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Abstract—In this paper, a novel soft-switching full-bridge con-
verter with an additional secondary switch and a nondissipative
energy recovery snubber is proposed. Thanks to the combination
of an active switch and the capacitor—diode–diode snubber em-
ployed at the secondary side of the converter, the proposed con-
verter can achieve zero-voltage zero-current switching for all of the
primary switches and rectifier diodes over the entire load range. As
a result, the rectifier diodes have no reverse-recovery problem and
their ringing voltage is clamped. In addition, since no phase shift is
used for the gate signals of the primary-side switches, the converter
control can be implemented easily and it has no circulating cur-
rent inherently. The converter exhibits a significant improvement
in terms of efficiency, especially under light-load conditions, which
is difficult to achieve with conventional phase-shift full-bridge con-
verters. A 3-kW prototype circuit is implemented to verify the
superior performance of the proposed converter.

Index Terms—Circulating current, nondissipative snubber, soft-
switching full-bridge (SSFB) converter, zero-current switching
(ZCS) turn off, zero-voltage switching (ZVS) turn on.

I. INTRODUCTION

I SOLATED full-bridge dc–dc converters have been widely
used in many applications, such as power supplies, renew-

able energy systems, energy storage systems, and traction sys-
tems for electric vehicles due to their ability to handle high
power with a simple topology, easy control, and high efficiency
[1], [2]. Unlike hard-switching pulse-width modulation (PWM)
converters, phase-shift full-bridge (PSFB) converters, which
adopt the phase-shift modulation technique, are more attractive
since they have several advantages, such as soft switching of the
power switches, reduction of electromagnetic interference, and
improvements in power density and efficiency [3]–[5]. Thanks
to its soft-switching capability, by using the parasitic compo-
nents of the switches and the transformer, the switching device
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can be turned on when the voltage across it is zero. Therefore,
the switching loss can be significantly reduced especially in
high-power applications. However, PSFB converters also have
some drawbacks. First, the soft-switching condition is achieved
by a complex PWM switching scheme. Second, PSFB convert-
ers suffers from a narrow zero-voltage switching (ZVS) range
and low efficiency at light loads. In order to guarantee a wide
ZVS range of a switch, the leakage inductance of the transformer
needs to be increased. However, this reduces the effective duty
and increases the period of the circulating current thereby in-
creasing the loss. The circulating current in the primary side of
the transformer is another disadvantage since it increases the
conduction loss and decreases the efficiency, especially when
the freewheeling interval is prolonged.

To handle the above mentioned issues of PSFB converters,
several kinds of remedies have been proposed [6]–[20]. The
general principle used to extend the ZVS range is to employ
an assistant current source at the primary side to store suffi-
cient inductive energy to discharge the output capacitance of
the switches. The current source can be realized by adding a
large external inductor connected in series with the transformers
[6], or by utilizing the magnetizing inductance of the additional
transformer in case of hybrid topologies [8]–[10]. However, this
can be achieved at the cost of bulky magnetic components which
are accompanied by increases in the duty-cycle loss, volume,
cost, and conduction loss of the converter.

Secondary transient overvoltage and circulating current prob-
lems are often treated together since the snubbers employed to
suppress the transient voltage helps to reduce the circulating cur-
rent by isolating the secondary rectifier from both the primary
circuit and the secondary freewheeling circuit [11]–[20]. In [11],
a dissipated RCD snubber is employed to mitigate the voltage
ringing across the rectifier diodes. However, it is not possible to
avoid the additional loss and heat generated at the snubber re-
sistor. In [12]–[15], a switched-capacitor active-clamp snubber
was proposed. However, due to an auxiliary driver circuit and
an additional inductor, the complexity and component counts of
the circuit are increased. A coupled-inductor-based capacitor–
diode–diode (CDD) topology was proposed in [16]. This topol-
ogy successfully reduces the circulating current and achieves the
soft-switching condition for the lagging leg switches. However,
the circulating current is not completely eliminated and zero-
current switching (ZCS) turn off of the leading leg switches is
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Fig. 1. SSFB converter with a secondary switch and a freewheeling
diode [26].

not possible. Generally, most of the proposed methods for PSFB
converters so far have been successful in reducing circulating
current or extending the soft-switching range at the cost of ad-
ditional circuits and/or a complicated switching scheme. It is
difficult to find a method which can achieve both, and there are
no methods that can achieve ZVS turn on and ZCS turn off for
all of the primary switches.

