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Abstract—A new double-ended type zero-voltage switching
(ZVS) half-bridge zeta (HBZ) converter employing a double-ended
rectifier (DER) is proposed. The proposed DER for the HBZ con-
verter provides a bidirectional powering path in the rectifier. As
a result, the improved voltage waveform of the rectifier reduces
the output filter size and voltage stresses on rectifier components.
Moreover, it offers a wide ZVS range. In addition, to minimize
the secondary snubber loss, a simple lossless snubber is adopted.
The operational principles and characteristics of the proposed con-
verter are to be analyzed and verified experimentally.

Index Terms—Double ended rectifier (DER), half-bridge zeta
(HBZ) converter, single-ended rectifier (SER), zero-voltage switch-
ing (ZVS).

I. INTRODUCTION

TO MINIMIZE the size and weight of pulsewidth mod-
ulation (PWM) converters, a high switching frequency is

generally required. However, the hard switching of power switch
results in high switching loss and high electromagnetic interfer-
ence (EMI) noise. Therefore, various types of soft switching
dc/dc converters have been proposed [1]–[13]. Among them,
half-bridge-type converters are very attractive due to the re-
duced voltage/current stress, reasonable number of compo-
nents, and zero-voltage switching (ZVS) without auxiliary cir-
cuits [6]–[13].

The conventional ZVS half-bridge zeta (HBZ) converter,
which is derived from zeta converter, is one of the attractive
circuits mentioned before with a wide ZVS range and a linear
dc conversion ratio [12]–[16]. However, it features a single-
ended-type converter where the power delivery of the rectifier
is unidirectional, as shown in Fig. 1. That is, the power is trans-
ferred from the primary to the output only in the conducting
state of switch Q1 as can be seen in the voltage waveform of
rectifier Vrec .

Figs. 2 and 3 show circuit diagrams and voltage waveforms
of a usual single-ended rectifier (SER) and a double-ended rec-
tifier (DER), i.e., bridge rectifier, respectively. In general, the
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Fig. 1. Conventional HBZ converter. (a) Circuit diagram. (b) Key waveforms.

unidirectional power delivery of SER needs more transformer
secondary turns to achieve the same dc conversion ratio; thus,
the higher voltage is impressed on the rectifier devices than the
DER where the power delivery of the rectifier is bidirectional.
Especially in high-output-voltage applications such as a plasma
display panel (PDP) sustaining power module (SPM) where the
output voltage is over 170 V, a high voltage stress increases
the cost of the device, and degrades its performance [17]–[20].
In addition, a high voltage ringing across the secondary diodes
makes this problem more severe, and a large amount of power
should be dissipated in the snubber to prevent the additional
stress. Moreover, the SER impresses a higher ac voltage on the
output filter than the DER, resulting in a larger output filter
size [21].

In order to solve aforementioned drawbacks of the conven-
tional single-ended HBZ (SHBZ) converter caused by the SER,
this paper proposes the double-ended HBZ (DHBZ) converter
employing the DER. As shown in Fig. 4, the structure of pro-
posed DHBZ converter is similar to that of the conventional
SHBZ converter except for one additional capacitor and a diode
of the rectifier to provide the bidirectional powering path. By
adopting the proposed DER, the DHBZ converter reduces the
voltage stress on rectifier components and the output filter size
while maintaining a wide ZVS range. In addition, to minimize

0885-8993/$25.00 © 2008 IEEE
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Fig. 2. SER. (a) Circuit diagram. (b) Voltage waveforms.

Fig. 3. DER. (a) Circuit diagram. (b) Voltage waveforms.

the secondary snubber loss, a simple lossless snubber which
does not have any magnetic components is employed.

II. OPERATIONAL PRINCIPLE

Figs. 5 and 6 show the operational waveforms and topological
states of the DHBZ converter, respectively. In order to perform
the mode analysis, several assumptions are made as follows:
1) switches are ideal, except for the output capacitor and the
internal antiparallel diode; 2) diodes are ideal, except for the
junction capacitor; 3) the primary blocking capacitor voltage
VB , and the secondary capacitor voltage VC s1 , and VC s2 are
constant. One period is subdivided into six modes and each
mode is explained as follows.

