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Abstract—This paper presents a novel ZVZCS full-bridge
DC/DC converter, which is able to process and deliver power effi-
ciently over very wide load variations. The proposed DC/DC con-
verter is part of a plug-in AC/DC converter used to charge the
traction battery (high voltage battery) in an electric vehicle. The
key challenge in this application is operation of the full-bridge con-
verter from absolutely no-load to full-load conditions. In order to
confirm reliable operation of the full-bridge converter under such
wide load variations, the converter should not only operate with
soft-switching from full load to no-load condition with satisfactory
efficiency for the full range of operation, but also the voltage across
the output diode bridge needs to be clamped to avoid any adverse
voltage overshoots arising during turn-OFF of the output diodes
as commonly found in regular full bridge converters. In order to
achieve such stringent requirements and high reliability, the con-
verter employs a symmetric passive near lossless auxiliary circuit
to provide the reactive current for the full-bridge semiconductor
switches, which guarantees zero voltage switching at turn-ON times
for all load conditions. Moreover the proposed topology is based
on a current driven rectifier in order to clamp the voltage of the
output diode bridge and also satisfy ZVZCS operation of the con-
verter resulting in superior efficiency for all load conditions. In this
paper operation of the converter is presented in detail followed by
analytical design procedure. Experimental results provided from a
3KW prototype validate the feasibility and superior performance
of the proposed converter.

Index Terms—DC/DC converter, full-bridge converter, lagging
leg, leading leg, shoot-through, snubber capacitor, Zero Current
Switching (ZCS), Zero Voltage Switching (ZVS), Zero Voltage Zero
Current Switching (ZVZCS) .

NOMENCLATURE

td Dead-time between MOSFET gate signals (s).
LAU X 1 Leading leg auxiliary inductance (H).
LAU X 2 Lagging leg auxiliary inductance (H).
Cs1 Leading leg snubber capacitance (F).
Cs2 Lagging leg snubber capacitance (F).
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Cso Switch output capacitance (F).
k Transformer turns ratio (Np/Ns).
Lleak Leakage inductance (H).
LM Magnetizing inductance (H).
Ls Series inductance (H).
Lseq Equivalent series inductance (H).
Cf Output filter capacitance (F).
fs Switching frequency (HZ ).
Ts Switching period (s).
Ip Peak current of transformer primary-side (A).
IBAT Battery current (A).
Vdc Input DC voltage (V).
VBAT Battery voltage (V).
vsec Secondary voltage of the transformer (V).
gv Voltage gain of converter.
IAU X A Current of leading leg auxiliary circuit (A).
IAU X B Current of lagging leg auxiliary circuit (A).
IP A Peak current value of leading leg auxiliary circuit

(A).
IP B Peak current value of lagging leg auxiliary circuit

(A).
IP Peak value of the series inductance current (A).
I Average value of the series inductance current (A).
EAU X Energy in the auxiliary circuit (J).
EC so Energy in output capacitors of MOSFETs (J).
iDB Diode bridge current (A).
ωs Switching frequency (rad/s).
Po,max Maximum output power. (W)
Io DC output current (A).
Vo DC output voltage (V).
Vd Output diode forward voltage drop (V).
ψ Phase-shift between leading leg and lagging leg

pulses.
Re Converter effective load resistance (Ω).
ESR Equivalent series resistance (Ω).

I. INTRODUCTION

POWER conversion systems in electric vehicles (EVs) usu-
ally use a high energy battery pack to store energy for the

electric traction system [1]. This high energy battery pack is
typically charged from the utility AC mains [2]. Energy con-
version during the battery charging is performed by an AC/DC
converter. Such AC/DC converters, which are used to charge the
high-energy battery, usually consist of two stages: input power
factor correction (PFC) for AC/DC conversion and DC/DC con-
version for battery charging [3]. PFC is used to improve the qual-
ity of the input current, which is drawn from the utility, and the
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charger which is an isolated DC/DC converter, is used to charge
the high voltage battery and provide galvanic isolation between
the utility mains and the traction battery [31], [32], [35], [36].

Full-bridge topology is the most popular topology used in the
power range of a few kilowatts (1–5 KW) for DC/DC convert-
ers. Since the switch ratings are optimized for the full-bridge
topology, this topology is extensively used in industrial applica-
tions. High efficiency, high power density, and high reliability
are the prominent features of this topology [38]–[40].

