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Interleaved Current-Driven Phase-Shift Full-Bridge
Converter With Magnetic Integration and

Voltage Doubler Rectifiers
Kaimin Shi , Donglai Zhang , Senior Member, IEEE, and Yu Gu , Member, IEEE

Abstract—This paper presents an interleaved current-driven
phase-shift full-bridge converter for plug-in hybrid electric vehicle
(PHEV) applications. In the proposed converter, soft switching of
the active switches can be realized for a wide range of operating
conditions by using a simple auxiliary circuit. Due to the current-
driven nature of secondary rectifiers, the proposed converter is
able to eliminate the voltage spikes across the output diodes and
provides smooth commutations for the secondary rectifiers. Thus,
diodes with lower breakdown voltage rate and lower forward volt-
age drop can be used to further improve the efficiency. All the
passive magnetic components are integrated into the main trans-
former. The numbers of the output diodes are minimized because
of the voltage doubler rectifier configuration. The input filtering
requirements, as well as the current stresses of the switch devices,
are also significantly reduced owing to the interleaving approach.
Therefore, the proposed converter would be a good candidate for
PHEV applications. The steady-state operation and relevant anal-
ysis results of the proposed converter are presented. Experimental
results obtained from a 2-kW prototype with a peak efficiency of
97.4% validate feasibility of the proposed converter.

Index Terms—DC–DC power conversion, interleaving approach,
magnetic integration, phase-shift control, soft switching.

I. INTRODUCTION

IN RECENT years, a conventional phase-shift full-bridge
(PSFB) converter has widely been used in several applica-

tions, such as plug-in hybrid electric vehicle (PHEV), renew-
able energy power conditioning systems, Telecom, etc., [1]–[4].
It employs the transformer leakage inductance and switch in-
trinsic capacitance to realize zero-voltage-switching (ZVS) for
the active switches [5]–[8]. The main attractive features of this
converter are simple circuit, high conversion efficiency, high
power density, constant operation frequency, and low electro-
magnetic interference (EMI). For medium-power applications,
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MOSFETs are mostly used to implement the full-bridge inverter.
Also, MOSFETs are majority carrier semiconductors; hence, the
best soft-switching choice would be ZVS, where the turn-on
capacitive losses can be eliminated. Therefore, in order to have
a robust and reliable operation, MOSFETs should be switched
with ZVS. It is well known that the energy stored in the output
inductor is sufficient to help the leading-leg switches realize
ZVS for a wide load range. But it is difficult to realize ZVS for
the lagging-leg switches under light-load conditions because the
energy stored in the small leakage inductance is always insuf-
ficient [9], [10]. The ZVS range for the lagging-leg switches
can be extended by increasing the leakage inductance and/or
adding a suitable external series inductance. However, having a
large series inductance will result in some other problems, such
as large duty cycle loss, excessive primary circulating current,
and high-voltage spikes on the secondary-side rectifiers [11]–
[14]. Specially, high-voltage spikes increases the voltage stress
across the rectifiers. Thus, the rectifiers are usually designed
to be overrated in order to withstand the voltage spikes, and
this leads to higher losses because the diodes with higher for-
ward voltage drop and poorer reverse recovery characteristics
are used. In addition, the voltage spikes significantly increase
the EMI noise of the converter. These aforementioned problems
make the conventional PSFB converter not very practical for
high-frequency, high output voltage, and high-power applica-
tions. The voltage spikes are caused by the interaction between
the leakage inductance of the transformer and the secondary
parasitic lumped capacitance, and therefore, some references
tried to decrease the leakage inductance as much as possible in
order to decrease the peak of the voltage spikes on the rectifiers.
However, decreasing the leakage inductance leads to a narrower
ZVS operating range of the PSFB converter. In [4], an R-C-D
snubber circuit is employed to reduce the voltage spikes across
the output diodes, whereas the amount of losses in the snubber
resistor degrades the efficiency of the converter.

Several auxiliary circuits have been proposed in the literature
to extend the ZVS range of the full-bridge converter, which can
be mainly categorized as active or passive [3], [7], [15]–[23].
Active auxiliary circuits usually can provide soft switching from
no-load to full-load. However, they generally require extra ac-
tive switches, which make the power circuitry of the converter
very complicated. As a result, the reliability of the full-bridge
converter is also reduced and this limits the active auxiliary cir-
cuits to be used in practical applications. In contrast, passive
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auxiliary circuits are relatively easier to implement and more
reliable due to the fact that they do not require extra active com-
ponents. However, they generally have higher circulating current
and, therefore, more conduction losses, which may deteriorate
the overall efficiency of the converter. In order to solve these
problems, several passive auxiliary circuits with a modulation
scheme have been proposed. In these techniques, the switching
frequency is generally adjusted according to the load condition
such that soft-switching conditions and minimized extra con-
duction losses are both guaranteed. In particular, a ZVS PSFB
converter with adaptive energy storage has been proposed in
[3]. It adjusts the bridge–bridge phase-shift angle to minimize
auxiliary circulating currents for all line and load conditions.
The main drawback of the PSFB converter used in [3] is that
there are high-voltage spikes on the output diodes because of
the lack of clamping feature. Therefore, it is not very preferable
in high-voltage and high-power applications.

