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Analysis, Design, and Experimentation of a Double
Forward Converter With Soft Switching

Characteristics for All Switches
Demercil de Souza Oliveira, Jr., Carlos Elmano de Alencar e Silva, René Pastor Torrico-Bascopé,

Fernando Lessa Tofoli, Carlos Augusto Bissochi, Jr., João Batista Vieira, Jr.,
Valdeir José Farias, and Luiz Carlos de Freitas

Abstract—The study of a topology resulting from the combina-
tion of two forward structures attached to a single transformer
core is presented in this paper, as a dual active bridge converter
is obtained. In order to reduce the switching losses and the elec-
tromagnetic interference, a soft commutation cell, which provides
zero-voltage commutation of the main switches for the entire load
range, is implemented. Besides, the auxiliary switches are zero-
current turned on and zero-current, zero-voltage turned off. This
converter reduces the voltage over the main switches to half of
the input voltage, employing only four switches and an additional
transformer winding when compared to the full-bridge converter.
The analysis of the circuit is carried out, and experimental re-
sults obtained from a prototype are also presented to support the
theoretical assumptions.

Index Terms—Dual active bridge (DAB), isolated converters, soft
switching.

I. INTRODUCTION

THERE is an increasing demand for high-density power
converters, whereas in most cases, the size of the mag-

netic components, including transformers and inductors, sig-
nificantly influences the overall performance of the converters.
In many applications, isolated converters are preferred in order
to reduce electromagnetic interference (EMI) levels and com-
ply with technical insurance standards. Generally, there are two
dominant types of isolated topologies: 1) buck mode topologies
such as forward [1], push–pull [2], half-bridge [3], and full-
bridge [4]; and 2) buck–boost mode topologies such as dual
flyback [5].

The conventional forward converter with resonant reset
presents simple circuitry, although good reset condition over
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entire line and load conditions is hard to maintain. The two-
switch forward converter comes as an alternative to achieve the
lowest voltage stress across the switches, with the addition of
an extra switch and a high-side gate driver, and 50% maximum
duty ratio limitation [6], [7].

Typically at power levels higher than 500 W, the phase-shift
full bridge (PSFB) dc–dc converter is preferred due to its high
efficiency and low EMI [8]. However, the circulating loss in
primary is high for a conventional PSFB converter especially
in high input current application. Based on [9] and [10], soft-
switching techniques have been proposed for pulse width mod-
ulation (PWM) full-bridge converter and can be classified into
two types: one is zero-voltage switching (ZVS) [11] and the
other is zero-voltage and zero-current switching (ZVZCS) [12].
In ZVZCS PWM full-bridge converters, one leg achieves ZVS
and the other leg achieves ZCS [13], but there is serious volt-
age oscillation across the rectifier diodes caused by the re-
verse recovery no matter if ZVS or ZVZCS is realized for the
switches [14].

The dual active bridge (DAB) dc–dc converter has been pro-
posed in [15]. The circuit realizes ZVS of all switches while
achieving synchronous rectifiers at the output side. Besides,
compared to the conventional full-bridge converter, such iso-
lated dc–dc converters have lower input current ripple, less
stress on power switching components, and smaller output filter
inductor [16], [17].

Though the DAB converter has some attractive features [18],
the circulation energy flowing back from output to input is still
quite large, which causes high conduction losses and high cur-
rent ripple flowing through the output filter capacitors. The cir-
culation energy varies with the output power, output voltage,
and input voltage. Commonly, the circulation energy can reach
25% of the total output power at maximum output power.

An interesting topology was obtained from the association
of two two-switch forward converters supplying two primary
windings [19]. A new converter that can operate as a full-bridge
structure results, as the complete hysteresis cycle of the trans-
former can be used. Besides, the output filter is designed for
twice the switching frequency of a single forward topology,
such as in the full-bridge converter. A similar topology with
only two switches was introduced in [20]. However, there is
no natural path for the leakage energy, what causes additional
voltage stress and loss in the main switches, limiting their power
capacity.

0885-8993/$26.00 © 2011 IEEE
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Fig. 1. Proposed converter.

In order to achieve soft commutation for all switches, some
solutions have been proposed in the literature, which are de-
scribed as follows. The modulation technique presented in [21],
associated with the use of an additional secondary inductor,
provides soft commutation for all switches. However, the load
range in which soft commutation is achieved depends on the
design of the resonant elements. Additionally, there is reac-
tive energy flow through the primary side when duty cycle is
small. Both factors tend to compromise the efficiency of the
converter.