For applications in the range of a few kilowatts, MOSFETs
are mostly used to implement the full-bridge converters. In or-
der to have robust and reliable operation, MOSFETs should
be switched under zero voltage. Operation with zero voltage
switching (ZVS) has numerous advantages including, for exam-
ple, reduction of the converter switching losses and a noise-free
environment for the control circuit. Zero voltage switching is
usually achieved by providing an inductive current flowing out
of the full-bridge legs during the switch turn-ON and by plac-
ing a snubber capacitor across each switch during the switch
turn-OFF. The inductive current can be produced by inserting
an inductor in series with the power transformer or by insert-
ing an inductor in parallel with the power transformer [4]–[11].
In a practical full-bridge configuration, the internal drain-to-
source capacitor of the MOSFET is usually utilized as the
snubber capacitor, the series inductor is usually the leakage
inductance of the power transformer, and the parallel induc-
tor is implemented by using the magnetizing inductance of the
power transformer. Thus, external passive components are not
required, which makes the power circuit very simple and effi-
cient. However, the full-bridge converter with the series inductor
loses its ZVS capability at light loads, and the converter with
the parallel inductor loses its ZVS under heavy loads. Loss of
ZVS implies extremely high switching losses at high switch-
ing frequencies and very high EMI due to the high di/dt of the
snubber discharge current. Loss of ZVS can also cause a very
noisy control circuit, which leads to shoot-through and loss of
the semiconductor switches. The ZVS range can be extended by
increasing the series inductance. However, having a large series
inductance limits the power transfer capability of the converter
and reduces the effective duty ratio of the converter.

In battery charger applications, ZVS is vitally important since
the converter might be operating at absolutely no-load for a
long period of time. In this application, when the battery is
charged, the load is absolutely zero and the converter should
be able to safely operate under the zero load condition. Since
ZVS in conventional full-bridge PWM converters is achieved by
utilizing the energy stored in the leakage inductance to discharge
the output capacitance of the MOSFETs, the range of the ZVS
operation is highly dependent on the load and the transformer
leakage inductance. Thus, this converter is not able to ensure
ZVS operation for a wide range of load variations [12].

In [11], a novel approach has been adopted to extend the ZVS
range in the full-bridge converter. In this approach, an auxiliary
inductor is put at the leading leg by deriving an auxiliary winding
on the main transformer and confirms ZVS for the leading leg.
Although the proposed scheme can effectively extend ZVS of
the leading leg MOSFETs, it is not able to guarantee ZVS for

Fig. 1. Conventional full-bridge converter.

the lagging leg of the converter. Thus, when the battery is fully
charged, the lagging leg switches may not be switched under
ZVS. Moreover, the voltage at the secondary side still suffers
from the spikes due to the leakage inductance and voltage-fed
rectifier, commonly seen in full-bridge converters.

A fundamental problem related to the conventional full-
bridge phase-shift DC/DC converter is the voltage spikes across
the output diodes. Fig. 1 shows the schematic of the conven-
tional full-bridge converter. Basically, the leakage inductance
of the transformer causes the voltage spikes across the output
diodes. Theses spikes are intensified by increasing the switching
frequency of the converter. Thus, the diodes should be designed
overrated to be able to withstand the voltage spikes, which leads
to higher losses due to the higher forward voltage drop of the
diodes and poorer reverse recovery characteristics. In addition,
the spikes significantly increase the EMI noise of the converter.
This fact makes the topology not very practical for high fre-
quency, high voltage applications. There are quite a few refer-
ences that proposed solutions for the voltage spikes across the
output diodes. Some references tried to decrease the leakage
inductance as much as possible though the transformer winding
structures, which effectively decreases the peak of the voltage
spikes across the output diodes. However, reducing the leakage
inductance decreases the ZVS operating range of the full-bridge
converter, which results in a very narrow range of ZVS opera-
tion. In [13], an R-C-D snubber circuit is used to mitigate the
voltage spikes across the diodes. The main problem with the
snubber circuit is the amount of losses in the snubber resistor,
which considerably degrades the efficiency of the converter es-
pecially at higher power and it can only reduce the peak value
of the voltage spikes. In [14], an active clamp circuit has been
added to the converter to clamp the voltage across the output
diodes. This method can effectively clamp the voltage spikes of
the output diodes. However, the active clamp circuit increases
the complexity of the converter and causes small losses in the
clamp circuit. Several energy recovery clamp circuits (ERCCs)
have been proposed in [15]–[20]. In [21], an improved ERCC
method has been proposed to accommodate the effects of voltage
spikes for a wide range of input voltage. Although the ERCC
techniques are able to reduce the voltage stress of the output
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diodes, the amount of the voltage stress depends on the duty
ratio and input voltage of the converter in most of the ERCCs
techniques. In addition, using extra semiconductors is inevitable
in all these aforementioned methods.

The problem of voltage spikes is essentially related to the
voltage-driven output rectifiers. This is due to the fact that
the full-bridge inverter produces high frequency voltage pulses
across the output diode rectifier, which is connected to the out-
put inductor as shown in Fig. 1. The voltage-driven rectifier
works perfectly if there is no leakage inductance in between the
output of the full-bridge inverter and the diode rectifier. How-
ever, the existence of the leakage inductance makes the rectifier
connect two current sources, i.e., leakage inductance and out-
put inductance, together. This connection creates high voltage
spikes across the output diodes. In this paper, a new topology is
proposed based on a current driven rectifier, which effectively
rectifies the voltage stress problems related to the full-bridge
DC/DC converter. The proposed topology provides zero cur-
rent switching (ZCS) for the output rectifiers, which eliminates
reverse recovery losses of the output diode rectifiers.

