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ABSTRACT

A new zero voltage switching (ZVS) DC/DC converter which
opcrates on constant frequency and has wide linearity is proposed.
ZVS operations are achieved not only for the primary switches but
also for the secondary rectifier diodes to reduce the switch stresses
and losses. The proposed converter also overcomes the other
shortcomings of the conventional resonant DC/DC converters such
as high VA ratings of devices and passive components, load-
dependent DC characteristics, etc.

I. INTRODUCTION

A number of DC/DC converters employing either zero voltage
or zero current high frequency switching operation have been stu-
died extensively. Resonant type converters and quasi resonant type
converters [1-3] can operate at high frequency with low switching
loss and low EMI. Thus these converters have merits such as
reduced size and weight of the filters and isolation transformers.
However, they also have several well-known problems such as high
VA ratings of devices and components, variable switching fre-
quency, load dependent DC characteristics and complex control.
The other converters which are partially resonant only during
switching transients appear in literatures [4,5]. These partial
resonant converters use reactive elements or capacitive snubbers to
shape the switching trajectory of the device to realize zero voltage
switching. The reactive elements are not involved in primary
power transfer but act as snubbing function only. Thus, VA rat-
ings of the elements and their dissipations due to effective series
resistance (ESR) are very low compared with those of the resonant
and quasi-resonant converters. However, these converter should be
designed considering large ripple current handling capabilities at the
output capacitor and high current stresses in the devices because the
resonant inductors which act as energy transfer elements have
almost triangular waveforms. In addition, the DC
conversion-ratio characteristics are non-linear and load-dependent
although these converters operate at constant switching frequency by
utilizing the phase-shift control technique.

current

In this paper, a new zero voltage switching PWM DC/DC
converter which overcome the shortcomings of the conventional
resonant DC/DC converters as mentioned above is proposed. ZVS
operations are achieved not only for the primary switches but also
for the secondary rectifier diodes to reduce the switch stresses and
losses. Besides, the voltage and current stresses of the devices and
components in the proposed converter are reduced and always
clamped to the supply voltage Vg and the output current I,
respectively.

II. PRE-PROPOSED CONVERTER

The basic configuration of the primitive type is full bridge
one with output filter L, as shown in Fig. 1. Each pole is com-
posed of series connected two switches to which resonant capacitors

and diodes are connected in parallel. The main role ot resonant
inductor L, and the resonant capacitors is to provide the zero vol-
tage switching condition. The filter inductor L, is large enough to
maintain almost constant output current. The typical waveforms of
the pre-proposed converter are represented as shown in Fig. 2. In
appearance, the pre-proposed scheme looks like the partial-resonant
type converter in a sense that resonant elements L,, C,(C{~C,)
resonate partially only for the duration of switching transient so as
to ensure zero voltage switching condition. However, the proposed
converter not only gives the partial-resonant operation but also pro-
vides the particular operation of either series-connection mode or
decoupled mode between two inductors L,, L, .

Fig. 3 (a) represents the equivalent circuit of the proposed
converter during a time-interval (from mode 2 to 3) where both
inductors are series-connected and thus resonant inductor current iy,
remains clamped to the output filter inductor current 7, :

i (1) =1,. ¢Y)
On the other hand, during subsequent time-interval (from mode 4
to 1), the proposed converter is divided into two isolated equivalent

circuits ‘by decoupling two inductors through short-circuit of diode
bridge as shown in Fig. 3 (b). In this interval, the output current
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Fig. 1 Pre-proposed zero-voltage-switching PWM DC/DC converter
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Fig. 2 Typical waveforms of pre-proposed converter (the dotted parts
of waveform V, are the case of considering reverse recovery of
off-going output diodes).

I, is kept almost constant by freewheeling through shorted diodes
and load R, whereas the resonant current i;, becomes partially
resonant and linearly decreases via zero to the output current /,,
or

li, @) <l,. (2)
When the resonant current i, reaches to the output current I,
both inductors are series-connected again and thus the next cycle
begins. Therefore, the current stresses of devices and components
are low and always clamped to the output current /.