In order to solve the problems with the voltage-driven full-
bridge converters, the current-driven PSFB (CD-PSFB) convert-
ers have been proposed in [24]–[26]. In these topologies, an ac
inductor is connected in series with the primary side of the trans-
former, which acts as a current source for the output rectifiers.
The ac inductor operates in the discontinuous conduction mode
(DCM) to ensure complete energy transfer, and therefore, there
is no duty cycle loss. A capacitive filter, rather than an induc-
tive filter, is placed at the output of the diode bridge. Therefore,
the voltage spikes across the secondary rectifiers can be com-
pletely eliminated and zero-voltage and zero-current switching
(ZVZCS) operation conditions can be also satisfied. In [24], a
series–parallel current-driven full-bridge converter is proposed,
which can provide soft switching over a wide range of load vari-
ations without extra auxiliary circuits. It is able to integrate all
magnetic components into an integrated transformer and also
eliminate the voltage spikes across the output rectifiers. The
main drawback of the CD-PSFB is that the current stress in-
creases because of the DCM operation of the ac inductor, which
may cause high conduction loss and deteriorate the efficiency at
heavy loads.

The interleaving technique is very attractive for high-power
applications, which usually require high power density and low-
profile packaging characteristic [27], [28]. It is able to distribute
the power losses and thermal stresses of the magnetics and the
semiconductors because of a smaller power processed through
the individual interleaved power stages. The input and output
ripple current can also be reduced because of the ripple can-
cellation effect, and therefore, the size of the input and output
filters can be decreased [29]–[34].

This paper proposes a novel interleaved current-driven PSFB
(ICD-PSFB) converter with voltage doubler rectifier and mag-
netic integration. In this converter scheme, ZVS of the active
switches can be realized over a wide load range by using a sim-
ple auxiliary circuit. The voltage spikes across the secondary
rectifiers can be eliminated, and the output diodes undergo nat-
ural lossless commutation because of the current-driven rectifier
configuration. As a result, the diodes with lower breakdown volt-
age rate, lower forward voltage drop, and better reverse recov-
ery characteristic can be used to further improve the efficiency.
The input ripple current in the filter capacitors is significantly

Fig. 1. Proposed converter configuration.

reduced because of the interleaving approach. The voltage
doubler rectifier is adopted for high output voltage applications,
and the numbers of rectifier components are also minimized.
Therefore, the proposed converter would be a good candidate to
charge the traction battery (high-voltage battery) in an electric
vehicle.

This paper is organized as follows. In Section II, the cir-
cuit configuration and detailed operation principle of the power
stage are described. Some detailed features and characteristics
are analyzed in Section III. In Section IV, a 2-kW hardware con-
verter prototype has been designed, made, and tested to verify
the validity and performance of the proposed circuit. Finally,
Section V is the conclusion.

II. CIRCUIT DESCRIPTION AND OPERATION PRINCIPLE

The circuit diagram of ICD-PSFB with an auxiliary LC net-
work is shown in Fig. 1. Phase 1 consists of four MOSFETs
S1–S4 , transformer TR1, a series inductor Ls1 , a secondary
voltage doubler rectifier (rectifier capacitor Cf 1 and Cf 2 and
diodes D1 and D2). Phase 2 consists of four MOSFETs S5–S8 ,
transformer TR2, a series inductor Ls2 , a secondary voltage
doubler rectifier (rectifier capacitor Cf 1 and Cf 2 and diodes
D3 and D4). The auxiliary LC network, which consists of an
inductor Laux and a dc blocking capacitor Caux , is connected
between the two lagging-leg midpoints B and D.

It is assumed that Ton is the active interval when the diagonal
switches are turned ON, and Ts is the switching cycle, then we
can derive D = 2Ton/Ts as the duty cycle. There is a constant
90° phase shift between Phase 1 and Phase 2. The two phases
operate similarly to each other. The operation of the proposed
converter, which is the combination of the operation of the two
phases, can be generally divided into two cases according to the
value of duty cycle. When the load current is high, the duty cycle
D is larger than 0.5 (Case 1). When the load current is small,
the proposed converter enters into Case 2, namely D < 0.5.
The key waveforms of the two cases are shown in Fig. 2. The
two cases are similar to each other, and therefore, only Case 1
is analyzed in detail in this section. The equivalent operation
circuits of Case 1 for different stages are shown in Fig. 3. The
analysis is based on the following assumptions.
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Fig. 2. Key operation waveforms: (a) Case 1: D > 0.5, and (b) Case 2:
D < 0.5.

1) All components and devices are ideal.
2) The converter works in a steady state so that the average

current through a capacitor and the average voltage across
an inductor are all zero.

3) The output capacitors of switches S1–S8 are equivalent
and expressed as Cso . The voltage doubler capacitors Cf 1
and Cf 2 are large enough and equivalent to each other so
that the output voltage are shared by them, which means
Cf 1 = Cf 2 = Cf .

4) The interleaved two-phase CD-PSFBs are identical, which
means that Ls = Ls1 = Ls2 , Lm = Lm1 = Lm2 .