Mode 1 [t0 − t1 ]

Q1 is conducting. VS − VB is applied to the primary side of
transformer and (VS − VB )/np + 2VC s is applied to the out-
put filter, where VC s = VC s1 = VC s2 . Therefore, as shown in
Fig. 6(a), the power is transferred to the output through CS1 and
CS2 . The output inductor current ILo(t), magnetizing current
ILm (t), and primary current Ilkg (t) are expressed as follows:

ILo(t) = ILo(t0) +
(VS − VB )/np + 2VC s − VO

LO
(t − t0) (1)

ILm (t) = ILm (t0) +
VS − VB

LM
(t − t0) (2)

Ilkg (t) = ILm (t) +
ILo(t)

np
. (3)

Mode 2 [t1 − t2 ]

At time t1 , Q1 is turned off. Fig. 7(a) shows the equiva-
lent circuit of this mode, where 2Coss , the total equivalent
capacitance of switches, and Ct , the reflected total equiva-
lent capacitance of diode junction capacitors, are figured out
to be 2Coss = Coss1 + Coss2 and Ct = 2Cj/n2

p , respectively.
ILm and ILo , considered as current sources, provide the ef-
fect in which Llkg is small enough that these current sources
would discharge 2Coss and Ct simultaneously. Thus, VQ2(t)
is linearly decreased and the secondary rectifier diode voltage
VDS 1 (t) and VDS 2 (t) are also decreased linearly with a ratio
of 1/np . If the effect of Llkg is sufficiently small, VQ2(t) and
VDs(t)[= VDS 1 (t) = VDS 2 (t)] can be expressed as follows:

VQ2(t) =VS − ILm (t1) + ILo/np

2Coss + Ct
(t − t1) (4)

VDs(t) =
VC t(t)

np
=

1
np

(VQ2(t) − VB + npVC s) . (5)

It is noted that VQ2(t1), i.e., VS , is slightly higher than
VC t(t1). Therefore, VC t(t) will reach zero little faster than
VQ2(t). The detailed analysis on the capacitor voltage will be
discussed in Section III.

Mode 3 [t2 − t3 ]

At time t2 , DS1 and DS2 conduct. However, VQ2(t) is not
completely discharged yet. Fig. 7(b) shows the equivalent circuit
of this mode. As can be seen in this figure, the energy stored in
Llkg discharges the rest of VQ2(t), and VQ2(t) can be expressed
as follows:

VQ2(t) =VQ2(t2) − ZO Ilkg (t2) sin (ωO (t − t2))

ZO =
√

Llkg

2Coss
, ωO =

1√
2LlkgCoss

. (6)

Mode 4 [t3 − t4 ]

At time t3 , VQ2(t) reaches zero and the antiparallel diode
d2 conducts. Thus, the ZVS of Q2 can be achieved. It is noted
that the DER provides the powering path from the primary
to the output through DS1 and DS2 , as shown in Fig. 6(d).
Therefore, VC s is applied to the output filter, i.e., Vrec(t) =
VC s . At the same time, CB , CS1 , and CS2 are resonating with
Llkg since these capacitors are connected magnetically with
the transformer. If the resonant period is sufficiently large, Ilkg

would be increased linearly, as can be seen in Fig. 5, and reach
the high peak current at the end of this mode. ILo(t), ILm (t),
and Ilkg (t) are expressed as follows:

ILo(t) = ILo(t3) +
VO − VC s

LO
(t − t3) (7)



2840 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 6, NOVEMBER 2008

Fig. 4. Proposed DHBZ converter.

Fig. 5. Key waveforms of the DHBZ converter.

ILm (t) = ILm (t3) −
npVC s

LM
(t − t3) (8)

Ilkg (t) = Ilkg (t3) −
VB − npVC s

Llkg
(t − t3). (9)

Mode 5 [t4 − t5 ]

At time t4 , Q2 is turned off. 2Coss and Llkg begin to resonate,
as shown in Fig. 7(c). Thus, Ilkg charges Coss2 and discharges
Coss1 . Ilkg (t) and VQ2(t) are expressed as follows:

Ilkg (t) = −
[
|Ilkg (t4)| cos (ωO (t − t4))

+
VB − npVC s

ZO
sin (ωO (t − t4))

]
(10)

VQ2(t) = VB − npVC s − (VB − npVC s) cos (ωO (t − t4))

+ZO |Ilkg (t4)| sin (ωO (t − t4)) . (11)

Mode 6 [t5 − t′0 ]

At time t5 , VQ1(t) reaches zero and the antiparallel diode d1
conducts. Thus, the ZVS of Q1 can be achieved. Ilkg decreases
linearly as in (12) and the voltage across rectifier Vrec(t) main-
tains VC s

Ilkg (t) = Ilkg (t5) +
VS + VB − npVC s

Llkg
(t − t5). (12)

At time t′0 , the switching period is completed and the same
operation is repeated.