When the two inductors are series-connected power is
transferred from source to load whereas there is no power transfer
when the inductors are decoupled. For that reason, the power
transfer mechanism of the proposed converter can be represented as
powering and freewheeling operation similar to that of switched
mode PWM converter. The output power can be regulated by
varying the duty ratio of powering and freewheeling intervals. The
duty ratio control or pulse width modulation control enables con-
stant switching operation and results in linear and load-independent
DC characteristics. Even though this primitive type converter
provides many good features as mentioned above, it severely suffers
from reverse recovery problem as typically encountered in many
power converters.

ITII. RECOVERY PROBLEM IN THE OUTPUT DIODES

Many nontrivial limitations of the diodes are caused by the
property that is universal in all of the silicon devices. The pro-
perty is excess stored charge needed to sustain forward current
flowing. The most important diode limitation that arises due to the
stored charge is reverse recovery. The diode reverse recovery
phenomena in the power converters have been among the most
troublesome and acute problems faced by converter designers. The
pre-proposed converter also suffer from the reverse recovery
phenomenon during transition transients between mode-1 and
mode-2. Fig. 4 shows the equivalent circuit and corresponding
waveforms during reverse recovery. During mode 1 [z 1], the
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Fig. 3 Equivalent circuits (a) series-connection of Z, and L, {from
mode 2 to mode 3), (b) seperation (from mode 4 to mode 1).
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Fig. 4 Reverse recovery phenomena of the pre-proposed converter
(a) equivalent circuit during reverse recovery, (b) charcateristic
waveforms ( iy, : on-comming diode current, i, : off-going diode
current).

current through the off-going output diode D22, D33 are linearly
decreased while the resonant inductor current is increased from zero
to /5. At time instant ¢, diode reverse recovery process is ini-
tiated and thus the diode current I, builds up reversely at a rate
limited by a resonant inductor L, or



dly Vg

dt L

r

©)

until the stored charges of the output diodes are completely
removed. The peak reverse diode current is found to be

P stoTs
RF=‘/‘ -
LI‘

where 7 is the storage time constant of the diode. This process
should store excess energy in the resonant inductor and impose peak
current stress (I, +/gp) on the main switch. Subsequent diode
snap-off between 1, and 5 causes substantially large voltage spike
across the off-going output diodes, or

Q)

d,
V.rplke =Vg _Lr7 (5)
and results in very large dissipations in the output diodes given by
Plou=if ‘SV: ikeladt O
T, “%2 pike
Ly,
=V5Q/fs+—2—lkpfs (7)

where fg is the switching frequency and Q; is the reverse recovery
charge during snap-off.

These problems limit the maximum switching frequency of the con-
verter and result in substantial reduction of system efficiency and
reliability.

1V. PROPOSED CONVERTER

Usually the reverse recovery problem of output diodes D ;-
D, is inevitable in the transformer coupled inductive filter circuits
such as the pre-proposed converter and brings about severely large
voltage spikes across the diodes. Thus, the high voltage ratings of
the diodes are required and the switching loss becomes high. These
problems are eliminated by providing zero voltage switching of the
output bridge diodes. Fig. 5 shows the proposed converter having
an auxiliary circuit. The auxiliary circuit which consists of C,, and
diode bridge (D,;—D,4) gives the solution for the reverse recovery
problem of the output bridge diodes by connecting a capacitor C,,
to the two terminals of another winding of the isolation transformer
whose turn-ratio is n; to ny. The capacitor voltage increases
resonantly and is clamped finally to supply voltage V¢ owing to the
auxiliary bridge diodes D,,~D,,. Consequently the combination of
the third isolation winding, L., C,, and auxiliary diode bridge
returns the reverse recovery energy of the output diodes and pro-
vides zero voltage switching to the diodes. The power rating of the
auxiliary bridge diodes is very low because they handle the excess
stored cnergy in the inductor L. It should also be noted that the
proposed converter with auxiliary circuit does not disturb the good
features of the primitive type at all.