Stage 1 [t0 ≤ t < t1]: At t0 , S3 is turned OFF. The output
capacitor of S4 is discharging and that of S3 is charging up by
the auxiliary LC circuit current iaux . During this interval, iaux
is at its peak value Iaux , and Iaux is given by

Iaux =
VinTs

8Laux
(1)

where Vin is the input voltage, Ts is the switching cycle, and
Laux is auxiliary network inductance. During this stage, diodes
D1 and D2 are all reversed biased and are OFF. The rising inverter
voltage vAB is applied to the primary side of TR1, hence the pri-
mary current ip1 increases nonlinearly and can be expressed as

vAB = (Ls1 + Lm1)
dip1

dt
(2)

where Lm1 is the magnetizing inductance of the TR1. During
this stage, ip1 is much smaller than Iaux due to the fact that
Lm1 is large. According to this assumption, vAB is given by

vAB(t) =
Iaux

2Cso
(t − t0) . (3)

By using (2) and (3), the expression for ip1 is calculated as

ip1(t) =
Iaux

4Cso (Ls1 + Lm1)
(t − t0)

2 . (4)

During this stage, S6 , S7 , and D3 are ON, and therefore, the
secondary voltage of the TR2 is clamped to the voltage across
Cf 2 , which is vo/2. As a result, the primary current ip2 ramps
up during this stage. This stage ends once transformer TR1
secondary voltage reaches vo/2, and the end of this interval t1
can be obtained by solving (3) and t1 is given by

t1 = t0 +
voCso

kIaux

Lm1 + Ls1

Lm1
(5)

where k denotes the turns ratio N2 : N1 of transformers TR1
and TR2, and vo is the output voltage.

Stage 2 [t1 ≤ t < t2]: During this stage, the output diode D1
conducts and clamps the secondary voltage of TR1 to the voltage
across the capacitor Cf 1 . The output capacitor of S4 continues to
be discharged down to zero and that of S3 is charged up to Vin by
current Iaux . Thus, the primary current ip1 can be expressed as

vAB − vo

2k
= Ls1

dip1

dt
. (6)

By using (3)–(6), the expression for ip1 is calculated as

ip1(t) =
Iaux

4Ls1Cso
(t − t1)2 − vo

2kLs1
(t − t1)

+
v2

o Cso(Lm1 + Ls1)
4k2L2

m1Iaux
. (7)

This stage ends once the output capacitor of S4 has been com-
pletely discharged and the body diode of S4 begins to conduct.
Thus, t2 is calculated by using (3) as follows:

t2 = t0 +
2CsoVin

Iaux
. (8)

Stage 3 [t2 ≤ t < t3]: At t2 , S4 is turned ON with ZVS.
During this interval, the voltage difference between the input
voltage Vin and the transformer TR1 primary voltage is applied
to the series inductance Ls1 . Thus, the primary current ip1 is
given by

ip1(t) =
Vin − vo

2k

Ls1
(t − t2). (9)
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Fig. 3. Topological stages of the proposed converter in Case 2. (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4, (e) Stage 5, (f) Stage 6, (g) Stage 7, (h) Stage 8,
(i) Stage 9, (j) Stage 10, (k) Stage 11, and (l) Stage 12.

By using (4), (5), (7)–(9), the peak values of the primary ip1
and ip2 are given as follows:

Ip = Ip1 = Ip2 =
Csov

2
o (Lm1 + Ls1)

4k2IauxL2
m1

+
Iaux

4Ls1Cso

(
2CsoVin

Iaux
− Csovo

kIaux

Lm1 + Ls1

Lm1

)2

− vo

2kLs1

(
2CsoVin

Iaux
− Csovo

kIaux

Lm1 + Ls1

Lm1

)

+
Vin − vo

2k

Ls1
D

Ts

2
. (10)

During this stage, the input voltage Vin is applied across the
auxiliary LC network. As a result, the auxiliary current iaux
decreases with a constant slope. This stage ends once S6 is
turned OFF.

Stage 4 [t3 ≤ t < t4]: During this stage, the output capacitor
of S5 is discharging down to zero and that of S6 is charging
up to Vin by the primary current ip2 . The voltage across S5 is
given by

vs5(t) = Vin cos [ω(t − t3)] − ZIp2 sin [ω(t − t3)]

+
vo

2k
{1 − cos [ω(t − t3)]} (11)



8312 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

where ω = 1/
√

2CsoLs1 and Z =
√

Ls1/2Cso . The primary
current ip2 is calculated by using (11) and is given by

ip2(t)=−Ip2 cos [ω(t − t3)] −
Vin − vo

2k

Z
sin [ω(t − t3)] . (12)

This stage ends once the output capacitor of switch S5 is
completely discharged to zero and the body diode of S5 begins
to conduct.

Stage 5 [t4 ≤ t < t5]: At t4 , switch S5 has been turned ON

with ZVS. During this stage, the inverter voltage vCD is zero,
and therefore, the primary current ip2 decreases with a constant
slope, as depicted by the following equation:

−dip2(t)
dt

=
vo

2kLs2
. (13)

This stage ends once the primary current ip2 reaches zero and
the output diodes D3 turns off naturally with zero current.

Stage 6 [t5 ≤ t < t6]: During this stage, switches S5 and S7
are ON and ip2 remains at zero. Meanwhile, the input energy
continues to be transferred to the output through Phase 1.

Stage 7 [t6 ≤ t < t7]: At t6 , S7 is turned OFF. The output
capacitor of S8 is discharging and that of S7 is charging up
by the auxiliary LC circuit current iaux . This stage ends once
transformer TR2 secondary voltage reaches vo/2.

Stage 8 [t7 ≤ t < t8]: During this stage, the output diode D4
conducts and clamps the secondary voltage of TR2 to the voltage
across the capacitor Cf 2 . The output capacitor of S8 continues
to be discharged down to zero and that of S7 is charged up to
Vin by current Iaux . This stage ends once the output capacitor
of S8 has been completely discharged and the body diode of S8
begins to conduct.