III. CHARACTERISTICS

This section presents the detailed analysis of the DHBZ con-
verter in comparison with the SHBZ converter.

A. DC Conversion Ratio

To obtain the dc conversion ratio considering the resonant
effect between CB , CS1 , CS2 , and Llkg , it is assumed that the
resonant period is large enough, i.e., VB and VC s are constant.
The voltage-second balance across LM and LO can be expressed
as in (13) and (14), respectively

D(VS − VB ) = (1 − D)npVC s (13)

D

[
2VC s +

1
np

(VS −VB )−VO

]
= (1 − D)(VO − VC s). (14)

Fig. 8 shows the simplified current waveform of Ilkg regard-
less of the commutation interval and the following equation is
obtained

VB − npVC s

Llkg
(1 − D)TS =

4IO

np(1 − D)
. (15)

From (13)–(15), the dc conversion ratio can be obtained as

VO

VS
=

2D

np

[
1 + (8DQ)/(n2

p(1 − D)2)
] , Q =

Llkg

TS RO
.

(16)
Fig. 9 presents the dc conversion ratio according to the varia-

tion of Q, with np = 2. As Q decreases, the dc conversion ratio
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Fig. 6. Topological states of the DHBZ converter. (a) Mode 1 (t0 − t1 ).
(b) Mode 2 (t1 − t2 ). (c) Mode 3 (t2 − t3 ). (d) Mode 4 (t3 − t4 ). (e) Mode 5
(t4 − t5 ). (f) Mode 6 (t5 − t′0 ).

Fig. 7. Equivalent circuits. (a) t1 − t2 . (b) t2 − t3 . (c) t4 − t5 .

Fig. 8. Simplified current waveform.

is linearized. If Q is sufficiently small, VB , VC s , and VO can be
approximated as follows:

VB �DVS (17)

VC s � DVS

np
� VO

2
(18)

VO � 2DVS

np
. (19)

Compared with the dc conversion ratio of the SHBZ converter,
i.e., VO = DV S /nc , the DHBZ converter has twice the high
dc conversion ratio. Therefore, to operate both converters with
the same duty, the turn ratio relationship can be determined as
follows:

np = 2nc. (20)
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Fig. 9. DC conversion ratio.

B. ZVS Condition

As explained in mode 5, ZVS of Q1 is mainly achieved by
the energy stored in Llkg . From Fig. 7(c), the ZVS condition of
Q1 can be achieved as follows:

1
2
Llkg Ilkg (t4)2 > CossV

2
S − 2CossVS (VB − npVC s). (21)

Using (18) and (19), the second term on the right-hand side
of (21) can be ignored and only the energy terms of Llkg and
Coss remain. Since the absolute value of Ilkg (t4) is high, as can
be seen in Fig. 5, Q1 can have a wide ZVS range.

As explained in mode 2, ZVS of Q2 is mainly achieved by the
near current source ILm + ILo/np until DS1 and DS2 conduct.
Provided that 2Coss � Ct , the interval t12(= t2 − t1) can be
expressed as follows:

t12 =
2Coss(VS − VB + npVC s)

ILm + ILo/np
. (22)

After DS1 and DS2 conduct, the rest of ZVS is achieved by
the energy stored in Llkg as explained in mode 3. Thus, the ZVS
condition of Q2 is expressed as follows:

1
2
Llkg Ilkg (t2)2 > Coss(VB − npVC s)2 . (23)

Using (18) and (19), (22) can be approximated as in (24) and
the right-hand side of (23) can be zero. Therefore, as far as the
dead time after Q1 turn-off, i.e., TD1 , is longer than t12 , ZVS
of Q2 can always be achieved

t12 � 2CossVS

ILm + ILo/np
. (24)

As analyzed before, the ZVS ranges of both switches are
wide, specially that of Q2 is excellent. These ZVS operations
are the same as those of the SHBZ converter, which also has a
wide ZVS range.