Power transfer in the proposed converter is done basically
through the powering and freewheeling intervals as in the conven-
tional PWM dc/dc converter having constant switching frequency.
Resonant capacitors C,(C4-C4) and C,, are used to ensure the zero
voltage switching of all of the devices and charged and discharged
only during switching transient intervals with resonant inductor L, .
Because the capacitors C, and C,, are not involved in the primary
power transfer, VA ratings of the capacitors are significantly
reduced compared with those of the resonant type converter. The
peak resonant inductor current i,, is limited to the output current
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Fig. 5 Proposed zero-voltage-switching PWM DC/DC converter.
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Fig. 6 Typical waveforms of proposed converter.

I, during the powering interval (modes 2-5) because resonant
inductor L, and output filter inductor L, effectively works in series.
The inductance value L, is chosen to be large enough than L to
be replaced by a current source I,. During the next freewheeling
interval followed by the powering one, the two inductors are effec-
tively separated through short-circuiting of the output bridge diodes
and thus the remaining resonant inductor current i;, freewheels
through L,, S4(S,) and parallel-connected diode of S5(S,), and the
output inductor current freewheels through the short-circuited output
bridge diodes. This operation continues even when the inductor
current i/, changes its polarity by turning off S,(S,) and turning
on §,(S,) until the current i;, reaches the freewheeling output
current I,. Consequently, through one cycle switching operation,
the resonant inductor current i, is always limited to the output



current I, and thus the current stresses of the devices become very
low compared to that of the resonant type converter. Zero voltage
switching of $,, §,(S3, $;) is achieved because the voltage across
S4, $5(S3, §) rises with finite slope due to the partial resonant
operation of L, and 2C,(C4+C, or C3+Cy).

V. OPERATION MODES

The overall operation of the proposed converter can be
divided into powering (mode 4), resonant (mode 2, S5, 7),
freewheeling (mode 6), linear increasing and decreasing (mode 1,
8) modes according to the inductor current waveform i;,. The
output capacitor C, is assumed to be sufficiently large to be
replaced by voltage source V,,. The isolation transformer turn-ratio
between the first and the second windings is assumed one-to-one
and another turn-ratio between the first and the third winding (con-
nected to the auxiliary circuit) is assumed to be a=n;/n;. The
typical waveforms and the corresponding topological mode
diagrams are shown in Fig. 6 and 7, respectively.

(I). Mode 1 (linear increasing) : This mode occurs with alt
output bridge diodes conducted, thereby effectively decouples the
resonant circuit and output circuit. Thus the resonant inductor
current increases linearly by the supply voltage and the output
current I, freewheels through the short-circuited output bridge
diodes, that is,

Vs
i ()=—1, ®
L"

®

Yo
I, (0)=1I, (to)—L——t.
o

(II). Mode 2 (resonant) : As soon as the resonant inductor
current iy, reaches the peak current ( /,+I,p ), only two output
diodes remain conducting state, and the others are turned off under
zero voltage switching condition provided by the resonant operation
of L, and C,,. The zero voltage switching operation eliminates
large voltage spikes and reverse recovery losses of off-going output
diodes. Then the capacitor voltage V., and the resonant inductor

current i;, can be found to be

ny Vv
2 2 : -1
VCrr = —[VS + (IRPer) + Vs Su"("‘)rrt —fan )] (10)
ny RPZrr
\%
iy, =I,+ IRZP+(VS/Z")2 cos(m"tvtan_1 ) (11)
IRPer
z,= ; L,a%cC,,. (12)

(1I). Mode 3 (clamping) : The resonantly increasing capacitor
voltage V., is clamped to Vg and the excess stored energy in the
resonant inductor L, is delivered to the power supply Vy. Thus
the resonant inductor current iy, decreases linearly toward I, , or

di;,
=Vs(1=a)~2V gy on —2aV
t

Don - (13)

(IV). Mode 4 (powering) : In this mode, power is transferred
from source to load similar to the powering stage of the conven-
tional switched mode PWM converter :

VS
Io(z)=10(:3)+L o (14)
r [
Vy(1-
i, (=1, + al a)sin(w,,t). (15)

rr
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Fig. 7 Topological mode diagrams of proposed converter.