A full-bridge converter with a secondary-side phase-shifting
active rectifier appears as an alternative approach to achieve
both a reduction of the circulating current and full soft switch-
ing of the primary switches [23]–[25]. It can be implemented by
replacing one leg of the secondary rectifier diodes with active
switches to control the output voltage by modulating the phase
shift between the primary and secondary switches. In these con-
verters, the primary switches are controlled with a fixed duty
cycle (50%) at a constant switching frequency. One challenge in
this converter is the complicated design process of the turn-off
snubber capacitors for wide load range operation. If designed
improperly, the snubber capacitor can resonate with the parasitic
inductor of the circuit, which leads to a severe voltage ringing
across the switches. In addition, it contributes to a change in the
value of the effective capacitance, which limits the ZVS range
under the light-load condition. In [25], a saturable inductor is
employed in series with the secondary switch to help achieve
ZVS of the primary switches by providing the primary side with
additional inductive energy. However, it is difficult to select a
suitable core for each application, which leads to a complicated
circuit design.

With the aforementioned ideas, it is possible to deduce that
many advantages of the full-bridge converter can be obtained
by employing an additional active switch and a freewheeling
diode at the secondary circuit to implement a controlled recti-
fier and an independent freewheeling current loop. Fig. 1 shows
a full-bridge converter with an additional switch and a free-
wheeling diode at the secondary circuit. The operation of this
converter can be summarized as follows. The active secondary
switch Q1 operates at double the primary switching frequency
to transfer power to the load, and the output can be regulated
by controlling its duty. Since the diagonally opposite switch
pairs in the primary side operate with a 180° phase shift, ZVS

Fig. 2. Proposed SSFB dc–dc converter.

turn on for all of the primary switches is possible with a small
dead time tdead between them. This is mainly due to the en-
ergy stored in the magnetizing inductance of the transformer. It
can be easily deduced that if the switch Q1 turns OFF prior to
the turn off of the primary switch pair, it can reset the primary
current, thereby achieving the ZCS turn-off condition for the
primary switch pairs. In addition, circulating current does not
exist inherently since no phase shift is introduced in the primary
switch control. However, when the switch Q1 turns OFF, a se-
vere ringing voltage will appear across the switch and rectifier
diodes due to resonance between the leakage inductance of the
transformer Llk and the effective capacitance of the secondary
circuit. Hence, it is necessary to employ a suitable turn-off snub-
ber circuit to alleviate the ringing voltage. Among the different
kinds of snubber topologies [11]–[20], a CDD snubber circuit
is selected as an appropriate candidate due to its ability to re-
generate energy, unless it is otherwise dissipated. An additional
benefit obtained by introducing a CDD snubber is that the diodes
in the CDD snubber circuit can also be used to provide a path
for the freewheeling current, thereby contributing to a reduction
in the component count.

In this paper, a novel soft-switching full-bridge (SSFB) dc–
dc converter is proposed as shown in Fig. 2. The combination
of an additional switch and a CDD snubber is employed in
the secondary side of the circuit. The main advantages of the
proposed SSFB converter can be summarized as follows:

1) ZVS turn on and ZCS turn off for all of the primary
switches over the entire load range;

2) ZVS turn on and ZCS turn off for all of the rectifier diodes
and the snubber diode, and the elimination of the reverse-
recovery problem;

3) it is inherently free of circulating current and the conduc-
tion losses associated with it;

4) no duty-cycle loss due to the immediate energy transfer
together with the secondary switch turn on by the clamp
capacitor;

5) high efficiency, especially at light loads;
6) simple switching and control schemes.
The comparison between the different kinds of the conven-

tional full-bridge converters and the proposed SSFB converter
is shown in Table I.

Details on the operation principle of the proposed SSFB
converter are presented in Section II. An analysis of the pro-
posed converter is presented in Section III. A 3-kW hardware
prototype has been implemented to verify the performance of
the proposed converter. The experimental results presented in
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TABLE I
COMPARISON OF THE DIFFERENT KINDS OF FULL-BRIDGE CONVERTERS

Section IV show that the proposed converter can achieve high
efficiency over the entire load range, especially at a light load.