In [37], a new modified current-fed full-bridge is presented
in order to reduce the voltage stress arising in the conventional
current-fed full-bridge converter. In the current-fed full-bridge
in [37], the inductor stores energy as the transformer transmits
energy from the DC source to the load. This scheme is able to ef-
fectively reduce the voltage spikes at the input-side (full-bridge
MOSFETs) of the converter. In addition, the input inductor is
replaced by coupled inductors in series with two MOSFETs to
reduce the size of the inductor. The fundamental difference be-
tween the proposed converter and the converter in [37] is that in
the proposed converter, the full-bridge section at the transformer
is the conventional voltage-fed topology, while in [37] the input
section of the converter is a modified current-fed topology.

In the battery charger applications, the converter should be
able to operate from absolutely no-load to full-load condition.
In order to achieve zero voltage switching for the whole load
range, the proposed converter uses a passive circuit to provide
the required inductive current for the power MOSFETs. In [22],
the detailed analysis of the auxiliary circuit is given.

This paper is organized as follows: In Section II, the pro-
posed topology is introduced and different operating modes are
described. The steady-state operation of the converter is ana-
lyzed in Section III. In Section IV, features of the proposed
topology are presented. Design procedure for key components
of the converter is given in Section V. Section VI shows the
experimental results obtained from the converter prototype and
finally, Section VII, provides the conclusion.

II. PROPOSED TOPOLOGY

The main problem regarding the conventional full-bridge con-
verter is the series connection of the leakage inductor and output
inductor through the diode rectifier. In other words, the diode
rectifier at the secondary side of the converter connects two cur-
rent sources together. This leads to large voltage spikes across
the diode rectifier and very lossy commutation of the current in
the rectifier diodes. This phenomenon is intensified in high volt-

Fig. 2. Proposed converter.

age applications due to the inevitable large leakage inductance.
This fact forces designers to over design the diode rectifier at
the output side. For instance, designers usually use even 1200 V
diodes for a 400 V output DC power supply. This phenomenon
is usually mitigated by using snubber circuits or clamp circuits.
However, the snubber circuits are usually lossy especially for
high frequency applications. In addition, the voltage spikes are
highly intensified by increasing the load, which makes the snub-
ber circuit a very poor solution for high frequency applications.
Basically, this problem exists with all topologies that use trans-
formers with voltage-driven rectifiers. Generally, in converters
with voltage-driven rectifiers, there is an inductor at the output
of the rectifier and the leakage inductance of the transformer
interferes with this inductor.

Moreover, in full-bridge DC/DC converters with high output
voltages (such as 400 V or higher), the equivalent capacitance
viewed from the transformer primary side is not negligible.
This is due to the high number of turns at the secondary and
to the required high voltage semiconductors with high value of
output capacitance. In high frequency applications, these para-
sitic capacitances resonate with the leakage inductance of the
transformer, which leads to a very high resonant current in the
primary of the transformer. Therefore, this capacitor completely
deteriorates the performance of the converter in high switching
frequency applications. The conventional full-bridge topology
exhibits very poor performance due to the secondary side com-
ponents in high frequency high voltage applications.

The topology introduced in this paper presents a novel yet
simple solution to this problem. The proposed topology is es-
sentially a ZVZCS type full-bridge converter with a current-
driven rectifier. Fig. 2 shows the power circuit of the proposed
topology. In this topology, the full-bridge inverter converts the
DC-bus voltage to a high frequency quasi-square wave voltage.
Then there is an inductor in series with the transformer, which
acts as a current source for a current driven rectifier. The current
driven rectifier rectifies the output current of the transformer and
transfers power to the output. Fig. 3 illustrates the key wave-
forms of the converter. In one switching cycle, the circuit has
14 modes during steady-state operation. Due to the symmetrical
structure, the analysis is only given for half a switching cycle.
In half cycle, the steady state behavior of the circuit is divided
into the following operating modes:

Mode I: (t0 ≤ t ≤ t1): At t0 , S2 is turned OFF. The out-
put capacitor of S1 is discharging and that of S2 is charging
up with the reactive current provided by the auxiliary circuit.
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Fig. 3. Ideal waveforms of the converter.