Stage 9 [t8 ≤ t < t9]: At t8 , S8 is turned ON with ZVS. Dur-
ing this stage, both of the primary currents ip1 and ip2 increase
with a constant slope. Meanwhile, the voltage across the aux-
iliary LC network is zero. As a result, the auxiliary inductor
current remains at its peak value Iaux . This stage ends once S1
is turned OFF.

Stage 10 [t9 ≤ t < t10]: During this stage, the output capac-
itor of S2 is discharging down to zero and that of S1 is charging
up to Vin by the primary current ip1 . This stage ends once the
output capacitor of switch S2 is completely discharged to zero
and the body diode of S2 begins to conduct.

Stage 11 [t10 ≤ t < t11]: At t11 , switch S2 has been turned
ON with ZVS. During this stage, the inverter voltage vAB is zero,
and therefore, the primary current ip1 decreases with a constant
slope. This stage ends once the primary current ip1 reaches zero
and the output diodes D1 turns off naturally with zero current.

Stage 12 [t11 ≤ t < t12]: During this stage, switches S2 and
S4 are ON and ip1 remains at zero. Meanwhile, the input energy
continues to be transferred to the output through Phase 2. This
stage will end once S4 is turned OFF and the next half switching
cycle starts.

III. ANALYSIS OF THE PROPOSED CONVERTER

A. DCM Operation of the Series Inductor

Fig. 4 shows the primary-side current waveforms for the con-
ventional PSFB converter and Phase 1 of ICD-PSFB. Because

Fig. 4. Current waveform and gate pulses sequences of the primary-side full-
bridge circuits: (a) conventional PSFB converter and (b) Phase 1.

of the DCM operation of the series inductor, there is no cir-
culating current and duty cycle loss in the proposed converter
compared to the conventional PSFB converter. The operation
in DCM of the series ac inductor plays an important role in
eliminating the voltage spikes across the secondary rectifiers,
as well as reducing the turn-off/on losses in the lagging-leg
switches. It can be seen from Fig. 4 that when the lagging-leg
switch S3 or S4 (S7 or S8) is turned off/on, the current in the
series inductor remains at zero. During these stages, the auxil-
iary LC circuit current iaux is the only current in the lagging-leg
switches. Since the auxiliary LC circuit current is considerably
smaller than the current though the series inductor, it can be
concluded that the turn-off/on loss of the lagging-leg switches
is significantly reduced by the DCM operation of the series
inductor. Also, when the current through the ac series inductor
reaches zero, the output diodes turn OFF naturally because of the
current-driven nature of the output rectifier, and therefore, the
reverse recovery and switching losses in the secondary rectifiers
are significantly reduced. However, the rms and peak values
of the series inductance current increase because of the DCM
operation, which may cause high conduction loss at very heavy
loads and degrades the efficiency of the converter. The rms value
of the current though the series inductor is given by

Ip RMS =
Vin (1 − Dmax) DmaxTs

2
√

3Ls

(14)

where Ip RMS is the rms value of the series inductance current,
and Dmax is the maximum duty cycle in a boundary conduction
mode (BCM) which appears under the situation that the lagging-
leg switches are turned OFF exactly at the time when the current
in the series inductor reaches zero. Fig. 5 shows the variation of
the rms value in (14) as a function of the maximum duty cycle
Dmax for different series inductance.

According to Fig. 5, when Dmax = 0.5, the rms value of the
current in the series inductor reaches its maximum. Meanwhile,
the rms value decreases as Dmax increases when Dmax is larger
than 0.5, and also it increases as the series inductance decreases
for a given value of the maximum duty cycle. Thus, increasing
Dmax (when Dmax > 0.5) and Ls may be a good choice to
reduce the rms value of the current in the series inductance.
However, a larger Dmax results in faster downslope of the tri-
angular current in the series inductor and this will increase the
reverse recovery and switching losses in output diodes. In or-
der to guarantee DCM conduction of the series inductor, the
DCM operation condition should be determined, which can be
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Fig. 5. RMS value of the current through the series inductor as a function of
Dm ax for different Ls .

Fig. 6. Critical value Kcrit (D) as a function of D.

expressed as follows based on Fig. 4(b):

{
vo

Ls

(1−D )Ts

2
1

2k 2 ≥ 2iL

iL = vo

RL

(15)

where iL is the load current, RL is the load resistance of the
converter, and (15) can be rewritten as

⎧⎪⎨
⎪⎩

K ≤ Kcrit (D)

Dmax = 1 − K

K = 8k2Ls/RLTs,Kcrit (D) = 1 − D.