II. OPERATING PRINCIPLE OF THE PROPOSED

SSFB CONVERTER

The operating principle of the proposed SSFB converter in
Fig. 3 can be explained by using its key waveforms in Fig. 4. The
operation of the proposed converter can be divided into seven
modes, and the analysis for each mode of operation is detailed
as follows. For the sake of simplicity, it is assumed that all of

the circuit components are ideal except the output capacitances
of the switches.

Mode 1 [t0–t1 ]: In this mode, power is delivered to the load
through the switches S1 , S4 , and Q1 . The primary current iPri
is equal to the reflected output inductor current plus the magne-
tizing current iLm , and the slope of the output inductor current
iLo can be calculated by

diLo

dt
=

nVs − Vo

Lo
. (1)
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Fig. 3. Modes of operation of the proposed SSFB 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 –t6 ]. (g) Mode 7 [t6 –t7 ].

Mode 2 [t1–t2 ]: This mode begins with the hard-switching
turn off of the secondary side switch Q1 . As soon as the switch
Q1 is turned off, both the output capacitance of the switch Q1
and the clamping capacitor Cclamp start to get charged and to
resonate with the primary leakage inductance of the transformer
Llk and the output inductor Lo . Since Lo � Llk and Cclamp �
Coss , the resonant frequency of the current can be calculated

Fig. 4. Key waveforms of the proposed SSFB converter.

approximately by 1
2π
√

Lo C c la m p
. The voltage across the diode

D5 , vD5 , is decreased as the clamping capacitor is charged,
which can be expressed by

vD5 (t) ≈ nVs − vC clamp (t1)

− iC clamp (t1)

√
Lo

Cclamp
sin

(
t − t1√
LoCclamp

)

(2)

where iC clamp(t1) is equal to the maximum output inductor
current ILo max .

At t2 , the voltage vD5 reaches zero volts since the clamping
capacitor voltage vC clamp becomes equal to the rectifier voltage
vrect . Hence, the time for Mode 2, tmode 2 , can be expressed as
(3) using (2)

tmode 2 = t2 − t1 =
√

LoCclamp

arcsin

(
nVs − vC clamp (t1)

ILo max

√
Cclamp

Lo

)
. (3)

The output inductor current starts to freewheel with a slope
expressed by

diLo

dt
=

nVs − vC clamp − Vo

Lo
. (4)

Mode 3 [t2–t3 ]: At t2 , since the output inductor current
freewheels, the diode D5 is forward biased and the current
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commutation occurs from the rectifier diodes D1 and D4 to the
diode D5 . Consequently, the rectifier voltage vrect is equal to the
clamping capacitor voltage vC clamp . The current of the diode
D5 slowly increases after the voltage across it becomes zero,
thereby achieving ZCS turn on for the diode D5 , as shown in
Fig. 4. Here, the clamping capacitor Cclamp starts to resonate
with only the leakage inductance of the transformer Llk because
the freewheeling current of the transformer flows through the
diodes D5 and D6 . The current of the clamping capacitor Cclamp
during this mode can be expressed by

iC clamp (t) = iC clamp (t2) cos

(
t − t2√

n2LlkCclamp

)

+ (nVs−vC clamp (t2))

√
n2Llk

Cclamp
sin

(
t − t2√

n2LlkCclamp

)
.

(5)

Therefore, the clamping capacitor voltage vC clamp can be
expressed by

vC clamp (t) = nVs + (vC clamp (t2) − nVs)

× cos

(
t − t2√

n2LlkCclamp

)
+ iC clamp (t2)

√
n2Llk

Cclamp

× sin

(
t − t2√

n2LlkCclamp

)
. (6)

It can be seen in (6) that a larger leakage inductance value of
the transformer results in a higher clamping capacitor voltage.
Unlike the conventional PSFB converter, since the leakage in-
ductance value of the transformer has no relationship with the
ZVS condition of the primary switches in the proposed con-
verter, it is desirable to design the transformer to have as small
a leakage inductance as possible.