During this interval, the secondary-side diodes are reversed bi-
ased and are OFF. Therefore, the rising voltage vAB conducts
a very small current through the DC blocking capacitor Cb , se-
ries inductance Ls , leakage inductance Lleak , and magnetizing
inductance LM . Fig. 4(a) shows the active components in this
mode of operation. The current through the series inductance

Ls , is given by

is(t) =
1

Ls + Lleak + LM

∫ t

t0

vAB dt. (1)

Due to the fact that LM is large, the amount of current flowing
through the primary side of the transformer is much smaller than
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Fig. 4 (a) Active components of Mode I. (b) Active components of Mode II. (c) Active components of Mode III. (d). Active components of Mode IV. (e) Active
components of Mode V. (f) Active components of Mode VI. (g) Active components of Mode VII.

the current through the auxiliary circuit iAU X A . According to
this assumption vAB is calculated as

vAB (t) = Vdc − vC so(t) (2)

vC so(t) = Vdc −
IP A

2Cso
(t − t0). (3)

By using (1)–(3), the equation of the series current is calcu-
lated as

is(t) =
IP A

4(Ls + LM + Lleak ).Cso
(t − t0)2 . (4)

This interval ends once the voltage across the secondary
reaches the output voltage plus the voltage drops of the diodes
to forward bias the output diodes. Thus, t1 is given by

t1 = t0 +
2k(Vo + 2Vd).(Ls + LM + Lleak ).Cso

LM .IP A
. (5)

Mode II (t1 ≤ t ≤ t2): This mode starts once the output
diodes get forward biased. Fig. 4(b) shows the active compo-
nents in this mode. According to this figure, the output capacitor
of the MOSFET, S1 is still discharging to finally reach zero and
that of S2 is charging up to Vdc . This mode ends once the voltage
across this capacitor becomes zero. In this interval, the series
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current is , is calculated as

is(t) =
1

Ls + Lleak

∫ t

t0

(vAB − k(Vo + 2Vd)) dt (6)

vAB is given by

vAB (t) =
IP A

2Cso
(t − t1). (7)

Placing (7) into (6), is is given by

is(t) =
IP A

4(Ls + Lleak ).Cso
(t − t1)2 − k(Vo + 2Vd)

Ls + Lleak
(t − t1).

(8)
This interval ends once the output capacitor of the MOSFET

S1 , has discharged completely. Therefore, t2 is calculated using
(3) as follows:

t2 = t0 +
2Vdc .Cso

IP A
. (9)

Mode III (t2 ≤ t ≤ t3): This mode starts once the MOSFET
output capacitors have been charged and discharged completely.
Fig. 4(c) shows the active components in this mode. During this
mode, the output diodes clamp the secondary voltage to the
output voltage. Thus, there is a constant voltage across the com-
bination of the series inductance and the leakage inductance.
Therefore, the series current ramps up to its peak value. Ac-
cording to Fig. 4(b), the series current is , is given by

is(t) =
Vdc − k(Vo + 2Vd)

Ls + Lleak
(t − t2). (10)

The peak value Ip of the series current is is determined by
using (4), (5), (8)–(10), and the amount of phase-shift between
the leading leg and the lagging leg of the full-bridge inverter

Ip =
2k2 .(Vo + 2Vd)2 .(Ls + Lleak + LM ).Cso

L2
M .IP A

+
IP A

(Ls + Lleak ).Cso

×
(

Vdc .Cso

IP A
− k(Vo + 2Vd).(Ls + Lleak + LM ).Cso

LM .IP A

)2

− 2k(Vo + 2Vd)
Ls + Lleak

×
(

Vdc .Cso

IP A
− k(Vo + 2Vd).(Ls + Lleak + LM ).Cso

LM .IP A

)

+
Vdc − k(Vo + 2Vd)

Ls + Lleak

(
ψ

ωs
− td

)
. (11)

This mode ends once the MOSFET S4 , gate voltage becomes
zero. The end of this interval t3 , is given by

t3 = t2 +
ψ

ωs
− td . (12)

Mode IV (t3 ≤ t ≤ t4): Fig. 4(d) illustrates the active circuit
during this mode. During this interval the output capacitor of S3
is discharging from and that of S4 is charging up to Vdc . In this

interval, the output voltage of the inverter vAB, is given by

vAB (t) = Vdc − VdcSin

(
t√

2Cso.(Ls + Lleak )
− t3

)

− IP B

2Cso
(t − t3). (13)

The series current is calculated using (13) as follows:

is(t) =
1

Ls + Lleak

[
Vdc(t − t3) +

Vdc√
2Cso.(Ls + Lleak )

Cos

(
t√

2Cso.(Ls + Lleak )
− t3

)
− IP B

4Cso
(t − t3)2

]

− k(Vo + 2Vd)
Ls + Lleak

(t − t3) + Ip . (14)

This mode ends once the S3 output capacitor got completely
discharged and S4 output capacitor got charged to Vdc . The end
of this mode t4 is determined by solving (13) for vAB (t4) = 0.

Mode V (t4 ≤ t ≤ t5): Fig. 4(e) shows the active components
during this mode of operation. Once this voltage vAB , becomes
zero this mode commences. During this mode, the output voltage
of the inverter is zero and the output diodes clamp the secondary
voltage to the output voltage. Thus, a net negative voltage is
incident across the series inductor, which is the reflected output
voltage at the transformer primary side. This causes the current
is to ramp down. According to Fig. 4(e), the series current is
given by

is(t) = is(t4) −
k(Vo + 2Vd)
Ls + Lleak

(t − t4). (15)

This interval is part of the dead time between the gating
pulses of S3 and S4 . Therefore, in this mode the body diode of
S3 is conducting. Once the gate pulse of S3 is applied this mode
finishes and the current flows through the MOSFET channel.