The use of auxiliary inductors in the achievement of ZVS
commutation is proposed in [22]. Although soft commutation
over the full load range is possible without using series induc-
tors, the introduced reactive energy reduces efficiency. The use
of coupled resonant inductors in [23] is an alternative to reduce
the number of auxiliary components and minimize the duty cy-
cle loss. However, the load range in which soft commutation is
achieved and also the circulating current compromise the effi-
ciency as well.

With the advent of digital signal processors (DSPs), the im-
plementation of several control strategies to provide better dy-
namic and static performance than the traditional phase-shift
control has become possible. The work described in [24] uses
distributed power system control to decrease peak current, elim-
inate reactive power, increase power capability, increase system
efficiency, and minimize the output capacitance in a dual-bridge
bidirectional converter. However, it leads to increased cost and
complexity if compared with conventional solutions such as that
proposed in [25] for a bidirectional DAB converter.

Within this context, this paper proposes the use of auxiliary
switches in order to achieve soft commutation. The auxiliary cell
provides ZVS of the main switches during turn-on and turn-off,
respectively [26], [27], for the full-load range. Additionally, the
auxiliary switches achieve zero-current switching (ZCS) during
turn-on and zero-current, zero-voltage switching during turn-off
(ZCZVS). The use of the cell allows obtaining high switching
frequency operation, high power, and high efficiency for a wide
load range with reduced EMI levels.

II. PROPOSED TOPOLOGY

Fig. 1 shows the proposed topology where the soft switching
cells are represented in the dashed lines for each one of the
forward converters. As it can be seen, there is one forward
structure associated with each primary winding, but a single core
is used. This arrangement uses the complete hysteresis cycle of
the transformer such as the push–pull converter does [2], where
the currents through the primary windings are unidirectional.
The output filter is designed for twice the switching frequency
of the main switches. This results in a converter which presents
characteristics similar to the full-bridge topology.

Active snubbers can reduce the switching losses by using
auxiliary switches. Unfortunately, an auxiliary switch increases
the complexity of both power and control circuits. Synchroniza-
tion problems between control signals of the switches during
transient also complicate the control strategy. Circuit cost is
increased and reliability is affected by using active snubbers.

Although two additional auxiliary switches are included in the
proposed converter, cost is similar to that of the aforementioned
solutions since the switches only deal with the resonant energy.
The resonant inductor can be small, not only due to the resonance
frequency chosen as ten times the switching frequency, but also
because it is supposed to be rated only for the peak of the
resonant current, although it must conduct the load current.
Furthermore, soft switching is achieved for the entire load range,
what is difficult to obtain when dealing with passive snubbers
[28].

It must also be mentioned that the concept involving this
structure, which is able to operate in current sharing mode [29],
[30], can be extended to any number of converters using a single
transformer core. The resulting voltage across the switches is
Vi /2a, where Vi is the input voltage and a is the number of
associated converters.

A. Operating Principle

The operation of the converter shown in Fig. 1 can be ex-
plained in six stages, according to Fig. 2. The main theoretical
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Fig. 2. Operating stages. (a) First stage. (b) Second stage. (c) Third stage. (d) Fourth stage. (e) Fifth stage. (f) Sixth stage.

waveforms are shown in Fig. 3, which characterize the behavior
of the circuit during one switching period. The voltage across
the primary winding and the gating signal of a given switch are
represented in Fig. 3 by Vp and Vg , respectively.

It must be mentioned that the mathematical study carried out
in this section considers the voltages and currents as represented
in Fig. 1. In order to simplify the analysis, the following condi-
tions are assumed:

1) all semiconductors are ideal;
2) the total input voltage is expressed as 2Vi ;
3) the output voltage V0 and the current through output in-

ductor L0 are constant and ripple-free;
4) the output stage is represented by a dc current source I0

that corresponds to the load current;
5) Vf is the voltage across the output filter;
6) the voltages across C1 and C2 are equal to Vi and ripple-

free;
7) the transformer ratio between the primary and secondary

windings is defined by n.