At the end of commutation, the current flowing through the
rectifier diodes D1 and D4 decays to zero and the value of the
primary current iPri becomes equal to that of the magnetizing
current iLm of the transformer at t3 . Since iC clamp (t3) = 0,
the time period for Mode 3 tmode 3 can be calculated as (7) by
using (5)

tmode 3 = t3 − t2 =
√

n2LlkCclamp

arctan

⎛
⎝ iC clamp (t2)

(nVs − vC clamp (t2))
√

n2 L l k
C c la m p

⎞
⎠ . (7)

Since nVs = vC clamp (t2), tmode 3 can be calculated by
π
2

√
n2LlkCclamp . Therefore, the total charge time of the clamp-

ing capacitor Cclamp can be expressed by

tC clamp = tmode 2 + tmode 3 . (8)

The output inductor current continues to freewheel with a
slope expressed by

diLo

dt
=

−Vo

Lo
. (9)

At first glance, the slope of the output inductor current in (9)
looks different from that in (4). However, both of them have
the same values since the clamping capacitor voltage and the
reflected primary voltage are the same in value during Mode 3.

Mode 4 [t3–t4 ]: Only a small magnetizing current iLm flows
in the primary side of the converter during this interval, thereby
achieving the ZCS condition for the primary switches and rec-
tifier diodes at t4 . At the secondary side, D5 and D6 participate
in constituting a closed loop for the freewheeling current.

Mode 5 [t4–t5 ]: This mode begins when the switches S1 and
S4 are turned off at t4 . Since the magnetizing current iLm starts
to charge the output capacitors of the switches S1 and S4 and to
discharge the output capacitors of the switches S2 and S3 , the
voltages across the switches S2 and S3 are decreased to zero
volts. Since iPri flows through the body diodes of S2 and S3
before the switches are turned on, the ZVS turn-on condition
can be achieved in this mode. The rectifier voltage vRect and
the secondary switch voltage vDS Q1 are still clamped by the
clamping capacitor voltage Cclamp during this mode.

Mode 6 [t5–t6 ]: At t5 , switches S2 , S3 , and Q1 turn ON
simultaneously. The clamping capacitor Cclamp discharges the
absorbed energy to the load. Resonance occurs between the
clamping capacitor Cclamp and the output inductor Lo . Hence,
the voltage of the clamping capacitor VC clamp is gradually de-
creased by

vC clamp (t) = vC clamp (t5)

− iC clamp (t5)

√
Lo

Cclamp
sin

(
t − t5√
LoCclamp

)
(10)

where iC clamp(t5) ≈ ILo − ΔIL o

2
Since the clamping capacitor voltage is still higher than the

voltage at the secondary winding of the transformer, vC clamp >
nVs, power cannot be transferred to the secondary side even
though the switches S2 and S3 are already turned ON. Therefore,
only the stored energy Cclamp is transferred to the load. This is
the principle of the nondissipative snubber. Since this clamping
capacitor is working as a voltage source during Mode 6 and the
subsequent Mode 7, the energy transfer continues as soon as the
secondary switch Q1 is turned ON. Hence, there is no duty loss
in the proposed SSFB converter.

This mode ends when vC clamp becomes equal to nVs at
t6 . The output inductor current starts to increase with a slope
expressed by

diLo

dt
=

vC clamp (t5) − Vo

Lo
. (11)

Mode 7 [t6–t7 ]: At t6 , the value of iPri reverses its direction
and starts to transfer power to the secondary side through the
rectifier diodes D2 and D3 . The resonance started in the previous
mode continues, and the clamping capacitor Cclamp is fully
discharged at t7 . In the meantime, the primary current increases
and reaches the reflected output inductor current at t7 , and the
converter becomes ready to transfer power to the load.

After Mode 7, the other half of the switching cycle starts and
the circuit works the same way as in the first half-switching
cycle except for the current direction.
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III. ANALYSIS OF THE PROPOSED SSFB CONVERTER

A. ZVS Turn On for All of the Primary Switches Over the
Entire Load Range

For the simplicity of the analysis, it is assumed that the output
capacitors COSS for all of the primary switches have the same
value of capacitance and that the magnetizing current is constant
during the time between t3 and t4 . During the time in Mode 5,
the primary side of the proposed SSFB converter is isolated from
the secondary side since the freewheeling current of the output
inductor flows through the diodes D5 and D6, as shown in
Fig. 3(e). Hence, the ZVS condition for the primary switches
during the dead time is achieved by the inductive energy stored in
the primary side only. In order to achieve the ZVS condition for
the primary switches, the energy stored in the magnetizing in-
ductance Lm and the leakage inductance Llk of the transformer
EZVS must be sufficient to fully charge the COSS of one pair of
switches and to fully discharge that of the other pair. As long as
the transformer is designed to satisfy the condition in (12), the
ZVS for the primary switches of the proposed SSFB converter
can be achieved regardless of the load since Lm � Llk