Since Vg(l-a)/Z,, is usually designed much smaller than /,, the
resonant inductor current iy, is limited to the output current 7,
which varies smoothly. The capacitor voltage V.., resonate having
small amount of energy and finally  decays to
Vs =(Vg=Vo)L/(L,+L,) which is determined by the divided vol-
tage between the series-connected L, and L,. After a finite time-
interval T, , switch S, is turned off under zero voltage switching
condition.

(V). Mode 5 (resonant) : By turning off the switch S1, the
current path is altered from switch S1 to capacitors C1 and C3.
The series-connected resonant and filter inductors are partially
resonant with the capacitors €y Cj, C,, and the capacitor voltage
vy begins to decrease from the source voltage, that is,

10 r
2
2C.a ®,

r+

sinw_1)
2C,+C,,/a2

Ves=Vs— »



(Ve-V,)L
— 2 (1—cosw, 1) (16)
2€,0,2, (L +L,)

L.(Vg—Vy) Ip(t +lw, sinw

)

4

s

e

L,+L,
(Vs _VO )Lr

2C,+C, la*

an

—2—-————-—(1—cosmpr)]
Cla*0,Zp(Lo+L,)

? 2C,+C,ja”
w,= _
2C,C, 1a’L,
z [ L,(2C,+C,Ja%)
2¢,C la*

(18)

) (19)
When the capacitor voltage v3 reaches zero, the diode D3 begins
to conduct and this mode ends (It is assumed that V.3 and V¢,
reach zero simultaneously despite of small difference. If the differ-
ence becomes large one more mode should be added). In particu-
lar, the capacitor current i, flows only during this short interval
and the VAR ratings of the resonant capacitor are significantly
reduced compared with those of the resonant type converter.

(VI). Mode 6 (freewheeling) : This mode corresponds to the
frecewheeling mode of the conventional PWM DC/DC converter.
During the above four modes the resonant inductor and the output
filter inductor are effectively series-connected. Starting from this
mode, two inductors are effectively decoupled through short-circuit
of the output bridge diodes as shown in Fig. 3(b). The two induc-
tor currents decrease linearly as

VD‘on +VFET‘
ip, (1)=ip, (15)-————1, (20)
Lr
Vo
I, (0)=1,(t5)— -L——r. (21)

0
At proper time 3, switch $4 is turned off under zero voltage

switching condition.

(VII). Mode 7 (resonant) : The resonant inductor current i,
discharges and charges the capacitors C2 and C4 through resonant
operation until the capacitor voltage v, decreases to zero from
supply voltage.

(VII). Mode 8 (linear decreasing) : When the capacitor vol-
tage reaches zero, diode D2 begin to conduct and the resonant
inductor current i;, decreases linearly and rapidly by the supply
voltage :

Vl
i (0)=i,, (t;)——¢. (22)
L’
The pre-triggering signals of the switches S2 and S3 are initiated
here in order to ensure zero voltage switching condition at the start
of the next cycle. When the resonant inductor current reaches zero,
the diodes D2 and D3 are turned off and the switches S2 and S3
are turned on.

VI. ANALYSIS OF THE PROPOSED CONVERTER

The converter is designed for the maximum power P, .. =
1.5 [kW] at 100 [kHz] of operating frequency. The parameter
values are L, = 4 [pH], L, = 25 [pH], C,(C{-C,) = 3 [nF]
and C,, = 1 [nF]. The proposed converter can be modeled as the
equivalent circuit shown in Fig. 8 to derive DC conversion-ratio
characteristics. The equivalent voltage V,, of the AC resonant
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Fig. 8 DC conversion-ratio derivation (a) equivalent circuit, (b)
equivalent waveform V,, referred to the DC output side.
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Fig. 9 DC conversion-ratio characteristics of the proposed converter
for several values of 1, = 5, 10, 15, 20 [A].

input side referred to DC output side is as follows :

Vo= [ aV¢, (Ve,, : Eq.(10)) (t, <t<ty) (23)

avg (r; <t<13) (24)
Lr

Vs— (Vs-V ty <1<t 25

sToaL s 0) (5 4 25)

av,. (V, :Eq.(17)) (1y <t< 1) (26)

The average output voltage V,, can be calculated to be

'6

Vo =j:o Vpdt . 27

Then the DC conversion-ratio M and and the duty ratio d are
defined as

Vo

M=— 28
v, (28)
on

d= 29
- 29

From the above equations, the DC conversion characteristics can be
obtained. The DC characteristics are linear and almost load-



independent as shown in Fig. 9, which are better than those of any
other similar converters. It deviates slightly from the characteristic
curve (dotted line) of the PWM DC/DC converter depending on the
load variations. The deviation arises from a little voltage drop
across the resonant inductor.