8) duty cycle D is defined as D ≤ 0.5.
Besides, the following parameters are defined:

α =
I0

nVi

√
Lr1

Cr1
(1)

Z0 =
√

Lr1

Cr1
(2)

ω0 = 2πf0 =
1√

Lr1Cr1
(3)

where
α normalized load current (A);
I0 load current (A);
n turns ratio;
Lr 1 resonant inductor of the upper cell (H);
Cr 1 resonant capacitor of the upper cell (F);
Z0 characteristic impedance (Ω);
ω0 resonance frequency (rad/s).
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Fig. 3. Theoretical waveforms.

1) First Stage [t0 , t1] [Fig. 2(a)]: At the beginning of the
stage, both main switches are turned off and auxiliary switch Sa 1
is turned on under null current condition. Initially, the voltage
across capacitor Cr 1 is +Vi and the current through Lr 1 is null.
Then, resonance occurs between capacitor Cr 1 and inductor Lr 1
until the voltage across Cr 1 equals −Vi . During this stage, the
secondary diodes conduct the load current.

Analyzing Fig. 2(a), the expressions that determine the cur-
rent through the resonant inductor and the voltage across the
resonant capacitor can be obtained as

iLr1(t) = − Vi

Z0
sin(ω0t) (4)

vC r1(t) = Vi · cos(ω0t). (5)

The interval that defines this stage is

Δt1 = t1 − t0 =
1

2 · f0
(6)

where f0 is the resonance frequency (Hz).
2) Second Stage [t1 , t2] [Fig. 2(b)]: When the voltage across

Cr 1 equals−Vi , main switches S1 and S2 can be turned on under
zero-voltage condition, and the current through Lr 1 , i.e., iLr 1(t)
starts increasing linearly. Consequently, the currents through
secondary diodes Ds1 and Ds2 in Fig. 2(b) are supposed to
increase and decrease linearly, respectively. This stage finishes
when iLr 1(t) equals the load current.

During the second stage, the current through Lr 1 can be ex-
pressed by

iLr 1 (t) =
Vi

Lr1
· t =

ω0I0

nα
· t =

Vi · ω0

Z0
· t. (7)

The time interval Δt2 depends on the load and is calculated
by

Δt2 = t2 − t1 =
α

ω0
· Lr1 + Llkg

Lr1
(8)

where Llkg is the leakage inductance of the transformer.
3) Third Stage [t2 , t3] [Fig. 2(c)]: When the current through

Lr 1 equals I0 /n, energy transfer begins and auxiliary switch Sa 1
can be turned off. The load current flows through diode Ds1 , as
diode Ds2 is blocked. Additionally, the capacitor Cr 2 is charged
to +Vi .

From Fig. 2(c), the following expressions can be obtained:

iLr 1 (t) =
I0

n
=

αVi

Z0
(9)

vCr 1 (t) = −Vi. (10)

The time interval Δt3 depends on the duty cycle imposed by
the control circuit and is given as

Δt3 = t3 − t2 = D · Ts −
α

ω0
· Lr1 + Llkg

Lr1
(11)

where Ts is the switching period.
4) Fourth Stage [t3 , t4] [Fig. 2(d)]: Main switches S1 and

S2 are turned off at the beginning of this stage. The current
through Lr 1 remains constant and equal to I0 , as capacitor Cr 1 is
discharged linearly. This stage finishes when Cr 1 is completely
discharged, as diode Ds2 is forward biased and the voltage across
the transformer windings remains null.

During this stage, the following expressions are valid:

iLr 1 (t) =
αVi

Z0
(12)

vCr 1 (t) = Vi · (αω0 · t − 1). (13)
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The time interval that corresponds to this stage is

Δt4 = t4 − t3 =
1

α · ω0
. (14)

5) Fifth Stage [t4 , t5] [Fig. 2(e)]: This stage begins when
diode Ds2 is forward biased, keeping the voltage across the
transformer windings null. Resonance between Lr 1 and Cr 1
persists while the inductor is not completely discharged or the
voltage across resonant capacitor Cr 1 does not equal +Vi .

The expressions that describe the behavior of this stage are

iLr 1 (t) =
αVi

Z0
· cos(ω0t) (15)

vCr 1 (t) = α · Vi · sin(ω0t). (16)

The time interval Δt5 depends on the load and is given as

Δt5 = t5 − t4

=

⎧⎪⎪⎨
⎪⎪⎩

1
4 · f0

, if α < 1
√

Lr1 + Llkg /Lr1

ω0
· sin−1

(
1
α

)
, if α ≥ 1.