EZVS =
1
2

Lm I2
m >

1
2

(4 × Coss) V 2
in (12)

where Im is the amplitude of the magnetizing current in the
transformer that can be calculated by (13), where fs is the switch-
ing frequency of the secondary switch Q1

Im =
Vs

4fsLm
. (13)

By substituting (12) into (13), the magnetizing inductance of
the transformer Lm can be calculated as

Lm <
1

64f 2
s COSS

. (14)

Hence, in order to guarantee the ZVS operation for all of
the primary switches, the minimum dead time tdead to charge
and discharge the four output capacitors of the switches should
satisfy

tdead >
4CossVs

Im
= 16CossLm fs. (15)

B. ZCS Turn Off for All of the Primary Switches

In case of the conventional PSFB converter, the main switch-
ing loss is caused by the hard-switching turn off for all of the
primary-side switches, and it is especially severe at a full load.
Both the lagging legs and the leading legs turn off with the re-
flected output inductor current, thereby contributing to a higher
loss and a lower power conversion efficiency. However, in the
proposed converter, ZCS turn off is possible for all of the pri-
mary switches since the secondary switch Q1 turns off earlier
than the primary switches. During the time tZCS in Fig. 4, the
primary current is decreased and its amplitude becomes equal
to that of the small magnetizing current. Therefore, the turn-off
loss for all of the primary switches is negligible. In order to
achieve the ZCS condition for the primary switches, the mini-
mum time tZCS should be larger than the total charge time for

the clamping capacitor as shown in

tZCS > tC clamp . (16)

C. ZCS Turn On and ZCS Turn Off for the Rectifier Diodes
and D5 , and Elimination of the Reverse-Recovery Problems

It is possible to achieve both ZCS turn on and ZCS turn off
for the secondary rectifier diodes and the diode D5 in the pro-
posed SSFB converter. As explained in the previous chapter,
the bias conditions for the secondary rectifier diodes and the
diode D5 are decided by the clamping capacitor voltage, and
the current commutation occurs only after the forward bias con-
dition is achieved. Therefore, perfect soft switching is possible
for the secondary rectifier diodes and the diode D5 . The reverse-
recovery losses of the diodes can be eliminated due to the ZCS
turn-off characteristics of the proposed converter. However, in
case of the diode D6 , soft switching is not possible because its
bias condition is determined by the switching of the secondary
switch Q1 and the clamp capacitor. Since the clamping capacitor
voltage changes gradually, switching loss cannot be avoided.

D. Voltage Gain of the Proposed SSFB Converter and Its
Inherent No Duty-Cycle Loss Characteristics

As shown in Fig. 3, the output inductor current increases dur-
ing Mode 1, Mode 6, and Mode 7, and decreases from Mode 2
to Mode 5. Hence, the voltage gain of the proposed SSFB con-
verter can be determined by using the volt–second balance prin-
ciple with (1), (9), and (11)

VC clamp − Vo

Lo
D1 +

nVs − Vo

Lo
D2 =

Vo

Lo
(1 − D1 − D2)

(17)
where D1 = (t7 − t5)/TS ,D2 = (t1 − t0)/TS , and TS

(= 1/fs) is the switching period of the secondary switch Q1 .
Then, the output voltage can be represented by using

Vo = VC clamp D1 + nVsD2 . (18)

Since the average value of the clamping capacitor voltage
during the time (t5–t7) is the same as that of the reflected primary
voltage nVs and the duty of the secondary switch D =D1 + D2 ,
the voltage gain of the proposed SSFB converter can be written
by

Vo

Vs
= n(D1 + D2) = nD. (19)

Unlike the conventional PSFB converter, there is no duty-
cycle loss in the proposed SSFB converter. In the conventional
PSFB converter, since the duty-cycle loss occurs during the time
for the primary current to change its direction, it causes a reduc-
tion in the output voltage, and no power transfer occurs during
this period. Hence, this results in an increase in the turns ratio
of the transformer to obtain a required output voltage. However,
in the proposed SSFB converter, the clamping capacitor Cclamp
is charged during the time (t1–t3) after the secondary switch
Q1 is turned OFF, and it is discharged during the time (t5–t7)
after the secondary switch Q1 is turned ON. Since the clamp-
ing capacitor Cclamp works as a voltage source during the time
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(t5–t7), the duty-cycle loss does not exist in the proposed con-
verter. Therefore, it has a higher dc conversion ratio compared
with that of the conventional PSFB converter.