Mode VI (t5 ≤ t ≤ t6): This mode starts when the gate pulse
is applied to S3 . The active components in this mode are shown
in Fig. 4(f). The equivalent circuit is the same as the previous
mode except S3 channel is conducting in this mode rather than
the body diode of S3 . Therefore, the series inductor current is still
ramping down to reach zero at the end of this mode. It should be
noted that S1 turns off under near zero current switching at the
end of this mode. At the end of this mode, the current through
the series inductor reaches zero, so that the output diodes D2
and D3 naturally turn off with zero current.

Mode VII (t6 ≤ t ≤ t7): Fig. 4(g) shows the active compo-
nents during this mode of operation. This interval starts once
the current through output diodes reaches zero and the diodes
naturally turn off with zero current. During this mode, the output
capacitor Cf feeds the output load with its stored energy while
on the transformer primary side there is no current.

The modes of operation of the converter are slightly differ-
ent for light loads. In particular, Mode IV is subdivided into
two modes for light load conditions due to the small value of
peak current Ip , in the series inductor. There are basically two
sources of current to charge and discharge the MOSFET output
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Fig. 5. Submodes of Mode IV.

capacitors. The first is the auxiliary circuit current and the sec-
ond is the current flowing in the series inductance. In light loads,
the latter is not enough to charge and discharge the MOSFET
output capacitors. Therefore, the lagging edge of the inverter
output voltage has two different slopes at light loads. The first
slope is determined by the auxiliary circuit current and Ip while
the second slope is determined by the auxiliary circuit current.
That is why there are two different modes of operation during
Mode IV. Fig. 5 shows the submodes of Mode IV at light loads.

III. ANALYSIS OF STEADY-STATE OPERATION

In this section, the steady-state operation of the converter
is analyzed. The following assumptions are considered for the
derivations:

1) The converter losses are neglected, which implies that the
input power of the converter equals to the output power.

2) The energy transferred from primary to the secondary
side of the transformer during Mode I and Mode II of the
operation, which extends from time t0 to t2 , is neglected
since the series inductance current is negligible during
these intervals.

3) The change in the waveform of the series inductor current
during Mode IV of operation is neglected since the dura-
tion of Mode IV is very small compared to the switching
cycle.

4) All passive components are considered to be ideal, which
implies the ESRs of inductors and capacitors are ne-
glected.

Fig. 6. Series inductor current and voltage waveforms for half a switching
cycle.

5) The magnetizing inductance of the transformer is large
enough to have a negligible magnetizing current.

6) The voltage ripple across the output filter capacitor is very
small considering the application of battery charging.

Fig. 6 illustrates the series inductance current and voltage
waveforms. In order to calculate the conversion ratio of the con-
verter, the average value of the series inductance current should
be determined. According to Fig. 6 and the aforementioned as-
sumptions, the average value of the series inductance current is
given by

I =
2
Ts

(
ψ

ωs
− td

)2

.

(
Vdc

kVo

)
.

(
Vdc − kVo

Ls + Lleak

)
. (16)

In order to find the conversion gain, the power balance equa-
tion is used. The power balance is given by

k.I.Vo = VBAT .IBAT . (17)

By using (16) and (17) the gain of the converter is given by

gv =
Vo

Vdc
=

2

k +

√
k2 +

(
4(Ls +Ll e a k )

Ts .Re .( ψ
ω s

−td )2

) (18)

where Re is the effective load of the converter and is given by

Re =
VBAT

IBAT
. (19)

Fig. 7 shows the converter gain with respect to the phase-shift
angle of the full-bridge inverter for different load conditions.
According to this figure, the variations of the gain are more
pronounced for light loads in smaller values of phase-shift angle,
while the gain varies more consistently for heavier loads. This is
due to the fact that the current in the series inductance has a very
small peak for light loads; hence, the duration of Mode IV–VI
is very short, whereas this duration is significant compared to
the switching cycle at heavy loads.
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Fig. 7. Converter gain for different load conditions.

IV. FEATURES OF THE PROPOSED TOPOLOGY

In this section, the salient features of the proposed converter
are discussed as follows:

A. Zero Voltage Switching (ZVS) of the Full-Bridge Switches
From Absolutely No-Load to Full-Load Condition

In electric vehicle applications, the power converter should be
able to operate at absolutely no-load condition for long periods
of time. The conventional full-bridge converters lose ZVS at
light loads. This limits the use of the conventional full-bridge
converter in such applications. Two auxiliary circuits are placed
to provide reactive current for ZVS turn–ON of the full-bridge
switches independent of the load condition [22], [23]. Although,
the auxiliary circuit increases the current of the MOSFETs, this
current is essential to ensure reliable operation of the converter in
the battery charging application, where the converter operates
at no-load for a long period of time. Losing ZVS at no-load
implies a significant amount of switching losses especially at
high switching frequencies and very noisy control and gate drive
circuit, which may cause shoot-through and failure of the power
MOSFETs.