Fig. 10 shows normalized device voltage stresses of the pro-
posed converter, comparing with those of several typical converters.
The voltage stresses of the devices and components are always lim-
ited to the supply voltage Vg like switched mode PWM converter
despite of the variations of load condition.

Fig. 11 shows normalized device current stresses of the pro-
posed converter together with three other typical converters. The
current stresses are also clamped to the output current I,. The
current stresses of the proposed converter are almost the same as
those of switched mode PWM converter and much lower than those
of any other converters such as the series-resonant converter,
resonant pole type converter and ZCS quasi-resonant converter.

It should also be stressed that the auxiliary windings and the
bridge diodes are connected to the supply side but not to the output
capacitor side. By doing so clamping operation is always
guaranteed even if the supply voltage varies with large ripple
because the clamp voltage will also follow the supply voltage varia-
tion. For comparison, if the auxiliary winding and the bridge
diodes are connected to the output capacitor side, the clamping
operation will not work properly when the supply voltage varies in
a wide range because the output capacitor voltage and thus the
clamp voltage will remain almost constant through the output vol-
tage regulation. If the clamp voltage is fixed, shoot-through
phenomenon may occur through the auxiliary winding and the
bridge diodes to the output side when the supply voltage increases
above a certain limit. In the proposed converter, the large voltage
spikes of output diodes can simply and effectively be limited to
(ny/n3)Vg (almost 1<n,/n3<1.1). Fig. 12 shows the magnified
waveform considering the reverse-recovery effect of the output
diodes. The suppressed ripple voltage AV, which would be very

large in the pre-proposed type, can be found to be

LO Lr
AV =Vs[a—————]-V, ——. (30)
L +L, L.+L,

Fig. 13 shows the normalized ripple voltage AV/V for various
L,/L, values. The normalized ripple voltage is very small and
slightly dependent on V,/V,, and can be considered to be

AV = kVs  (k<02). (31)

Consequently the large voltage spikes of the output diodes is adap-
tively and effectively limited by the auxiliary clamp circuit.

The auxiliary bridge diodes carry a triangular waveform
current only during the clamping operation. The current waveform

ipa1s ipas can be expressed as

(1=a)-2V,

ipa1lipaa)=IVs —2aVp onl*t
+a ; 12.+(v,/z,.)?

Then the average power ratings of the auxiliary clamp circuit can
be calculated as

32)

2 2
VL [Igp+(Vy/Z,,)]

(33)

aux. =

2aT,[Vs (1-a)~2Vppr on =24V ]
Fig. 14 shows the average auxiliary power P, for various turn-
ratio a(=ny/n, ) values, indicating that power rating of auxiliary
clamp circuit is influenced by the load current but low enough.
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VII. CONCLUSION

A new zero-voltage-switching constant frequency PWM
DC/DC converter is proposed. The proposed converter has low VA
ratings of the devices and components, constant switching frequency
operation and almost linear and load-independent DC conversion-
ratio characteristics. The voltage and current stresses are low and
always limited to the supply voltage V¢ and the output current I,
respectively. Finally, the proposed converter has low switching loss
due to zero voltage switching for all of the devices including output
rectifier diodes and thus can operate at high frequency. The
features of the proposed converter are summarized as follows:

1) linear
characteristic,
2) constant frequency PWM operation,

and almost load-independent DC conversion-ratio

3) low voltage and current stress,

4) low switching loss,

5) simple control,

6) low VAR ratings of the resonant elements,
7) no reverse recovery problem.
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