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ABSTRACT

A new zero voltage switching PWM converter family is
presented by using a new ZVS PWM madule (ZPM) with a
saturable inductor which prevems diode junction capacitors
and a commutation inductor from resonating. The new con-
verters show almost all characteristics of the conventional
PWM converters, A boost ZVS PWM canverter is applied to
a power factor correction circuit. It operates on a continu-
ous conduction mode. Experimental results for output power
of 1kW are presented.

I. INTRODUCTION

In recent power processing circuit, soft switching tech-
niques have been adopted to increase switching frequencies
and, thus, to reduce the overall cquipment weight, volume
and cost. In ZCS or ZVS resonant converters of which
resonant clements play thc major roles of energy storage
and transfer, current or voltage stresses of semiconductor
devices become high, which prevent them from applying to
a high power system [1-2].  Many soft switching convcrters
are controlled by varying their switching frequencics, which
makes the filter design be difficult and increases complexity
of their control circuits | 3-5].

In this paper a ncw ZVS PWM module having the
features of soft switching and PWM control with low vol-
tage and current rating is suggested.  ZVS PWM converter
family operable on constant frequency is  constructed by
replacing the switches of the conventional PWM DC/DC
converters with the proposed ZVS PWM maodule. Finally the
boost ZVS PWM converter is applied to a power factor
correction circuit operating on continuous conduction mode.

II. ZERO VOLTAGE SWITCHING
PWM MODULE (ZPM)

Zero voltage switching PWM module (ZPM) consists of
two semiconductor switches: Q1 and Q2, two diodes D1 and
D2, and commutation components 'L, and C,, as shown in
Fig. 1. The saturable inductor L, docs not participate in the
commutation process, however, it is very important at the
final stage of commutation 1o reduce the reverse recovery
problem of the diodes D1, and D2 because they turn off at
zero current  condition, which will be deseribed in more
detail in chapter 1V, Q1. and Q2 perform zero current
turn-on and zero voltage turn-off. Q1 and Q2 are switched
at the same time with constant switching frequency. ‘The
commutation time of ZPM is short enough to enable the

Korea Advanced Institute of Science and Technology

o
o & D1
Ly ks
—,
D2 Q2
[}

Fig.1 ZVS PWM modulc

output  voltage to be controlled by duty ratio. All the
switches and diodes have the samc peak voltage ratings as
in thc hard switching PWM converters.  The switches in the
hard switching PWM converters can be replaced directly by
the proposed switch module without modifying any circuit
configuration.

II. PRINCIPLE OF OPERATION

A boost converter using ZPM is formed as shown in
Fig. 2. 'I'o analyze the steady state circuit behavior, the fol-
lowing assumptions arc madc :

L, > L,

- L, is neglected.

- Input voltage and L, arc trcated as a DC
current source and output filter capacitor
is regarded as a DC voltage source.

- Semiconductor devices are ideal.

- Reactive clements are ideal.

The following variables arc defined :

- Resonant angular frequency o, = WL, C,

- Characteristic impedance 2, =L _/C_

A switching cycle can be divided into six modes and
their associate cquivalent circuits are shown in Fig. 3. Sup-
posc that before Q1 and Q2 arc turned on, diode D3 car-
ries the input curremt /, and capacitor v, is clamped to
V,. At the beginning of a switching cycle. t=r,, Q1 and
Q2 are turned on simuitancously.

Mode 1 (1, <1 < ")
Inductor current i, rises lincarly while the capacitor vol-
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Fig.3 Topological mode diagram
tage is kept to V as follows :
VO
it (H
r
During this mode, the current flowing through D3, ip,
decreascs lincarly as following cquation :
VO
ip(1) =l — == @

When i, reaches I, . D3 is turned off and this mode is ter-
minated. The duration of this mode. T,, is obtained from
the condition of i, (T}) = I,:

T L,'Im (3)
1=~ =
VO
Mode IT (1) <1 < 1y)
L, and C, resonate as follows :
i (1) =1, d ——sinw_ I (4)
zr
v.(t) = V, cosw, 1 . (5)

v, deereases resonantly to zero. Then diode D1 and D2 are
turncd on and this mode is completed. The duration of this
mode, 75, can be obtained from the condition of v (T,) =
0:

Ty = ——. (6)
2w,
Mode HI (r; <1 < 1)

The capacitor volmgc v, is kept zero while input current
1, flows through Q1, L and Q2 and the increment of the
inductor current j, during mode 11 freewheels through O1-
D1 and Q2-D2. During this mode the inductor current i)
remains as follows :

@)y =1,+

€))

(3

The duration of this mode is sct by the PWM controller.
By turning off Q1 and Q2 simultancously at zcro voltage
condition, this modc ends.
Mode IV (1; <1 < 14)

L, and C_ resonates as follows :

v
iL (’) = (ZIiu + -“‘)cusw,l - lln (8)

+V, )sinw, 1 . %

v (1) = (2/;

v, increases resonantly. When v, reaches V. D3 turns ou
at zero voltage condition and this mode finishes. The dura-
tion of mode IV, Ty, can be caleulated from the condition
of v (Ty) =

in 2

v

Ty —-«/L,C,sin“(———%—) . (10)

in‘r

At the end of this mode the inductor current i, becomes
from (8) and (10):