B. Same Amount of Reactive Current Requirement for Leading
Leg and Lagging Leg ZVS Transition

In [22], it is proven that the amount of reactive current re-
quired to guarantee ZVS for the leading leg is higher than the
one for lagging leg due to the extra negative current in the trans-
former leakage inductor, which has to be compensated by the
auxiliary circuit. This implies that the leading leg auxiliary in-
ductor should carry much more current than the lagging leg. The
extra current in the auxiliary inductor significantly increases the
conduction losses in the leading leg switches as well as in the
leading leg auxiliary inductor. In the proposed topology, due to
the fact that the series inductor current starts from zero during
the switching of the leading leg MOSFETs, the auxiliary circuit
must only provide just enough reactive current to charge and

discharge the leading leg MOSFET output capacitors. This can
be concluded from Mode I of the converter operation. There-
fore, both the auxiliary inductors only carry small amounts of
current, just enough for the ZVS turn–ON of the MOSFETs.
Therefore, the two auxiliary circuits are symmetric and, hence,
easier to manufacture.

C. Near Zero Current Switching (ZCS) of the Leading
Leg MOSFETs

It is evident from Mode I and Mode VII that when the leading
leg switches are turned on, the current in the series inductor is
zero. The only current in the leading leg switches is the auxiliary
circuit current during these modes. Considering the fact that the
current in the auxiliary circuit is much smaller than the current
in the series inductor it can be concluded that the MOSFETs of
the leading leg undergo near ZCS turn-ON.

D. Elimination of Voltage Spikes Across the Output Diode and
Inherent Voltage Clamping Across the Output Diode

In the proposed topology, the voltage spikes across the output
diodes are eliminated by using a current-driven configuration,
which is realized by a series inductance with the main power
transformer operating in discontinuous mode ensuring complete
energy transfer and a capacitive filter at the output of the diode
bridge. The series inductor acts as a current source and the
capacitive filter clamps the voltage across the diode bridge.

E. Natural Lossless Commutation of Output Diodes

Due to the current-driven nature of the output rectifier, the
output diodes turn off naturally when the current in the series
inductance reaches zero. This eliminates any reverse recovery
and switching losses in the output diode bridge and guarantees a
safe and reliable operation of the secondary side of the converter.
Fig. 3 illustrates the lossless commutations of the output diodes.

F. Elimination of the Freewheeling Mode in Full-Bridge In-
verter and the Output Diode Bridge

In conventional full-bridge converters, when the output volt-
age of the inverter rises to Vdc , the current though the leakage
inductance increases to reach the reflected output inductor cur-
rent. Once it reaches the reflected output inductor current, the
voltage at the transformer secondary side rises to Vdc /k. During
this time the output diodes are freewheeling and the transformer
secondary voltage is near zero. In this period, the output induc-
tor current is flowing through the output diodes and the leakage
inductance current is circulating in the primary side of the con-
verter. The freewheeling operating mode significantly increases
the losses of the converter especially for heavy loads. In the
proposed topology, the freewheeling mode is completely elimi-
nated due to the current-driven structure at the primary side and
capacitive output filter at the secondary side.

G. Discontinuous Mode of Conduction of the Series Inductor

The operation in DCM of the series inductor plays an im-
portant role in eliminating the voltage spikes across the diode
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rectifier. This allows use of 600 V diodes to implement the out-
put diode bridge. Elimination of the voltage spikes guarantees
highly reliable operation of the converter for heavy loads. How-
ever, the DCM operation increases the rms and peak values of
the series inductor current, which may deteriorate the efficiency
at very heavy loads.

H. Improved EMI

Another main advantage of the proposed method compared
to the conventional phase-shift full-bridge controller is very low
amount of EMI produced by the proposed converter. In con-
ventional phase-shift full-bridge converter, the voltage spikes
of the output diodes and the reverse recovery phenomenon dur-
ing diode transitions are significant sources of EMI, which de-
teriorate the performance of the converter in high frequency
range. Due to the fact that the converter for traction battery is
connected to the utility mains to charge the traction battery, these
high frequency voltage spikes are injected to the grid from the
converter. Therefore, the converter requires a bulky EMI filter
at the input side to suppress the effects of the high frequency
voltage ringing present at the output side of the converter. The
proposed converter operates without any high frequency spikes
at the output diodes as well as the full-bridge DC-bus due to
the current driven structure and auxiliary circuits in the primary
side.

V. DESIGN PROCEDURE

In this section, the design procedure of the proposed converter
is presented. The main components, which require special con-
siderations while designing, are the auxiliary inductors, series
inductor, and output capacitor.