The current ripple of the output inductor ΔILo and the voltage
ripple of the output capacitor ΔVO can be calculated by using
(20) and (21), respectively. Since there is no duty loss, both of
the ripple values in (20) and (21) are smaller than those of the
conventional PSFB converter

Δ ILo =
Vo (1 − D) Ts

Lo
(20)

Δ VO =
Vo (1 − D) T 2

s

8CoLo
. (21)

E. Voltage Ringing at the Secondary Switch and the
Nondissipated CDD Turn-Off Snubber

In this section, the effectiveness of the CDD snubber to damp
the voltage ringing across the secondary rectifier diode and
the secondary switch is presented. Due to the difference in the
primary-side switching scheme, the principle behind the voltage
oscillation of the proposed SSFB converter is different from that
of the PSFB converter.

In the conventional PSFB converter, the voltage ringing across
the rectifier diodes occurs due to the resonance between the leak-
age inductance of the transformer and the junction capacitance
of the rectifier. It occurs when the primary current reaches the
reflected output inductor current after the commutation of the
rectifier diodes. It is well known that since the voltage across
the transformer secondary winding is equal to zero and the out-
put inductor current is at its minimum value, the peak value of
the ringing voltage is twice the input voltage [11].

However, in the SSFB converter with no snubber shown in
Fig. 1, a voltage ringing occurs right after the secondary switch
Q1 is turned off. It is caused by the resonance between the leak-
age inductance of the transformer and the effective capacitance
Ceff , which is a combination of the junction capacitances of
the rectifier diodes and the output capacitance of the secondary
switch. At this moment, since the voltage of the secondary wind-
ing of the transformer is equal to nVs and the output inductor
current is at its maximum value ILo max , the voltage ringing of
the SSFB converter in Fig. 1 is far more severe compared with
the conventional PSFB converter.

The inductive energy stored in the leakage inductance re-
flected to the secondary side WL lk can be expressed by

WL lk =
1
2

n2LlkI
2
Lo max . (22)

The relationship between the increase in the capacitive energy
ΔWc eff and that in the voltage ΔU can be expressed by

ΔWc eff =
1
2

Ceff ΔU 2 . (23)

When the switch Q1 is turned OFF, the voltage rise of the
effective capacitance ΔU can be easily derived as in (24) by
using (22) and (23)

ΔU = nILo(max)

√
Llk

Ceff
. (24)

Fig. 5. Voltage ringing across the switch Q1 . (a) Converter in Fig. 1. (b)
Proposed SSFB converter in Fig. 2.

Since the effective capacitance Ceff is very small, the voltage
imposed to the secondary switch Q1 increases drastically in a
short period of time, as shown in Fig. 5(a). In order to deal
with this issue, the proposed SSFB converter has adopted a
nondissipative CDD snubber as shown in Fig. 2. The ringing
voltage can be suppressed, as shown in Fig. 5(b), and its peak
value can be calculated by using (6).

The employed CDD snubber circuit introduces several
advantages for the proposed SSFB converter as follows. 1)
When the switch Q1 is turned OFF, the clamping capacitor
Cclamp absorbs the inductive energy from the primary side
and transfers it to the load, thereby acting as a nondissipative
snubber. 2) It also clamps the voltage across the rectifier diodes,
the diodes D5 and D6 , and the secondary switch Q1 . 3) The
clamping capacitor Cclamp helps reset the primary current of
the transformer, thereby achieving the ZCS condition for the
primary switches. 4) When the diodes D5 and D6 work as a
snubber, it also constitutes a freewheeling current path. Hence,
it contributes to a reduction in the component count since a
separate freewheeling diode is not required.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A 3-kW prototype circuit has been implemented, as shown
in Fig. 6, and tested to verify the operation principle and the
performance of the proposed converter. Table II shows the spec-
ification of the proposed SSFB converter, and Table III shows
the components used for the prototype converter.

Fig. 7(a) and (b) shows that the waveforms of the primary
switch S1 and the rectifier diode D1 that can achieve ZVS turn
on and ZCS turn off. Thanks to the ZCS turn off of the rectifier
diode, there is no reverse-recovery problem in the proposed con-
verter. Fig. 7(c) shows that the voltage of the secondary switch
Q1 is successfully clamped to 610 V by the nondissipative
snubber.
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Fig. 6. Photograph of the proposed converter prototype.