(17)

6) Sixth Stage [t5 , t6] [Fig. 2(f)]: If the voltage across Cr 1
equals +Vi before the current through Lr 1 becomes null (heavy
load condition), the remaining current will flow through cross
diodes Dc1 and Dc2 , as it decreases linearly until zero. If this
condition is not achieved, i.e., α < 1, this stage will not exist.

When the sixth stage finishes, a new switching cycle begins
for the lower leg of the dual-bridge converter, as auxiliary switch
Sa 2 is initially turned on. Later on, main switches S3 and S4 take
part in the operation of the circuit.

The current through the resonant inductor can be obtained
from

iLr 1 (t) =
Vi

Z0
(
√

α2 − 1 − ω0t). (18)

The time interval that describes this stage is

Δt6 = t6 − t5 =
Lr1 + Llkg

Lr1
·
√

α2 − 1
ω0

. (19)

B. Static Characteristic of the Converter

The static gain can be calculated from

G =
Vf (avg .)

Vi
(20)

where
G static gain;
Vf (avg .) average voltage across the output filter, given by

(21) (V).

Vf (avg .) =
2
Ts

·
∫ t=(Ts /2)

t=0
vf (t) · dt. (21)

Fig. 4. Static gain.

There is energy transfer during the third stage. Then, (21) can
be rearranged as

Vf (avg .) =
2
Ts

·
[∫ t=Δt3

t=0

Vi

n
· dt +

∫ t=Δt4

t=0

− 1
n
·
(

I0

n · Cr1
t − Vi

)
dt

]
(22)

where Δt3 and Δt4 are the time intervals that define the third
and fourth stages, respectively.

Substituting (22) into (20) gives the static gain as

G =
1
n

[
D − fs

f0
·
(

Lr1 + Llkg

Lr1
· α − 1

2α

)
· 1
2π

]
. (23)

Considering n = 1, Llkg = 0, and fs /f0 = 0.1, the static gain
curves can be plotted as in Fig. 4.

Another important parameter to be determined is the maxi-
mum effective duty cycle Dmax , which is calculated from

Dmax =
6∑

i=1

Δti =
Ts

2
. (24)

Substituting (6)–(19) into (24) gives

Dmax =
1
2
− fs

f0

·
(

1
2

+
1

2πα
+

1
π
· sin−1

(
1
α

)
+

α

π
√

1 + α2

)
. (25)

Expression (25) can be plotted as in Fig. 5, where it can be
seen that Dmax is limited by the normalized load current.

As one can see, the static gain shows clearly the output re-
sponse for different load situations. However, the static char-
acteristic is not enough to design the converter adequately. A
more interesting graph that shows the maximum power transfer
capability can be obtained in Fig. 6 by combining (23) and (25),
as the leakage inductance is considered null.
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Fig. 5. Maximum effective duty cycle.

Fig. 6. Maximum static gain as a function of α·n, for Llk g = 0.

C. Stresses Involving the Semiconductor Elements

The average and rms currents through main switches S1 , S2 ,
S3 , and S4 can be obtained from (26) and (27), respectively

IS (avg) =
Vi · α
Z0

D − fs

f0

Vi · α2

4πZ0
(26)

IS (rms) =
αVi

Z0
·
√

D − fS

f0
· α

3π
. (27)

The average and rms currents through auxiliary switches Sa 1
and Sa 2 can be obtained from (28) and (29), respectively

ISa(avg) = −fs

f0
· Vi

πZ0
(28)

ISa(rms) =
Vi

2Z0
·
√

fs

f0
. (29)

Fig. 7. Small signal model of the proposed converter.

TABLE I
COMPARISON BETWEEN THE DUAL-BRIDGE CONVERTER AND THE

FULL-BRIDGE TOPOLOGY

The average and rms currents through primary diodes Dp 1 and
Dp 2 can be obtained from (30) and (31), shown at the bottom of
this page, respectively

IDp(avg) =
Vi · α
Z0

[
D +

fS

f0
· 3
4πα

]
. (30)

The average and rms currents through secondary diodes Ds1
and Ds2 can be obtained from (32) and (33), respectively

IDs(avg) =
α · nVi

2Z0
(32)

IDs(rms) =
α · nVi

2Z0

√
1 − D +

α · nVi

Z0

√
D. (33)