A. Design of Auxiliary Inductors

Auxiliary inductors are designed based on the amount of re-
active power required to guarantee ZVS for the MOSFETs. In
other words, the reactive current should be enough to com-
pletely charge and discharge the MOSFET output capacitors.
In [22], the design procedure of auxiliary circuits for a regu-
lar full-bridge converter is explained. However, since there are
substantial differences in operating modes for the leading leg,
the design procedure is given accordingly. According to the op-
erating modes of the proposed converter, described earlier, the
worst case for ZVS operation is no-load. Thus, ZVS should be
guaranteed for no-load in order to make sure ZVS operation for
all operating conditions. At absolutely no-load, the primary cur-
rent is zero during the switching transitions of the leading leg.
Therefore, the current through auxiliary circuit of the leading
leg should only charge and discharge the output capacitors of
the MOSFETs. Fig. 8 illustrates the auxiliary circuit waveforms.
Considering the operating modes of the proposed converter and
the discussion given in the previous section, the auxiliary circuits
for this topology are completely symmetric unlike the auxiliary
circuits for the regular full-bridge in which the amount of the re-
active current should be more for the leading leg. Due to the fact
that the auxiliary circuit current remains pretty constant during

Fig. 8. Auxiliary circuit waveforms.

the dead-time, the auxiliary inductor acts as a constant current
source, which discharges the capacitor across S1 and charges
the capacitor across S2 . According to Fig. 8, the value of this
constant current source is derived as

IP A =
Vdc

8LAU X 1 .fs
. (20)

In order to design the inductor for the auxiliary circuits, first
the amount of energy required to charge and discharge the out-
put capacitors of the MOSFETs are calculated. Then the amount
of dead-time required to allow complete charging and discharg-
ing is derived. Therefore, the amount of energy stored in the
auxiliary inductor is given by

EAU X =
1
2
.LAU X 1 .I

2
P A . (21)

The amount of energy required to charge and discharge the
output capacitors of the MOSFETs is given by

EC so = CSo.V
2
dc . (22)

Therefore, the value of the auxiliary inductance is designed
as

LAU X 1 =
1

128CSo.f 2
s

. (23)

In order to ensure ZVS, the dead-time td , should be adjusted
to allow the output capacitors of the MOSFETs to fully charge
and discharge and is given by

td =
2CSo.Vdc

IP A
. (24)

It should be noted that the auxiliary inductors are AC induc-
tors. Therefore, the maximum flux density considered for these
inductors should be limited to avoid significant core losses.
In [22], the design of the auxiliary inductors is explained in
detail.

B. Design of Series Inductor

The series inductor should be designed so that the converter
full-load condition corresponds to the critical conduction mode
of the series inductor. Fig. 9 shows the critical conduction mode
of the series inductance, which is used to design the series
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Fig. 9. Critical conduction mode.

inductor. According to this figure, the reflected output current at
the primary side is half of the peak current in the series inductor.
Therefore, the value of series inductance is given by

Lseq =
Vdc − kVo

2Io
.

(
ψ

ωs
− td

)
.
Ts

2
(25)

whereLseq = Ls + Lleak .
Replacing the phase-shift from the expression for the gain of

the converter given by (18), the series inductance is given by

Lseq =
(

1 + k
Vo

Vdc

)
V 2

o

Po,max

Ts

64
. (26)

This series inductance Lseq plays a major role in the energy
transfer from the primary to the secondary side of the trans-
former. This inductance by nature is an AC inductor. So regular
design methods [22], [30] of an AC inductor with air-gap has
to be followed if an external inductor is to be designed for the
series inductor, Ls . This inductance can be integrated as the
leakage inductor of the transformer too. Although in that case,
a transformer with a precisely designed leakage inductance will
be necessary but the advantage of having this integrated se-
ries inductance is immense including elimination of an actual
physical inductor along with its core and copper losses and the
adverse effects of its fringing flux on the EMI and the operation
of the surrounding devices on the PCB of the converter.

In order to enjoy the advantages of having an integrated series
inductor, design of the transformer leakage is closely studied in
this section [24]. In order to calculate the magnetic field in a
transformer the following assumptions are made:

1) The winding consists of a large number of turns which
are placed close to each other and the cross-sectional area
of the wire used for winding is small compared to the
winding cross section.

2) The magnetic field intensity inside the ferrite core is uni-
form and constant.

Although there can be numerous configurations of windings
on a bobbin, in this section only the two-winding top-bottom
arrangement is considered. This winding structure is shown in
Fig. 10. It is evident in this figure that this winding provides
excellent isolation between two windings, which is essential for
this application. The magnetic flux distribution pattern can be
derived by Amper’s Law.

Fig. 10. Transformer winding configuration.

