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ABSTRACT

Zero Voltage Switched (ZVS) Pulse Width Modulation (PWM) converter which operates a fixed frequency is proposed
in this paper. The main switches of the converter are always switched at zero voltage, and the auxiliary switches are
softly switched. The voltage and current stresses of the switches are minimized as low as in conventional PWM
converters. The suggested buck typed converter is analyzed. designed for a battery charger. The designed
characteristics are experimentally verified by the results of the buck type converter.

Key Words:ZVS((zero voltage switched) Converter, Battery Charger, Soft Switching, DC/DC Converter,

High Efficiency

1. INTRODUCTION

Pulse Width Modulation (PWM) converters have been
used predominantly in industrial applications because
they have simple topologies, they are easy to control,
and they do not create high current and voltage stresses
in switches. Due to the demands of high power density
converters., resonant converters > have been
introduced and improved. However, resonant converters
generally increase voltage and/or current stresses which
cause an increase in conduction losses.” *

In the viewpoint of this, PWM control of converters
and soft switching of devices is very desirable. They
realize high efficiency, the minimum switching losses of
devices, and easy PWM control at high frequency

operation. Recently, soft switched PWM converters
which do not much increase conduction losses have
been researched in order to obtain higher power density
system®™.

A zero voltage switching PWM converter® with
modular switch concepts satisfles soft switching with
PWM control. One disadvantage is conduction losses
due to the series connection of their switches. Zero
Voltage Transition (ZVT) PWM converters” without
serial connections of their switches was suggested. They
have also good characteristics in main switches.
However, the auxiliary switches are turned off under
hard switching conditions.

This paper presents ZVS PWM converter which
operates a fixed frequency. The main switches are turn
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on and off at zero voltage, and auxiliary switches are
softly switched at zero voltage or zero current
conditions. Therefore, the hard switching of the
auxiliary switch for the conventional converter™ is
improved..

The buck typed ZVS PWM converter is selected to

implement battery charger with high power density. -

High power density system is very applicable for the
space applications®™

The suggested converter is analyzed, and an operation
method is selected to get minimized reverse recovery
effect of auxiliary diodes for the battery charger. The
designed characteristics are experimentally verified by
the results of the converter for the battery charger.

2. PROPOSED CONVERTER

Fig. 1 shows the overall configuration of the proposed
ZVS PWM buck converter for a battery charger. The
basic configuration is the similar to the conventional
PWM buck converter. The proposed converter
additionally has an auxiliary switch, two diodes, an
inductor, and two capacitors with small ratings of
current or voltage. The converter operates at a fixed
frequency controlled by PWM scheme, and all of the
switches, including auxiliary switches, are only turned
on and off at zero voltage and/or zero current.

The operation of the converter is divided into eight
different modes as shown in Fig. 2. The typical

Fig. 1 Overall configuration of proposed ZVS PWM
converter.

waveform of ZVS PWM buck converter is shown in Fig.
3. At mode 0. and mode 6, the switching of the main
switches is the same to the switching of them for the
conventional PWM converter. The main switches have a
turn on process during from mode 1 to mode 5, and a
turn off process during mode 7. For a battery charger,
the mode 5 can omits to reduce reverse recovery effects
without adding an saturable inductor in series with L.
For omitting mode 5, C, should be as larger as possible.

In this analysis, the inductor current i, and the input
voltage V), are assumed to be constant values which are
I, and V,,, respectively.

The resonant frequencies @, ®, and impedances Z,
and Z, of the related resonant circuits are used in this
paper. They are

i * (
Vi 3 2
(a) mode 0 ) (b) mod-e 1 )

(d) mode 3

{e) mode 4 (f) mode 5

2z 5 L

Tk Y h
(g) mode 6 {h) mode 7

Fig. 2 Switch modes of ZVS PWM converter.
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The descriptions of the modes are summarized as
follows.

(1) Mode O (1,-4) : The main diode D, is conducting,
all other switches are turned off as shown in Fig. 2(a).
Therefore, the inductor current i is transferred to the
load. The inductor current i remains zero, and the
voltage v, of the capacitor C, continues to be zero.

(2) Mode 1 (1, = 1,) © To turn on the main switch S,

mode 1 is started when the auxiliary switch S, is
triggered at time ¢. The equivalent circuit is shown in
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Fig. 3 Typical waveform of ZVS PWM converter.

Fig. 2(b}. The inductor current i, is increased to /, in this
mode. The L, and V,, determine the increasing rate of
i as

v

s )

The main diode current i, is decreased by the rate of
(6). Therefore, S, is softly turned on at zero current with
the increasing rate of (5) as shown in Fig. 3.