C. Device Stress

The current stresses on Q1 and Q2 are, from Fig. 8, approx-
imately expressed as in (25) and (26), respectively. In these
equations, Iin means the average input current and can be pre-
sented as 2DIO /np . The current stresses on secondary diodes

Fig. 10. Rectifier voltage waveforms. (a) SHBZ converter. (b) DHBZ
converter.

DS1 and DS2 can be expressed as in (27). These are the same
as those of the SHBZ converter, since the current shapes of both
converters are the same

IQ1(max) =
Iin

D
(25)

IQ2(max) =
(1 + D)

D(1 − D)
Iin (26)

IDS 1 , 2 (max) =
2

1 − D
IO . (27)

The voltage stress on switch is VS because of the half-bridge
structure. As shown in Fig. 10, the diode voltage stress in the
DHBZ converter is expressed as in (28), and is one-half of that
of the SHBZ converter, i.e., VO /D

VDS 1 , 2 (max) =
VO

2D
. (28)

VC s1 and VC s2 are presented in (18), i.e., VO /2, which is also
half of that of the SHBZ converter, i.e., VO .

As analyzed before, the DHBZ converter has the reduced
voltage stresses on rectifier devices. However, it has high offset
in magnetizing current as in (29), increasing the transformer
size

ILm (avg) =
IO

np
. (29)
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D. Output Filter

Fig. 10 shows the comparative waveforms of rectifier voltage
Vrec of the SHBZ converter and DHBZ converter. As can be
seen in this figure, the ac content of Vrec is much smaller in
the DHBZ converter compared with the SHBZ converter. The
peak-to-peak filter inductor current ripples of the SHBZ con-
verter and DHBZ converter are obtained as (1 − D)VO TS /LO

and (1 − D)VO TS /2LO , respectively. Therefore, to achieve the
same peak-to-peak filter inductor current ripple, one-half of the
filter inductance in the SHBZ converter is used in the DHBZ
converter. Consequently, due to the improved waveform of Vrec ,
the output filter size of the DHBZ converter can be significantly
reduced.

IV. LOSSLESS SNUBBER

In general, isolated converters employing an output induc-
tor suffers from a voltage ringing across the rectifier since the
leakage inductance of the transformer and junction capacitance
of rectifier diodes are interacted after the rectifier current com-
mutation. This ringing increases the voltage stress on diodes,
and thus a snubber is required to prevent the additional voltage
stress. The general method is to utilize an resistor–capacitor–
diode (RCD) snubber across the rectifier; however, the con-
siderable loss degrades the overall efficiency and it becomes
more severe in high-output-voltage applications [1], [22], [23].
Therefore, to minimize the snubber loss, the DHBZ converter
adopts the simple lossless snubber, as shown in Fig. 11(a) [24].
(The original paper utilizes this circuit for zero-current switch-
ing, but it is utilized as a lossless snubber in this paper.) This
snubber contains only one capacitor and two diodes without
any magnetic components. The basic operation of the DHBZ
converter is maintained and the snubber action is related to
the transition period. The key waveform of a lossless snubber is
shown in Fig. 11(b), and the operational principle is presented as
follows.

VC c is basically charged by VC s . After Q2 is turned off at
t0 , the rectifier current is commutated. At t1 , the commutation
is finished and the junction capacitors of rectifier diodes are
charged by the resonance of Llkg . When VDS 1 , 2 reaches VO at t2 ,
dc1 starts to conduct and Llkg is resonated with CC . Therefore,
the ringing is snubbed by the large capacitance CC . At t3 , Idc 1

reaches zero and VC c reaches VC s + Vcmp . Then, VC c keeps the
value and VDS 1 , 2 approaches the steady-state value to VO /2D.
At t4 , Q2 is turned off and the junction capacitors of diodes
are discharged by the filter inductor current as in mode 2 in
Section II. At t5 , dc2 starts to conduct and both CC and junction
capacitors of diodes are simultaneously discharged. Due to the
large capacitance of CC , Ilkg is little decreased during CC

discharging operation. At t6 , DS1 and DS2 conduct and VC c

keeps VC s .
Although a rather large current flows during the subbing op-

eration, i.e., t2 − t3 , this current directly flows to the output
through dc1 . Therefore, it is the powering current, not the circu-
lating current.