(16)

The critical value Kcrit(D) varying with D is shown in Fig. 6.
An arbitrary choice of K is also illustrated. It can be seen from
Fig. 6 that the series inductor operates in the DCM at low duty
cycle and in continuous conduction mode (CCM) at high duty
cycle. Meanwhile, the dimensionless parameter K increases as
the load resistance RL decreases, and if K is larger than one the
series inductor operates in CCM for all duty cycles. In order to
extend the DCM operation region, the value of the series induc-
tance should be reduced for a given value of RL . According to
Fig. 5, however, the rms value of the series inductor current in-
creases significantly as Ls decreases. The series inductor should
be designed under the condition that the converter operates in
BCM and at full-loads, and the value of series inductance is

given by

Ls =
Vin(Vin − vo/2k)D2

maxTs

2Po,max
(17)

where Po,max is the maximum output power, and the turn ratio
k is given by

k =
vo

2VinDmax
. (18)

By using (18), (17) can be rewritten as

Ls =
V 2

in(1 − Dmax)D2
maxTs

2Po,max
. (19)

B. DC Gain

In this section, the voltage conversion ratio of the proposed
converter is analyzed. In order to calculate the conversion ratio
of the proposed converter, the average primary current through
the series inductor over the positive half pulse width modulation
(PWM) cycle should be determined. To simplify the steady-state
analysis, the changes in the waveform of the primary current
ip1 during Stages 1, 2, and 10 are neglected in this section.
According to Fig. 4(b), the average value of the current ip1 over
the positive half PWM cycle is given by

Īp1 =
∫ t0 + T s

2

t0

ip1(t)dt =
Ip1Deff

2

=
1
Ts

(
Vin − vo/2k

Ls

)(
D

Ts

2

)2 (2kVin

vo

)
(20)

where Deff is the effective duty cycle.
It is assumed that the converter losses are neglected, and it

implies that the output power of the converter equals to the input
power. According to this assumption, the following equations
can be derived:

vo

2k
Īp1 =

voiL
2

. (21)

By using (15), (16), (20), and (21), the dc gain characteristic
of the proposed converter is given by

G =
vo

Vin
=

4k

1 +
√

1 + 4K/D2
(22)

where K = 8k2Ls/RLTs and K < Kcrit(D). Fig. 7 shows the
variation of dc gain as a function of the duty cycle D for several
values of K when k = 0.65, Ts = 16.7 μs, and Ls = 75 μH. It
can be seen that the variation of the gain is more obvious for
smaller value of K in smaller values of duty cycle, and less
prominent for larger value of K. Meanwhile, as K tends to zero,
the dc gain tends to the maximum attainable voltage gain for all
nonzero D.

C. Soft-Switching Conditions

In this section, the switching performance of the proposed
converter is analyzed in detail. As shown in Fig. 4(b), the energy
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Fig. 7. Converter gain as a function of the duty cycle for several values of K.

stored in the series inductance is employed to help the leading-
leg switches realize ZVS. Therefore, due to the sufficient en-
ergy stored in the series inductor, very wide ZVS range of the
leading-leg switches can be achieved without any other auxil-
iary circuits. The ZVS conditions for the leading-leg switches
can be expressed as

1
2
LsI

2
p > CsoV

2
in (23)

where Ip is the peak value of the current through series inductor,
and it is given by

Ip =
Vin − vo/2k

Ls

DTs

2
. (24)

By using (23) and (24), the ZVS condition of the leading-leg
switches can be expressed as

1 − G/2k

Ls

DTs

2
−
√

2Cso

Ls
> 0. (25)

By using (22), the ZVS condition in (25) can be rewritten as

Z (D,K) = D − 2
Ts

√
2CsoLs − 2D

1 +
√

1 + 4K/D2
> 0.

(26)

Fig. 8 shows the ZVS condition Z(D, K) varying with D and
K when k = 0.65, Ts = 16.7 us, Cso = 1 nF, and Ls = 75 μH.
The ZVS region (the shadow area) as a function of D and K
and the curve of dc gain characteristic with constant dc gains
(G = 0.75 and 1) are illustrated in Fig. 9. It can be seen that
ZVS of the leading-leg switches can be realized for a very wide
duty cycle and power ranges (D > 0.05 and K > 0.02), which
can be calculated for a given value of dc gain G according to
Fig. 9.

In order to realize ZVS of the leading-leg switches, the dead
time td,leading should be adjusted to allow the output capacitors
of the leading-leg switches to fully charge and discharge, and it
is given by

td,leading > Δt34 (27)

Fig. 8. ZVS condition of the leading-leg switches as a function of the duty
cycle and parameter K.

Fig. 9. ZVS region (the shadow area) as a function of D and K, and the curve
of dc gain characteristic with constant dc gains.

Fig. 10. Auxiliary circuit waveforms.

where Δt34 is the time interval of Stage 4, and it can be expressed
as follows based on (11):

Vin cos(ωΔt34) − ZIp sin (ωΔt34) +
vo

2k
[1 − cos(ωΔt34)]

= 0. (28)

In the proposed converter, the auxiliary LC circuit provides
the reactive current to help the lagging-leg switches realize ZVS.
The auxiliary LC circuit waveforms are illustrated in Fig. 10. The
current in the auxiliary circuit remains pretty constant during
the dead time because of the relatively large value of auxiliary
inductance. The ZVS condition for the lagging-leg switches can
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Fig. 11. Input current waveforms: (a) Case 1: D > 0.5, and (b) Case 2:
D < 0.5.

be expressed as { 1
2 LauxI

2
aux ≥ CsoV

2
in

Iaux = V i n Ts

8La u x
.