(3) Mode 2 (t,-1) : When i goes to 1, at time 1, D, is
naturally turned off at zero voltage and zero current.
The equivalent circuit becomes Fig. 2(c). Thus L and
C, resonate until the capacitor voltage . v,,,, is equal to
zero. The current i and the voltage v,,, are derived as

follows.
. Viv
i, =1+ sinlo,(t—1,)] (6)
Z, -
Ve, = Vyy coslo, (t —1,)] (7)

(4) Mode 3 (1, - t,) : When v, reaches zero at time f,,
the internal diode of S, is softly turned on at zero

m

voltage. The current i and i, remain constant in this

S

mode as the following values.

iM=1+V,/Z ®)
i, ()==V, 17 &)

During this period, the gate signal of S, has to be

m

triggered to turn on S, at zero voltage.

m

(5) Mode 4 (1,-1,) * When S, is turned off, i, becomes
I,. The energy of L is transferred to C,until the voltage
reaches V, by the resonance of L, and C,. The
equivalent circuit is shown in Fig. 2(e). i and v, are

derived by resonance of L, and C,.
i, =, +Vy!lZ)coslw,(t—t,)] (10)
Ve, =, + V1 Z2))Z, sin|w,(t—1,)] an

The diode D, is turned on at zero voltage because v,

2

is zero at ¢,
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(6) Mode 5 (¢ - ;) © When v, becomes V,, at time £,
the energy of L, is transferred to the input as shown in
Fig. 2(f). Then, i is decreased to the following equation.

i,(z):i,(tS)—ﬁ(r—zS) (12)
LV
Then,

If the v, does not reach to V,, in mode 4, this mode
shall be omitted.

(7) Mode 6 (1, - t,): The diodes D, and D, are
naturally turned off at zero current when i, decreases to
zero. The main active switch is turned on as shown in
Fig. 2(g).

(8) Mode 7 (1, - 1) * At t;, S is turned off. The slope

of the voltage is determined by parallel capacitors C,
and C,. The slope is

dv.\'m - l . IL (]4)
d  (C,+C,)

During the mode 4, the voltage v, can be lower than
Vy. When the mode If the mode 5 omits, the initial
slope is

smo_ "L (15)

Then, the voltage slope is changed by (14), when v, is

sm

equal to v .

3. CHARACTERISTICS OF BATTERY
CHARGER

One switching cycle of PWM operation is completed
from mode O to mode 7, the next cycle is repeated by
the same processes.

3.1 Operation of Switches

From switch mode analysis in section II, all switches
satisfy soft switching conditions as shown in Table I.
When load current becomes low or C, designs large, the
maximum of v, in (11) can be lower than V,,. In this
condition, the mode 5 can be skipped because i,

Table 1. Switching conditions of switching devices.

Switches| Turn on conditions |Turn off conditions
Sm ZVS Zvs
Dm AR ZVS and ZCS
Sa ZCSs ZV$s
Dal AR ZCSs
Da2 ZvVs ZVS and ZCS

becomes zero before v,,, reaches the input voltage. But
soft switching characteristics of the switches can not be
varied.

The internal diode of main switch, S

me

is turned on at
zero voltage and small current of V,, /Z, from (9).
Turning on signal of the main MOSFET is triggered
during on state of the internal diode. The main switch
S is turned off with the slope of (14) or (15). The main

n

diode D, is turned on with the slope of (14) or (15),
also. The auxiliary switch S, is turned on at zero
current by L, and turned off at zero voltage by C,. D,

and D, are turned on at zero voltage by C,, and
turned off at zero current by L.

3.2 Reverse Recovery Current of Diodes

Reverse recovery current of main diode D, is
determined by L. However, the current is not much
because the diode is zero voltage transition turned off,
which is due to resonant operation of L, and C,, for
mode 2. The reverse recovery current of the auxiliary
diodes. D, and D, are also limited by L. When the
auxiliary diodes are turned off with zero current, the
current slope is determined by (12). To reduce the
reverse recovery current, a saturable inductor shall be
added in series with L, therefore.

In this paper, a new operation mode is suggested to
reduce the reverse recovery current of auxiliary diodes
without adding a saturable inductor. To operate the
battery charger at this situation, C, have to increase to
some value. Then, the maximum voltage v, V. is
lower than the input voltage V. V., can be calculated

by (11) as follows.
Ve =, + V1 Z)Z, (16)
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When V,, is much lower than V,,, we can reduce
reverse recovery current of D, and D, without adding a
saturable inductor.

3.3 Output Voltage Characteristics

Control of the output voltage is determined by duty
ratio which is the ratio of turn on period(T,) of main
and auxiliary active switch with the total period(T). To
maintain the soft switching condition, the minimum
duty ratio is needed because turn on process from mode
1 to mode 4 is required. The minimum turn on time is

determined by mode analysis, and simplified as follows.

7:uz‘min = er_ ' (\ff Lr Cr] + \/" LrCIAZ') + LII,.mux / ‘/IN (1 7)
where I is the maximum current of inductor L., and

Laax

1, — t,, which is the period of mode 3, is assumed by 800
ns.

Fig. 4 represents the minimum duty ratio condition
for soft switching of auxiliary switches for variations of L,
and C,. In this figure, switching frequency f./,,,.. and
V,are assumed 100 kHz, 5 A, and 40 V., respectively.
And, C,assumes very smaller than the capacitance of
C,. As C,or L, increases, the soft switching region is
decreased due to the increasing resonant period. As
increasing output load, or decreasing V,,. the last term
of (17) increases. The soft switching region is decreased,
therefore.