The average and rms currents through cross diodes Dc 1 , Dc2 ,
Dc3 , and Dc4 can be obtained from (34) and (35), respectively

IDc(avg) =
fs

f0
· Vi

Z0
· α2 − 1

2π
(34)

IDc(rms) =
Vi

Z0
·

√
fS

f0
· (α2 − 1)

√
α2 − 1

6π
. (35)

D. Converter Modeling

It can be seen from (23) that the commutation cell influences
the converter gain in two ways. The first effect is proportional
to the normalized conductance and causes a loss in the effec-
tive duty cycle. The second one is inversely proportional to
the conductance and causes a gain in the effective duty cycle.

IDp(rms) =
αVi

Z0
·

√√√√D − fS

f0
·
(

1
2πα

− α

3π
+

1
4π

sin−1
(

1
α

)
+

(α2 + 2)
√

α2 − 1
6πα2

)
. (31)
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TABLE II
COMPARISON BETWEEN THE PROPOSED CONVERTER, CONVENTIONAL INTERLEAVED TWO-SWITCH FORWARD CONVERTER, AND CONVENTIONAL

DUAL-BRIDGE CONVERTER (ASSUMING ALL CONVERTERS WITH SAME INPUTS, OUTPUTS, AND POWER TRANSISTORS)

However, in practical designs, the first effect is much more sig-
nificant than the second one. Only in very light load conditions
(under 5% of the rated load current), the second term becomes
more prominent. In fact, under such load condition, discontin-
uous conduction mode occurs and the gain in the effective duty
loss is proportional to α. As a conclusion, the effect of the
commutation can be modeled very nearly as a duty cycle loss
proportional to the current or as a resistance in series with the
output inductance as shown in Fig. 7.

The transfer function which allows the control of the output
current is represented by (36). It must be mentioned that the re-
sulting model is widely known in the literature and conventional
controller design techniques can be used

I0(s)
d(s)

=
Vi/n

sL0 + fs(Lr1 + Llkg )
/
n2

. (36)

E. Theoretical Comparison Between the Proposed Topology
and the Conventional Full-Bridge Converter

In this section, a brief discussion comparing the proposed
structure with the conventional full-bridge converter is pre-
sented. Table I shows that the voltage across the main switches in
the dual-bridge structure is half the input voltage, but the max-
imum current value is twice that of the full-bridge converter.
If MOSFET IRFP264 is used in the first structure and MOSFET

IRFP460 is adopted in the second one, conduction losses for
the dual-bridge and the full-bridge converters, represented as

Pcond(DB) and Pcond(FB) , respectively, can be given by

⎧⎪⎪⎨
⎪⎪⎩

Pcond(DB) = 0.075 ·
(

2P

Vi

)2

= 0.3 ×
(

P

Vi

)2

Pcond(FB) = 0.27 ·
(

P

Vi

)2

= 0.27 ×
(

P

Vi

)2

.

(37)

In this case, conduction losses for the full-bridge topology
are 10% less than those for the dual-bridge converter. However,
for a greater input voltage the opposite occurs, and the forward
topology becomes the most attractive arrangement for high-
power dc–dc conversion.

Another possibility lies is the use of a two single-switched
forward converters. Then, the voltage across the main switches
is equal to the input voltage as in the full-bridge converter. If
the main switches are MOSFET, conduction losses are greater
in the dual-bridge structure. Conduction losses are the same if
insulated gate bipolar transistors (IGBTs) are used, although
only two switches are used.

F. Comparison With Other Interleaved Topologies

To help design tradeoff and topology selection in engineering
applications, the comparison between the proposed topology
and other converters is necessary. Since it has two forward cells
and it is suitable for high-power application, the conventional
interleaved two-switch forward converter [31] and the topolo-
gies proposed in [19] and [32] are selected for this purpose due
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TABLE III
DESIGN SPECIFICATIONS

Fig. 8. Maximum static gain as a function of α·n, for Llk g = 4 μH.

to the similarity in structure and application, while others may
not be suitable for comparison and are out of the scope of this
paper. The comparison in Table II provides detailed design in-
formation and tradeoff for all three converters. It is clear that
each converter has its advantages and disadvantages.

III. DESIGN EXAMPLE

A design example is presented in this section, considering
the theoretical aspects described previously. The preliminary
specifications are given in Table III.