Fig. 11. Lossless snubber for the DHBZ converter. (a) Circuit diagram of
secondary with the lossless snubber. (b) Key waveforms.

V. EXPERIMENTAL RESULTS

To verify the performance of the DHBZ converter, a prototype
for the high-output-voltage application (42-in PDP SPM) is im-
plemented, where the advantage of the DHBZ converter, i.e., a
reduced voltage stress on secondary devices, can be distinctive.
The converter has the following specification: input voltage =
385 V, output voltage = 170 V, rated power = 400 W,
switching frequency FS = 100 kHz, switches Q1 and Q2 :
FQP13N50, secondary diodes DS1 and DS2 : S20LC40, primary
and secondary capacitors CB = CS1 = CS2 = 2.2 µF, trans-
former turn ratio np : 29/18, transformer magnetizing inductance
LM = 620 µH, transformer leakage inductance Llkg = 25 µH,
output filter inductance LO = 630 µH, snubber diodes dc1 and
dc2 : HER304, and snubber capacitance CC = 10 nF.

Fig. 12 shows the key experimental waveforms at the full-
load condition with an RCD snubber across the rectifier. It is
shown that the improved rectifier voltage waveform and other
waveforms are agreed well with the theoretical analysis, ex-
cept for the voltage ringing. The reduced voltage stresses on
rectifier components, VC s1(= VC s2) and VDS 1 (= VDS 2 ) are
also confirmed. To utilize the 400 V rating diodes in the sec-
ondary, the voltage stress on diode is limited to 300 V, as shown
in Fig. 12(b), using a 15-kΩ snubber resistance. In case of
the SHBZ converter, the voltage stress on diode may exceed
500 V.

Fig. 13 shows the key experimental waveforms at the full-load
condition with the lossless snubber mentioned in Section IV.
The overall waveforms are similar to that utilizing an RCD
snubber except for the snubber action. Using a 10 nF snubber
capacitance CC , the voltage stress on diode is controlled under
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Fig. 12. Experimental waveforms at full-load with the RCD snubber. (a) VP ,
Ilk g , and Vrec . (b) IC s1 , ID S 1 , and VD S 1 .

300 V, as shown in Fig. 13(b). Because the switching transition
is affected by the snubber, some current drop is occurred after
Q1 turn-off. As a result, the peak value of Ilkg at Q2 turn-off
instant is decreased to satisfy the current-second balance of CB .
This action can decrease the conduction loss in the primary side;
however, it gives the detrimental effect on the ZVS operation of
Q1 in return.

Fig. 14 shows the ZVS waveforms of Q1 and Q2 . It is noted
that the ZVS of Q1 is achieved at a 20% load condition by the
energy stored in Llkg from the high peak current, and the ZVS
of Q2 is still achieved at a 10% load condition by the reflected
large filter inductor energy.

Fig. 15 shows the comparative efficiency curves of the RCD
snubber employed case and lossless snubber employed case.
With the lossless snubber, the DHBZ converter has higher ef-
ficiency over the wide load range. However, the efficiency de-
creases dramatically with the light load, since the lossless snub-
ber action distorts the converter operation by the large snubbing
current compared with the powering current.

Fig. 13. Experimental waveforms at full-load with the lossless snubber.
(a) VP , Ilk g , and Vrec . (b) IC s1 , ID S 1 , and VD S 1 .

Fig. 14. ZVS waveforms. (a) Q1 at 20% load. (b) Q2 at 10% load.
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Fig. 15. Measured efficiency.

VI. CONCLUSION

A new DHBZ converter, which has a bidirectional powering
path in the rectifier, is proposed. The proposed converter has
a low voltage stresses on rectifier devices that make it suitable
for high-output-voltage applications, and its improved rectifier
voltage waveform reduces the output filter size compared with
the conventional SHBZ converter. Moreover, it basically has
a wide ZVS range due to the characteristic of the HBZ con-
verter. In addition, the lossless snubber is adopted to minimize
the secondary snubber loss. Therefore, the DHBZ converter is
promised for high-output-voltage applications such as a PDP
SPM with high efficiency.
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