Fig. 5 represents output transfer function as a

Capacitance [nano-F} 0

Inductance fmicro-H}

Fig. 4 Minimum duty ratio condition for soft switching of
auxiliary switches for variations of L and C,

o ° o
-y [e>] o™

Transfer function Vo/Vin

o
»

0 0.2 0.4 06 0.8 1
Duty ratio D

Fig. 5 Output transfer function for duty ratio

function of duty ratio D for 100 kHz switching
frequency. In eqn (17), 0.8us period of mode 4 is
considered, practically. In Fig. 5, C,, L, V,, and /1, are
470 nF, 2.5 #H, 40 V and 5 A, respectively. The dashed
line is the soft switching region and dotted line is the
hard switching region of the switches. Although the
switches are operated by hard switching region at small
duty ratio, the auxiliary circuit operates as the lossless
snubber.

4. RESULTS OF EXPERIMENT

Battery charger was designed to supply maximum of 5
A for charging 22 battery cells in series connection. The
controlled battery voltage shall be from 20 V to 32 V for
control region. Therefore, the range of duty ratio of
battery charger is from 0.5 to 0.8 for 40 V input bus
line. A ZVS PWM buck converter has been
implemented to demonstrate the operation. The power
circuit, as shown in Fig, 1, consists of the following

components-:
Vi =40V S. © IRF132
L = 125uH D,  FE6D
L, =25uH D,  FE1D
S ¢ IRFP150 D, : FE1D

In Fig. 1, the filter C, and load R replaces to 22 V of
battery voltage. The battery charger is experimented
has 0.55 of duty ratio for 4 A constant current charging,
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in this paper.
Because the turn off of D, is zero current switching as

well as zero voltage switching by resonant circuit,
capacitance C, can be selected only internal capacitance
switch §

e

of L-C, resonant circuit. Capacitance C, is designed as

The minimize C, reduces circulating energy

large as 470 nF to guarantee soft switching of auxiliary
switch for 0.3 - 1.0 of duty ratio in Fig. 5. This region of
duty ratio is enough to charge for normal operation of
battery, which has 22 battery cell in series connection.
Although the switches are operated by hard switching
region at small duty ratio, the auxiliary circuit operates
as the lossless snubber.

Fig. 6 represents voltage v, and currenti 6 of main

switch S,. The S, is always turned on and off at zero

" n

—6080.0 n3
2.00 us/sdty

Fig. 6 Voltage and current waveform of main switch S

me

upper trace : v,- 20 V/div : lower trace : i - 2 A/div

o d

» time scale © 2 gsec/div

860.0 ns
2.00 us/div

Fig. 7 Voltage and current waveform of auxiliary switch §,.
upper trace : v~ 20 V/div . lower trace : i - 2 A/div
; time scale : 2 #sec/div

voltage. The turn on/off slopes depend on internal
capacitor of S, and L. For a high voltage input
application, the turn off slope of S, should be increased,
an additional capacitor in parallel with S, should be
added to smooth the slope.

Fig. 7 shows the voltage v, and the current i, of the
auxiliary switch S,. S, is turned on at zero current with
a slope, and turned off at zero voltage. Soft switching of
the switch S, is satisfied. When D,
V.

problem should be reduced with no adding saturable

. is turn off, we know
is about 5 V. Therefore, the reverse recovery

inductance.
Fig. 8 represents main diode voltage v, and inductor
current . The D, is always turned on and off at zero

"

voltage. The filter current i is increasing for on period

630.¢ n3
2.00 us/div

Fig. 8 Voltage waveform of main diode D, and current
waveform of inductor. upper trace : v,- 20 V/div ;
lower trace i, - 2 A/div ; time scale : 2 #sec/div
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Efficiency {%)
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Fig. 9 Efficiency for battery voltage variations
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of D

me

and decreasing for off period of D,

Fig. 9 shows efficiency for battery charger. The
efficiency for higher than 26 V 88 - 91 %. At low input
voltage, efficiency is lowered because the portion of
conduction loss for switches is increased. Although, the
efficiency is ranged from 86 to 91 %. battery voltage is
normally charged more than 28 V. the operating
efficiency of battery charger is higher than 90 %,

practically.

5. CONCLUSIONS

The ZVS PWM converter that has soft switching
characteristics of all switches including auxiliary devices
is proposed. The proposed converter has similar good
characteristics as conventional PWM converters in the
following features™?:

® PWM control with fixed frequency. similar device
voltage and current stresses

® Similar model characteristics,

The proposed converter improves also upon
conventional PWM converters in the following features:

® much lower switching losses of all the switches

® possible to operate higher frequency

® yeducing reverse recovery carrent of auxiliary diode
without adding additional saturable inductor

The characteristics of the converter is experimentally
verified for battery charger.

This work was supported by KOSEF 961-0916-077-2,
and woosuk university in 1998,
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