A good choice for the resonance frequency is about ten times
the switching frequency as the resonant elements must maintain
the current peak as low as possible. They can be designed by
limiting the maximum peak of the resonant current ISa(pk) to
about one quarter of the load current referred to the primary side
of the transformer

Lr1 = Lr2 ∼= Vi

40πfsISa(pk)
=

400
40π · 105 · 5 = 6.3μH (38)

Cr1 = Cr2 ∼=
ISa(pk)

10πfsVi
=

5
10π · 105 · 400

= 3.9 nF. (39)

It must be mentioned that (38) and (39) give the approxi-
mate values of the resonant elements. Then, one must choose
the commercially available capacitor whose value is approx-
imately equal to the calculated one, and considering the de-
sired resonance frequency, the resonant inductor must be
redesigned.

The next step in designing the proposed converter is to plot the
curves shown in Fig. 6, but in this case considering the estimated
leakage inductance. The required static gain is calculated using

TABLE IV
PARAMETERS SET USED IN THE PROTOTYPE

Fig. 9. Drain–source voltage, drain current, and gating signal of main switch
S1 . Scales: VS 1 -–50 V/div; Vg (S 1) —10 V/div; IS 1 —10 A/div; time-–1 μs/div.

Fig. 10. Drain-source voltage and drain current, and gating signal of auxiliary
switch Sa 1 . Scales: VS a 1 —100 V/div; Vg (S a1) —10 V/div; IS a 1 —5 A/div;
time—1 μs/div.

(20) and parameter α·n is obtained from (1) as follows:

Gmax =
50
350

= 0.14 (40)

α · n =
I0

Vi
·
√

Lr1

Cr2
=

40
350

·
√

5 · 10−6

3.9 · 10−9 = 4.09. (41)
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Fig. 11. (a) Resonant tank waveforms. Scales: VC r 1 —100 V/div; ILr 1 —20 A/div; time—1 μs/div (b) Voltage and current waveforms of diode Dp 1 . Scales:
VD p 1 —100 V/div; ID p 1 —10 A/div; time—1 μs/div.

According to Fig. 8, it can be seen that n must be less than
2.1. A comparison between Figs. 6 and 8 shows the relevance of
considering the leakage inductance. From Fig. 8, it can be seen
that n must be about 2.5, what would cause the output voltage
to be lower than the desired value. The average current through
main switches S1 and S2 can be estimated by (42) and the voltage
across them is Vi . The average current through diodes Dp 1 and
Dp 2 is approximately equal to the current flowing though the
auxiliary switch ISa . The voltage across them is ideally Vi , but
the blocking voltage must be Vi due to the reverse recovery
current

IS (avg)
∼= Pi

Vi
(42)

where Pi is the input power.
Auxiliary switches Sa 1 and Sa 2 , as well as the respective

series diodes Da 1 and Da 2 , are supposed to have the same
blocking voltage as diodes Dp 1 and Dp 2 and the current through
them is equal to the resonant current.

Output diodes Ds1 and Ds2 conduct half the output current
and the respective blocking voltage is twice the voltage across
each primary winding. However, the blocking causes high ripple
voltage and a snubber is necessary, what also occurs in the full-
bridge converter [33].

The output filter can be normally designed for twice the
switching frequency, as explained before. Input capacitors C1
and C2 are supposed to minimize the high frequency ripple and
can be calculated by [34]

C1 , C2 ≥ 2 · I0 · Dmax · Ts

n
. (43)

It is also important to mention that unbalance between the
voltages across input capacitors C1 and C2 tends to be small due
to the constructive differences between the primary windings,
since energy transfer between them may occur through the cross
diodes.

To specify cross diodes Dc1 , Dc 2 , Dc3 , and Dc4 , the trans-
former ratio between the primary windings is considered unity,

and these diodes must conduct only the remaining leakage en-
ergy. The blocking voltage must be higher than Vi .

IV. EXPERIMENTAL RESULTS

An experimental prototype was implemented with the pa-
rameters set considered in the design example shown in the
previous section and given in Table IV. It must be mentioned
that the transformer is designed as in the case of the push–
pull converter [1]. The leakage inductance was experimentally
measured, being equal to 4 μH. It must also be mentioned that
the experimental results discussed later are obtained under the
operating conditions stated in Table IV.