(29)

Based on (29), the value of the auxiliary inductance can be
designed as

Laux ≤ T 2
s

128Cso
. (30)

The dead time td,lagging is designed to allow the output capac-
itors of the lagging-leg switches to fully charge and discharge
under no-load condition, and it is given by

t
d , l a g g in g ≥ 2CsoVin

Iaux
=

16CsoLaux

Ts
. (31)

The dc blocking capacitor Caux is connected in series with the
auxiliary inductor to eliminate the dc bias current in the auxiliary
circuit. If Caux was not used, a nonzero average current would
flow through the auxiliary circuit to reduce the peak value of the
auxiliary inductor current. As a result, the lagging-leg switches
may lose lossless turn-on. According to Mason et al. [3], the
dc blocking capacitor is chosen under the condition that the
switching frequency is at least five times larger than the auxiliary
resonant frequency. Therefore, the dc blocking capacitor is given
by

Caux ≥ 1(
2π fs

5

)2
Laux

. (32)

D. Input Ripple Current

Because of the interleaving approach, the two phase power
stages share equal power and also the input ripple current fre-
quency is four times the switching frequency. Fig. 11 shows
input current waveforms of the proposed converter for two dif-
ferent cases. The peak-to-peak ripple current is given by

Δiin =
Vin (1 − G/2k)

Ls

DTs

2
. (33)

By using (22), (33) can be rewritten as

Δiin =
VinTsD

2Ls

(
1 − 2

1 +
√

1 + 4K/D2

)
. (34)

Fig. 12. Peak-to-peak ripple current Δiin varying with D for several values
of K.

Fig. 13. Structure of the main transformer: (a) photograph and (b) winding
arrangement diagram of the main transformer.

The peak-to-peak ripple current Δiin varying with D for sev-
eral values of K when k = 0.65, Ts = 16.7μs, and Ls = 75 μH
is illustrated in Fig. 12. It can be seen that Δiin increases quickly
when the duty cycle D is relatively small for a given value of
K, and then decreases slowly when D is larger than some value.
Therefore, the input filter should be designed based on the peak
value of Δiin according to Fig. 12.

E. Integrated Magnetic

Recently, the integration of the series inductor into the main
transformer as the leakage inductor has been widely used in [24],
[25], [35]. However, this configuration has several drawbacks
for high-power applications. First, the value of leakage induc-
tance is very difficult to be precisely designed. Meanwhile, the
proximity effect is really serious since the top–bottom winding
arrangement is employed instead of side-by-side interleaving
configuration to provide enough series inductance [36], [37].
As a result, the copper loss increases significantly and the trans-
former may become a “hot spot.” Therefore, the series inductor
is integrated into the main transformer by using an additional
winding in order to solve these problems. To simplify the analy-
sis, the leakage inductances are ignored in this section. Fig. 13(a)
shows a photograph of the main transformer and the winding
arrangement diagram is illustrated in Fig. 13(b). The wind-
ing voltage and current waveforms and the equivalent magnetic
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Fig. 14. Winding voltage and current waveforms and the equivalent mag-
netic circuit model of the main transformer: (a) winding voltage and current
waveforms, and (b) equivalent magnetic circuit model.

circuit model are shown in Fig. 14(a) and (b), respectively. In
the magnetic circuit model, R1 , R2 , and Rg represent the reluc-
tances of the core and the air gap in the outer leg. According
to Faraday’s law, the fluxes induce voltages across the windings
and the following equations can be derived:⎧⎪⎪⎨

⎪⎪⎩
vAB = d(N1 Φ1 +NL Φ3 )

dt

vT = N2
dΦ1
dt

Φ1 = Φ2 + Φ3

(35)

where NL is the number of series inductance winding turns.
Based on (35) and Fig. 14(a), the flux changes can be derived
as follows:

ΔΦ1 =
vot

2N2
0 ≤ t <

Deff Ts

2
(36)

ΔΦ2 =

⎧⎨
⎩

(NL +N1 )vo t
2N2 NL

− V i n t
NL

0 ≤ t < DTs

2

(NL +N1 )vo

2N2 NL

(
t − DTs

2

)
DTs

2 ≤ t < D e f f Ts

2

(37)

ΔΦ3 =

⎧⎨
⎩
(
Vin − N1 vo

2N2

)
t

NL
0 ≤ t < DTs

2

− N1 vo

2N2 NL

(
t − DTs

2

)
DTs

2 ≤ t < D e f f Ts

2 .
(38)

Based on Kirchhoff’s current and voltage law, the following
equations can be derived from the equivalent magnetic circuit
model illustrated in Fig. 14(b):⎧⎪⎨
⎪⎩

N1ip − N2is − Φ1R1 = Φ2R2

N1ip − N2is − Φ1R1 = Φ3 (R2 + Rg ) + NLip

Φ1 = Φ2 + Φ3 .

(39)

The fluxes distribution can be obtained by solving (39) and is
given by⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Φ1 = (2R2 +Rg )(N1 ip −N2 is )−R2 NL ip

Δ

Φ2 = (R2 +Rg )(N1 ip −N2 is )+R1 NL ip

Δ

Φ3 = R2 (N1 ip −N2 is )−(R1 +R2 )NL ip

Δ

Δ = (R1 + R2) (R2 + Rg + R1//R2) .

(40)

According to Fig. 14(a) and (36), the flux Φ1 in the center leg
reaches its peak value Φ1m when Deff Ts /2 � t < Ts /2 and Φ1m

Fig. 15. Flux waveforms of the main transformer.

is given by

Φ1m =
voDeff Ts

8N2
. (41)

During this interval, the secondary current is is zero, and the
outer leg fluxes Φ2m and Φ3m are given by⎧⎪⎪⎪⎨

⎪⎪⎪⎩

Φ2m = (R2 +Rg )N1 +R1 NL

(2R2 +Rg )N1 −R2 N2
Φ1m ≈ Φ1m

Φ3m = R2 N1 −(R1 +R2 )NL

(2R2 +Rg )N1 −R2 N2
Φ1m ≈ 0

Rg � R1 , R2 .