TABLE II
SPECIFICATION OF THE PROPOSED CONVERTER

Parameter Nomenclature Value

Nominal input voltage Vs 200 V
Nominal output voltage Vo 400 V
Maximum output power Po, m a x 3 kW
Primary switching frequency fs , p r i 50 kHz
Secondary switching frequency fs , s e c 100 kHz
Turn ratio of the SSFB transformer 1 : n 1:2.5
Magnetizing inductance Lm 765 μH
Leakage inductance Ll k 2 μH
Clamping capacitor C c la m p 25 n F
Output inductor LO 500 μH

TABLE III
COMPONENTS USED IN THE PROTOTYPE CONVERTER

Component Manufacturer Part #

Primary-side MOSFET Infineon IPP220N25NFD
Secondary-side MOSFET Fairchild FCH041N65F
Diode rectifiers Vishay HFA50PA60
Snubber film capacitors Avago Z112688575 (22 nF) N113152287 (4.7 nF)

Fig. 8 shows voltage and current waveforms of the three
components in the snubber circuit. In Fig. 8(a), the clamping
capacitor Cclamp is charged to the peak value of 610 V due to
resonance. This energy is transferred to the output through the
diode D5 which can achieve ZCS turn on and ZCS turn off,
as shown in Fig. 8(b). Although the diode D6 operates under
hard switching, its voltage is also clamped to 610 V, as shown
in Fig. 8(c).

Fig. 9 shows the experimental results at the light-load con-
dition (300 W, 10% load). As shown in Fig. 9(a), the ZVS turn
on of the primary switch at the light-load condition is achieved
without difficulty since the transformer is designed to have a
sufficient magnetizing inductance to discharge the output ca-
pacitances of the MOSFETs regardless of the load during the
deadtime. Fig. 9(b) shows the soft switching of the rectifier
diodes in the proposed converter. This can be achieved perfectly

Fig. 7. Experimental waveforms at 2-kW output power. (a) Primary side
switch S1 . (b) Rectifier diode D1 . (c) Secondary side switch Q1 .

even at the light-load condition. Fig. 9(c) shows waveforms
at the secondary switch. It operates under the hard-switching
condition and it is one of the major losses of the converter.

In order to show the superiority of the proposed SSFB
converter over the conventional PSFB converter, the efficiency
of each converter is plotted, as shown in Fig. 10. After the
efficiency of the proposed SSFB converter is measured, the
conventional PSFB converter is implemented by disabling
the secondary switch and the CDD snubber circuit in the
proposed converter is used to measure the efficiency.

The measured efficiency curve of the proposed SSFB con-
verter with a 200-V input and a 400-V output is drawn over
the wide load range from 300 W to 3 kW, as shown in Fig. 11.
A maximum efficiency of 96% is achieved at a 500-W output
with the proposed converter. At a light load, the efficiency of the
proposed converter is much higher than that of the conventional
PSFB converter. This is attributed to the full soft switching of the
primary switches and rectifier diodes, the inherent circulating
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Fig. 8. Experimental waveforms of snubber circuit at 2 kW. (a) Clamping
capacitor Cclam p . (b) Diode D5 . (c) Diode D6 .

current free characteristics, and the nondissipative snubber of
the proposed SSFB converter. When the power is increased, the
efficiency of the proposed converter becomes similar to that of
the conventional PSFB converter due to an increase in the hard-
switching losses at the secondary-side switch and the diode D6 .

Fig. 11 shows a loss analysis of the proposed converter and the
conventional PSFB converter under different load conditions.
All the equations and parameters used for the calculation can
be found in the Appendix. A significant difference between the
two converters can be found in terms of the losses caused by
the switches and diodes as expected. Though the losses of two
converters are similar at heavy load, the loss of the proposed
converter at light load is significantly lower than that of the
conventional PSFB converter. This kind of characteristics in
power supply system is very important if the recent trend in
power supply efficiency such as 80 Plus certification program is
considered.

Fig. 9. Experimental waveforms at 300-W load. (a) Primary-side switch S1 .
(b) Rectifier diode D1 . (c) Secondary-side switch Q1 .