Fig. 9 shows that the switch S1 is turned on and off under zero-
voltage condition. Some oscillation can be seen in the drain–
source voltage waveform. It occurs because the cross diodes
do not assume the current instantly [35], and is also due to the
reverse recovery of the antiparallel diodes of the main switches.

The waveforms regarding auxiliary switch Sa 1 are shown in
Fig. 10. Turning-on occurs in ZCS mode, and the switch is
turned off under ZCZVS condition. Some oscillation can be
noticed at the moment when switches S3 and S4 are turned on.
They are due to the charging of the intrinsic capacitance of the
auxiliary switch and can be minimized by using snubbers.

Fig. 11(a) presents the voltage across the resonant capaci-
tor and the current through the resonant inductor. It must be
mentioned that reactive energy flows during only 10% of the
switching period. Therefore, soft switching is achieved with al-
most null voltage. Fig. 11(b) represents the current and voltage
waveforms regarding primary diode Dp 1 . It can be seen that the
snubber limits the voltage peak caused by the reverse recovery
current.

Fig. 12 shows the voltage across secondary diode Ds2 . The
reverse recovery of the diode causes oscillations, even with
soft commutation on the primary side, demanding the use of
snubbers.

Finally, Fig. 13 represents the efficiency as a function of
the output power for the soft-switched converter operating at
100 kHz. Measured efficiency at rated load is about 93%. It
tends to be less at light load condition since the amount of
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Fig. 12. Voltage across secondary diode Ds 2 and current through resonant
inductor Lr 1 . Scales: VD s 2 —100 V/div; ILr 1 —20 A/div; time—1 μs/div.

Fig. 13. Efficiency curve.

circulating reactive energy is constant. However, efficiency is
improved at rated load because the duty cycle loss is less than
that in [21] and [23] due to the small series inductance. In low
duty cycle condition, efficiency tends to be greater due to the
small series inductance.

V. CONCLUSION

This paper has proposed a soft-switching dc–dc converter
that can be used in high-voltage and/or high-power applications.
The theoretical study and experimental results have shown its
functionality and viability for high-power conversion.

Although the dual-bridge structure presents higher rms cur-
rents through the main switches, with the voltages across them
being equal to half those across the switches of a full-bridge con-
verter, MOSFETs with reduced voltage rating and on-resistance
can be employed to provide lower conduction losses. If the
same IGBT is used in the dual-bridge and full-bridge convert-
ers, conduction losses will tend to be the nearly the same in
both converters. For input voltages higher than 500 or 600 V,
conduction losses in the dual-bridge topology become lower.

In front of the study developed in this paper, the following
prominent advantages can be addressed to the topology: re-
duced blocking voltage across the switches if compared with
full bridge structures; improved use of the capacity of the high
frequency transformer if compared with conventional forward

converters; there are no additional voltage and/or current stresses
in the main semiconductor devices; high efficiency, since the soft
switching cell requires a small amount of energy; soft switching
is achieved in all active switches for the entire load range; design
procedure is rather simple; parallelism of several structures is
possible.
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Fortaleza, Ceará, Brazil. His main research interests
include power supplies, power factor correction tech-

niques, uninterruptible power systems, and renewable energy systems.

Fernando Lessa Tofoli was born on March 11, 1976,
in São Paulo, Brazil. He received the B.Sc., M.Sc.,
and Ph.D. degrees in electrical engineering from the
Federal University of Uberlândia, Uberlândia, Brazil,
in 1999, 2002, and 2005, respectively.

Currently, he is a Professor at the Federal Univer-
sity of São João del-Rei, São João del-Rei, Brazil.
His research interests include power-quality-related
issues, high-power factor rectifiers, and soft switch-
ing techniques applied to static power converters.

Carlos Augusto Bissochi, Jr. received the B.Sc. de-
gree in electrical engineering from the State Univer-
sity of São Paulo, Brazil, in 1994, and the M.Sc. and
Ph.D. degrees in electrical engineering from the Fed-
eral University of Uberlândia, Uberlândia, Brazil, in
1997 and 2003, respectively.

Currently, he is a Professor at the Federal Uni-
versity of Uberlândia, Uberlândia, Brazil. His re-
search interests include soft switching, novel con-
verter topologies, ac–ac audio amplifiers, and electri-
cal motor drives.

João Batista Vieira, Jr. was born in Panamá, Brazil,
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