full load, respectively.
The output diode turns off softly by the resonance inductor
L,, and the reverse recovery is reduced. The voltage stress
of the output diode is about 700V as designed. The auxil-
iary diode turns off with zero voltage and reverse recovery
loss is eliminated.

Fig.15 shows the efficiency curves versus output power
with different approaches. The efficiencies were measured
using Voltech power analyzer (PM3300). For a proper
comparison, the resonant components of the previous ZCS
approach are determined to have the same resonant energy
with the proposed approach, i.e. Cr=34nF and Lr=22uH.
The proposed approach shows better efficiency than the
previous ZCS approach and the maximum efficiency is
97.8%. As the load level decreases, the efficiencies of the

ZCS schemes drop since the resonant energy is constant,
which is the common characteristic of the ZCS approaches.
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Fig. 14 Voltage and Current waveform of D2
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However, the proposed scheme has higher efficiency than
the hard switching approach down to the 30% load, since
the additional conduction loss is minimized.

7. Conclusion

This paper has presented a novel zero-current switching
(ZCS) pulse-width modulation (PWM) switch cell mini-
mizing the additional conduction loss for ZCS. The pro-
posed cell provides zero current switching conditions for
the main switch and the auxiliary switch. The diodes are
softly commutated and the reverse recovery problems are
alleviated. The conduction loss and current stress of the
main switch are minimized since the resonating current
flows only through the auxiliary circuit. Based on the pro-
posed soft commutation cell, a new family of dc to dc
PWM converters was derived. The new family of ZCS
PWM converters is suitable for the high power applications
employing IGBT’s. A boost converter was taken as an ex-
ample and has been analyzed. Design guidelines with a
design example are illustrated. Experimental results from

the 2.5 kW, 40kHz prototype ZCS boost converter employ-
ing IGBT’s are presented and compared with that of hard-
switching and previous ZCS schemes.

References

[1] K. H. Liu, F. C. Lee, “Zero-voltage switching tech-
nique in DC/DC converters,” IEEE Transactions on
Power Electronics, vol.53, pp.293 —304, Jul 1990.

[2] D. C. Martins, F. J. M. Seixas, J. A. Brilhante and L
Barbi, “A family of DC-to-DC PWM converters us-
ing a new ZVS commutation cell,” in Power Elec-
tronics Specialists Conference Rec., pp.524 -530,
1993.

[3] G. Hua, C. S. Leu, Y. Jiang and F. C. Lee, “Novel
zero-voltage-transition PWM converters,” IEEE
transactions on Power Electronics, vol.9, pp.213-219,
Mar. 1994.

[4] L. Barbi, J. C. Bolacell, D. C. Martins and F. B. Libano,
“Buck quasi-resonant converter operating at constant
frequency: Analysis, design and experimentation,” in
IEEE Power Electronics Specialist Conference Rec.,
pp-873-880, 1989.

[5] G. Ivensky, D. Sidi and S. Ben-Yaakov, “A soft
switcher optimized for IGBT’s in PWM topologies,”
IEEE Applied ower Electronics Conference Rec.,
pp-900-906, 1995.

[6] C. A. Canesin, C. M. C. Duarte and 1. Barbi, “ A new
family of pulse-width-modulated zero-current-
switching dc/dc converters,” in IEEJ IPEC Rec.,
pp-1379-1384, 1995.

[7]1 C. A. Canesin and I. Barbi, “Novel Zero-current-
switching PWM converters,” IEEE transactions on
Industrial Electronics, vol.44, pp.372-381, Jun. 1997.

[8] F. T. Wakabayashi, M. J. Bonato and C. A. Cane-
sin,“ A new family of zero-current-switching PWM
converter,” in IEEE Power Electronics Specialist
Conference Rec., pp.451-456, 1999.

[9] R. C. Fuentes and H. L. Hey, “An improved ZCS-
PWM commutation cell for IGBT’s applications,”
IEEE transactions on Power Electronics, vol.14,
pp.939-948, Sep. 1999.

[10] K. Wang, F. C. Lee, G. Hua and D. Borojevic,“A
comparative study of switching losses of IGBT’s un-
der hard-switching, zero-voltage-switching and zero-
current switching,” in IEEE Power Electronics Spe-
cialist Conference Rec., pp.1196-1204, 1994.

[11] K. Wang, G. Hua and F. C. Lee,“Analysis, design and
ZCS-PWM Boost converters,” IEEJ International
Power Electronics Conference, pp.1202 —1207, 1995.

[12] H. S. Choi and B. H. Cho “Zero Current Switching
(ZCS) PWM Switch Cell Minimizing Additional
Conduction Loss,” KIPE Power Electronics Autumn
Conference, pp.159-162, 2000.



Hang-Seok Choi and B. H. Cho 43

Hang-Seok Choi was born in Korea
in 1970. He received the B.S. and
M.S. degrees in electrical engineering
from the Seoul National University,
Seoul, Korea, in 1997 and 1999, re-
spectively. He is presently working
toward the Ph.D. degree at Seoul Na-
tional University. His research inter-
ests are in power factor correction
converters and soft switching techniques.
E-mail:hangseok@snu.ac.kr

Bo Hyung Cho received the B.S. and
M.E. degrees in electrical engineering
from California Institute of Technol-
ogy, Pasadena, and the Ph.D. degree,
also in electrical engineering, from
Virginia Polytechnic Institute and
State University (Virginia Tech),
Blacksburg. Prior to his research at
Virginia Tech, he worked for two
years as a member of the technical staff of the Power Con-
version Electronics Department, TRW Defense and Space
System Group, where he was involved in the design and
analysis of spacecraft power processing equipment. From
1982 to 1995, he was a professor in the Department of
Electrical Engineering, Virginia Tech, Blacksburg, Vir-
ginia. He joined the school of Electrical Engineering, Seoul
National University, Seoul, Korea in 1995 and he is pres-
ently a professor. His main research interests include
power electronics, modeling, analysis and control of space-
craft power processing equipment, power systems for
space station and space platform, and distributed power
systems. Dr. Cho was a recipient of the 1989 Presidential
Young Investigator Award from the National Science
Foundation. He is a member of Tau Beta Pi.