Fig. 10. Efficiency comparison between the conventional PSFB and the pro-
posed SSFB converter.
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TABLE IV
COMPARISON OF THE DIFFERENT KINDS OF FULL-BRIDGE CONVERTER TOPOLOGIES IN TERMS OF THE VOLTAGE STRESS OF THE RECTIFIER DIODES AND THE

EFFICIENCY

Reference Maximum voltage stress on
the rectifier diode

Calculated maximum voltage stress
on the rectifier diode with

Vs = 200 V, VO = 400 V, and
n = 2.5

Efficiency of the converter shown in the reference

at 10%
load

at 50%
load

at 100%
load

Maximum
efficiency

Kim et al. [13] 2nVs 1000 V 89% 96% 94.8% 96.5%
Cho et al. [14] 2nVs − VO 600 V 86% 95% 95% 95%
Kim and Kim [20] nVs + VO 900 V N/A N/A N/A N/A

Wu et al. [21]
3 V O

2 600 V 88% 94.8% 94.5% 94.8%
Song and Huang [22] 2VO 800 V N/A N/A N/A N/A

Proposed converter nVs + IL o (m a x )

√
n 2 L l k
C e f f

610 V 94.2% 94.8% 94.1% 96%

Fig. 11. Loss analysis of the proposed SSFB converter and the conventional
PSFB converter.

It can be realized from the loss breakdown graph in Fig. 11
that the efficiency of the proposed SSFB converter can be further
improved if a soft-switching technique for the secondary switch
is adopted. Various feasible solutions can be considered to obtain
a soft-switching condition for the additional switch, and, hence,
a higher efficiency at heavy load. Some approaches based on
a tapped-inductor [27] or a coupled-inductor [28], [29] could
be a good candidate to obtain soft-switching conditions for the
secondary switch.

Table IV shows the performance comparison between the con-
ventional zero-voltage zero-current switching full-bridge con-
verters and the proposed converter in terms of the voltage stress
of the rectifier diodes and the efficiency. It can be noticed from
Table IV that the proposed converter exhibits excellent charac-
teristics in terms of the voltage stress of the rectifier diodes, the
light load efficiency, and the maximum efficiency.

V. CONCLUSION

In this paper, a new SSFB dc–dc converter is introduced. By
employing an additional switch and a nondissipative snubber
circuit, the proposed SSFB converter has the following advan-
tages over the conventional PSFB converter. 1) ZVS turn on and
ZCS turn off for all of the primary switches over the entire load
range. 2) ZCS turn on and ZCS turn off for all of the rectifier and
a snubber diode, and the elimination of their reverse-recovery
problem. 3) Inherent circulating current free characteristics and
no conduction losses associated with it. 4) No duty-cycle loss

due to the energy transfer by the clamp capacitor. 5) High ef-
ficiency especially at light loads. 6) A simple switching and
control scheme. The loss associated with the secondary-side
switch is a sole disadvantage of the proposed converter; hence,
the proposed converter is more suitable for voltage step-up appli-
cations than the voltage step-down applications of which output
currents are large. However, if a widebandgap device, such as
SiC or GaN, is employed for the secondary switch, the efficiency
of the proposed converter can be further improved.

APPENDIX

TABLE V
COMPONENT PARAMETERS USED TO CALCULATE LOSSES

Switching parameters

Primary switching frequency fsw 50 kHz
Duty cycle D e f f 0.8
Turn-on time to n 84 ns
Turn-off time to f f 84 ns

Primary-side MOSFET

Part number 220N25NP
RD S (o n ) 0.022 Ω

Transformer

Resistance of primary winding RP r i S S F B 0.05 Ω
Resistance of secondary winding RS e c S S F B 0.1 Ω
Geometry constant of core K f e 7.6
Variation in flux density ΔB 0.32 T
Exponential constant β 2.6
Cross sectional area of core AC 4 cm2

Magnetic path length of core lm 20 cm

Secondary Rectifier Diodes

Part number HFA50PA60
Forward voltage VF 1.3 V

Switch Q1

Part number FCH041N65F
RD S (o n ) 0.036 Ω

Diode D5

Part number HFA50PA60
Forward voltage VF 1.3 V

Diode D6

Part number HFA50PA60
Forward voltage VF 1.3 V
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TABLE VI
COMPARISON OF LOSS ANALYSIS BETWEEN SSFB CONVERTER AND PSFB CONVERTER
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