(42)

According to (36)–(38) and (40)–(42), the flux waveforms of
the main transformer are shown in Fig. 15. It can be seen that the
maximum values of fluxes occur when the converter operates in
the BCM mode, and they are given by⎧⎪⎪⎨

⎪⎪⎩

Φ1 max = vo Ts

8N2

Φ2 max = Φ1 max

Φ3 max =
(
Vin − N1 vo

2N2

)
Dm a x Ts

2NL
.

(43)

The maximum values of the magnetic flux densities can be
calculated as

B1 max =
Φ1 max

Ac
B2max =

Φ2max

Ao
B3max =

Φ3max

Ao
(44)

where Ac and Ao are the cross-sectional areas of center and
outer legs, respectively. The turns numbers N1 , N2 , and NL

can be derived based on the maximum allowable magnetic flux
densities in (43) and (44). Then, the air gap lg can be calculated
as

lg =
μ0AoN

2
L

Ls
. (45)

IV. EXPERIMENT RESULTS AND DISCUSSIONS

In order to evaluate the performance of the proposed ICD-
PSFB converter, an experimental hardware prototype has been
designed, made, and tested. Fig. 16 illustrates the schematic
diagram of experimental circuit. The parameters of the exper-
imental prototype are presented in Table I. Fig. 17 shows a
photograph of the experimental prototype. In this scheme, the
average current mode control scheme is employed and the con-
trol circuit is implemented by using the conventional phase-shift
control IC UCC2895. The interleaving control signals are gen-
erated by the high-speed PWM controller UC2825 and then
fed into the SYNC pin of ICs UCC2895. It can be seen from
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Fig. 16. Schematic diagram of an experimental circuit.

TABLE I
CIRCUIT PARAMETERS

Parameter Value/Part Number

Maximum output power Po 2 kW
Input voltage Vin 400 V
Output voltage vo 200–400 V
Switching frequency fs 60 kHz
Primary switches S1 –S8 STMicroelectronics STW45NM60 600 V, 45

A. Rds ,on = 90 mΩ
Transformer TR1 and TR2 Ferroxcube E55/28/21-3C95 ferrite core;

primary turns N1 = 30; secondary turns
N2 = 20; NL = 15; air gap lg = 0.92 mm;

magnetizing inductance Lm = 2.8 mH ; series
inductance Ls = 75 μH

DC blocking capacitor Cb1
and Cb2

1.5 μF, 150 V high-frequency film capacitor

Output diodes D1 –D4 Fairchild semiconductor diode ISL9R1560
600 V, 15 A

Rectifier capacitors Cf1
and Cf 2

4.7 μF, 400 V high-frequency film capacitor

Output capacitors Co 4.7 μF, 630 V high-frequency film capacitor
Auxiliary inductance Laux Ferroxcube E30/15/7-3C90 ferrite core; turns

= 100; air gap = 1 mm; auxiliary inductance
Laux = 820 μH

Auxiliary dc blocking
capacitor Caux

0.47 μF, 630 V high-frequency film capacitor

Fig. 16 that the output of the outer voltage controller provides
the primary current reference for the two phases and serves as
the current sharing bus. The inner current controllers are used
to realize current sharing among both the phases and generate
the desired phase-shift angles between the legs. The primary
currents of the main transformers are sampled by current trans-
formers as the current feedback signals. It should be noted that
the current feedback signals are also fed into the CS pin of the
ICs UCC2895 for overcurrent protection.

Fig. 17. Experimental prototype.

Fig. 18. Key experimental waveforms of CD-FBC at vo = 400 V for different
load conditions. (a) Full-load, and (b) 50% load.

Fig. 18 illustrates the key experimental waveforms of the
ICD-PSFB at vo = 400 V for different load conditions. It can
be seen that the primary current of the main transformer remains
at zero when the lagging-leg switches are turned OFF. During
this interval, the only current in the lagging-leg switches is the
LC auxiliary network current, which is much smaller than the
current in the series inductor. Therefore, it can be concluded that
the lagging-leg switches undergo near ZCS turn-off because of
the DCM operation of the series inductor. Meanwhile, there are
no voltage spikes across the secondary diodes of ICD-PSFB.
Considering the fact that the output diodes turn OFF naturally
when the series inductance current reaches zero, it can be clearly
demonstrated that the well-clamped voltage stress and smooth
operation of the output diodes can be realized. It should be
noted that the current stress of the output diodes is also reduced
significantly because of the interleaving approach. As a result,
the expensive and high performance SiC schottky diodes are not
required to implement the output diode bridge. In contrast, the
diodes with lower breakdown voltage rate and lower forward
voltage drop can be used to further improve the efficiency.

Figs. 19 and 20 show the switching waveforms of the leading-
leg switch S2 for different load conditions. These figures show
that ZVS of the leading-leg switches is realized over very wide
load range owing to the sufficient energy stored in the series
inductor. The lagging-leg switch waveforms and the auxiliary
LC network current for different load conditions are illustrated
in Figs. 21 and 22. According to these figures, the lagging-leg
switch can realize ZVS at very light load by using the auxiliary
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Fig. 19. (a) Measured switching waveforms of the leading-leg switch S2 at
vo = 400 V and 50% load, and (b) enlarged switching waveforms of S2 at
vo = 400 V and 50% load.