4 =i (Ty) =121, (11)

Mode V. (1, <1 < 1)
iy flows through D1, D2 and D3 and decreascs lincarly
as following fashion:

\4
i) = 14~=Li: : (12)

r

During this mode, v, remains V,. When i, drops to zero,
D1 and D2 arc turncd off at zcro current condition and
this modc ends. The duration of this mode, T, is calculated
from the condition of i, (Ts) =
L1,
Ty =

v (13)

o
Mode VI (15 <1 < 1)

During this mode ZPM stops its operation and diode D3
carrics the input current 7, to the output as in the case of
thc PWM boost converter. When Q1 and Q2 turns on
simultancously at zero current condition, this mode finishes.
The duration of this mode is dctermined by the PWM con-
troller.

Onc switching cycle of ZPM is completed at the end of
this mode and the next switching cycle starts by turning on
Q1 and Q2. The operational waveforms during one switch-
ing cycle arc shown in Fig. 4.
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Fig.4 Circuit waveforms
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Fig.5 The cffect of saturable rcactor (a) A-i characteristic
curve of L, (b) §; and v, wavcforms

IV. THE EFFECT OF SATU-
RABLE INDUCTOR

As cxplained in the previous chapter, the diodes in ZPM
arc turned off at zcro current condition, which produces
current oscillation due to reverse recovery, By this oscilla-
tion, the soft switching of the switches will not be
guaranteed and’ the voltage conversion ratio s affected
adverscly. .

A saturable inductor L in scrics with the commutation
inductor L,, can remove the oscillation. Fig. 5 shows the
inductor current and capacitor voltage waveforims. When
iy becomes higher than 7, L is saturated and L, appears
only as in the steady state analysis. Below [, L has high
inductance and the slope of iy is alleviated. L, lcssens the
peak reverse current of the diodes and, thus, significantly
reduces the oscillation. The commutation time is increased
slightly by adding the saturable inductor. The ZVS PWM
converters using ZPM with saturable inductor are presented
in Fig. 6.
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Fig.6 ZVS PWM converter family

V. EXPERIMENTS AND
DISCUSSIONS

Experimental waveforms for the boost ZVS PWM con-
verter without inscrting L, are presented in Fig. 7. The
current oscillation appears significantly. ‘The oscillation fre-
quency is determined by the resonance of the commutation
inductor L, and the diode junction capacitors and the mag-
nitude increascs proportionally to V,. ‘The capacitor vol-
tage v, also oscillates, which degrades the voltage conver-
sion ratio that becomes scrious at low input current.  “The
experimental results inserting L, arc shown in Fig. 8. Below
the saturation current of the saturable inductor, di/dt of the
inductor current i, becomes small owing to high inductance.
There exists some difference between the two  saturation
points on the rising and the falling slopes due to the hys-
teresis characteristic of the saturable inductor.

Fig.7 Experimental waveforms of the boost ZVS PWM
converter without inserting L,
upper trace @ J, {SA/div)
lower trace : v, (50V/div)
time scale © 1 psec/div
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Fig.8 Expcrimental waveforms of the ZVS PWM converter
inserting L, :
upper trace : i, (2A/div)
lower trace : v, (20V/div}
time scale : 2 psec/div

The complete power circuit of the high power factor
preregulator using ZVS PWM module with saturable induc-
tor and the circuit parameters are shown in Fig. 9. Its out-
put is controlled by current mode controller with constant
switching frequency (100kHZ). Experimental input voltage
and current waveforms are shown in Fig. 10. duc to the Jow
resolution of the digital storage oscilloscope, the input
current rippic is not shown clearly.
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—{ Control & Drive Circuit }———
Q1,Q2 IRF740 (International Rectificr)
D1, D10LC40
L, 350 uH
L, 30 uH
L, 110 pH, 1 =04A
C, 4700 pF
C, 470 wF
R, 0.1 Q/5W (for current scnsc)

Fig.9 Power factor correction circuit using the boost VAR
PWM converter
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Fig. 10 Experimental waveforms of the power factor correc-
tion circuit
outer trace : 'V, (100V/div)
inner trace : i, (SA/div)

time scale : 2 msec/div

VI. CONCLUSION

The proposed ZVS PWM module shows the feature of
constant frequency PWM  with soft switching, The voltage
stresses of all the semiconductor devices are cqual to those
of the conventional PWM converters. In addition it operates
on a contintous  conduction mode  like the  conventional
PWM converter does. ‘Thus ZPM can be substituted directly
for the switches of the conventional PWM  converters
without modifying any circuit configuration. The current rat-
ing of ZPM is slightly higher than that of the conventional
PWM converter because of the circulating current for zero
voltage switching. Parasitic oscillations due to diode reverse
recovery are removed by adding a saturable inductor in
serics with the commutation inductor.

This module is applicable to high voltage/high power
system with high switching frequency as to be verified by
the experiment of 1KW power factor correction cireuit,
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