Fig. 20. (a) Measured switching waveforms of the leading-leg switch S2 at
vo = 400 V and 10% load, and (b) enlarged switching waveforms of S2 at
vo = 400 V and 10% load.

Fig. 21. (a) Measured switching waveforms of the lagging-leg switch S4 at
vo = 400 V and 50% load, and (b) enlarged switching waveforms of S4 at
vo = 400 V and 50% load.

Fig. 22. (a) Measured switching waveforms of the lagging-leg switch S4 at
vo = 400 V and 10% load, and (b) enlarged switching waveforms of S4 at
vo = 400 V and 10% load.

Fig. 23. Experimental waveforms of the load step change (a) from 2 to 3.8 A,
and (b) from 3.8 to 2 A.

Fig. 24. Efficiency curves of the proposed converter for different output volt-
ages.

LC network current iaux , which is independent of load condi-
tions. It should be noted that the dead time for light loads should
be larger than the one for heavier loads. Therefore, the adaptive
delay set function of IC UCC2895 is used to adjust the dead
time according to the load conditions. The load step change
experimental waveforms are shown in Fig. 23 to illustrate the
dynamic response of the proposed converter. It can be identified
that the ICD-PSFB takes 1.2 ms settle time with a maximum
overshoot voltage 38 V under a load step-up change from 2
to 3.8 A. Also, the ICD-PSFB takes 1.68 ms settle time with
a maximum overshoot voltage 34 V under a load step-down
change from 3.8 to 2 A. Therefore, a good dynamic response of
the proposed converter is clearly verified herein.

The efficiency curves of the proposed converter for different
output voltages are illustrated in Fig. 24. This figure shows that
the efficiency is more or less higher for higher output voltage
because of the reduced conduction losses in the active switches
and output diodes. It can also be seen that the efficiency is higher
than 90% for very wide load range due to the soft switching and
interleaving approach. The peak efficiency of 97.4% is achieved
under the conditions Po = 1.6 kW and vo = 400 V. Therefore,
highly efficient operation of the proposed converter is clearly
confirmed herein.

V. COMPARATIVE STUDY

To provide a fair basis for comparison, a prototype of refer-
ence converter (see Fig. 25) in [3] is designed and implemented
with the same specifications. Fig. 26 shows the auxiliary circuit
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Fig. 25. Reference topology: two-cell ZVS phase-shift-modulated full-bridge
converter with adaptive energy storage.

Fig. 26. Auxiliary circuit waveforms of the (a) proposed converter and (b)
reference converter under no-load conditions.

waveforms of the proposed converter and the reference con-
verter under no-load conditions. To achieve ZVS turn-on, the
output capacitors of the active switches must be discharged in
the deadtime under no-load condition. Therefore, the peak val-
ues of the auxiliary circuit currents are equivalent to each other
with the same deadtime, and they are given by

Iaux = IauxB =
2CsoVin

td
. (46)

According to Fig. 26, the rms values of the auxiliary currents
are given by

{
Īaux =

√
6Ia u x
3

ĪauxB =
√

3Ia u x
3 .

(47)

The rms values of the voltages across the auxiliary circuits
are given by

{
V̄aux =

√
2V i n
2

V̄auxB = Vin .
(48)

The area product of a core is proportional to the apparent
power handled by the ac inductor. Therefore, the size ratio of
the auxiliary inductors between the proposed converter and ref-
erence converter can be given by

Ap,aux

Ap,auxB
=

V̄aux Īaux

V̄auxB ĪauxB
= 1. (49)

Fig. 27. Efficiency comparison of the proposed converter with the reference
converter at 400 V output voltage.

According to (49), it can be concluded that the size of auxil-
iary inductor in the proposed converter is the same with the one
in the reference converter. Considering the fact that only one
auxiliary circuit is needed in the proposed converter, it can be
clearly demonstrated that the size of auxiliary components in
the proposed converter is significantly reduced comparing with
the reference converter. According to (47), the rms value of the
auxiliary currents in the proposed converter is relatively larger
than the one in the reference converter. However, the increase
in the conduction losses in the switches due to the auxiliary
current, in the proposed converter, is really small since the cur-
rent in the auxiliary circuit is much smaller than the current in
the series inductor. An efficiency comparison of the proposed
converter with the two-cell reference converter is provided in
Fig. 27. It is shown in Fig. 27 that the overall efficiency of the
proposed converter is relatively higher than the reference coun-
terpart, especially under light-load conditions. This is due to the
fact that the reference converters suffers from the losses in the
secondary-side RCD clamp circuits and reverse recovery losses
in the output diodes.

VI. CONCLUSION

In this paper, an ICD-PSFB converter with magnetic integra-
tion and voltage doubler rectifiers is introduced. Soft switching
of the active switches is realized over a very wide load range.
The voltage stresses of the secondary rectifiers are significantly
reduced. The smooth commutations of the output diodes are
realized due to the current-driven nature of the secondary rec-
tifiers. Therefore, the general ultrafast diodes, instead of high
performance and expensive SiC schottky diodes, are used to im-
plement the output diode bridge. The required inductive passive
components are all integrated into the main transformer, lead-
ing to fewer components and a simple circuit. The input ripple
current is significantly reduced because of the interleaving ap-
proach. Therefore, there is a great potential for the proposed
converter to be used in PHEV battery chargers applications. Ex-
perimental results obtained from a laboratory-made prototype
have validated the feasibility and superior performance of the
proposed converter.
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