The leakage inductances �1 and �2 of each winding arises
due to the magnetic flux which is stored only in the winding
and not in the core and the effective leakage inductance of one
winding is evaluated by electrically shorting the other winding.
For calculating leakage inductance at the primary winding, the
secondary winding is shorted. Under such a shorted condition,
the field intensity along the cross section of the winding is
shown in Fig. 10, with the mutual flux approximately reduced
to zero. The leakage inductance �1 is calculated by evaluating
the following volume integral over the window area of the core
occupied by the primary winding

�1 =
μo

I2
1

∫∫∫
H(ρ2)dv. (27)

Similarly, the reflected leakage inductance of the secondary
winding on the primary side is given by

�2 =
μo

I2
1

∫∫∫
H(ρ2)dv (28)

evaluated over the volume occupied by the secondary winding
on the bobbin.

Evaluation of the above integrals gives

�1 =
μo

h
N 2

1

(
c

2
+

b1

3

)
(29)

�2 =
μo

h
N 2

1

(
c

2
+

b2

3

)
. (30)

The equivalent leakage inductance on the primary side is
given by

�eq = �1 + �2 =
μo

h
N 2

1

(
c +

b1 + b2

3

)
. (31)

From the expression for equivalent leakage inductance it can
be realized that for a given winding span and winding volume on
the bobbin, the leakage inductance can be fine tuned by variation
of the distance c between the two windings. This feature is
unique to this type of layout of the windings and cannot be
exploited in the common method of laying the windings one on
top of each other and just have the insulating material separating
them. Moreover, this gap between the windings also ensures
proper clearance and henceforth isolation between the windings,
which is extremely essential for automotive applications that
require strict isolation levels between the high voltage traction
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Fig. 11 (a) Output capacitor waveforms for a typical load. (b) Output capacitor
waveforms for full-load.

battery ground and the input utility mains following the electric
car isolation standards [33].

C. Design of Output Capacitor

Fig. 11(a) shows the voltage and current of the output ca-
pacitor for a typical load. This capacitor is designed for the
maximum load of the converter. Therefore, the minimum value
of the capacitor is designed to assure operation in the critical
conduction mode at peak load. The voltage and current wave-
forms of the capacitor are shown in Fig. 11(b) for the critical
conduction mode. According to this figure the value of the ca-
pacitor is designed by

Cf =
Io

8fs.ΔVC f
(32)

where ΔVCf is usually considered as 5%–10% of the output
voltage. In the implemented prototype of this converter this
capacitor value is chosen to be higher than the one given by
(32).

VI. EXPERIMENTAL RESULTS

A 3-KW prototype is implemented to verify the performance
of the proposed converter. The designed specifications are shown
in Table I. Table II shows the passive components used to im-
plement the proposed full-bridge converter. Fig. 12 illustrates
the block diagram of the converter. At the input stage, there
is an inrush current protection, which limits the inrush current

TABLE I
CONVERTER SPECIFICATIONS

TABLE II
PROPOSED FULL-BRIDGE PASSIVE COMPONENTS

of the converter. Since there is usually a big capacitor at the
output of the PFC, the inrush current to charge the capacitor
is very high and a circuit is required to limit this current. The
next block is the EMI filter which is designed to comply with
the EMI standard (CISPR25/12) for electric vehicles [25], [26].
The following block is the input diode rectifier. It rectifies the
input voltage for the two-phase interleaved boost converter. The
interleaved boost converts the rectified input voltage to the inter-
mediate DC-bus voltage. The output capacitor of the interleaved
boost converter is large (1.4 mF) in order to decrease the second
harmonic voltage ripple caused by the power ripple of the input
boost PFC converter. In addition, there is a differential-mode
(DM) filter at the output of the PFC in order to filter out the
differential-mode noise. At the output of this filter, a clean DC-
bus voltage is provided to the full-bridge converter. Note that
another EMI filter is required at the output of the full-bridge
converter in order to provide filtering for the EMI noise injected
by the inverter. Since the inverter is connected to the high energy
battery, it injects switching noise to the battery charger.

In order to achieve a high power density, the semiconductors
are used in the form of power modules. There are two power
modules used in the AC/DC converter. The first module shown
in Fig. 13(a) consists of the input full-bridge rectifier, the in-
terleaved boost MOSFETs including the driver circuit for the
MOSFETs and the output boost diodes designed to be used
for the PFC. Another module shown in Fig. 13(b) consisting
of the full-bridge MOSFETs along with their driver circuits
as well as the output diode rectifier is used to implement the

PELS TECH
Highlight
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Fig. 12. Converter block diagram.

Fig. 13 (a) Interleaved boost power module. (b) DC/DC converter power
module.

full bridge converter and its secondary side bridge rectifier. The
components, which are used in PFC power module and in full-
bridge power module, are shown in Tables III and IV, respec-
tively. Since the semiconductors used in the power modules
are in die package, the parasitic components are minimized in-

TABLE III
PFC POWER MODULE COMPONENTS

TABLE IV
FULL-BRIDGE POWER MODULE COMPONENTS

side the module. This leads to superior performance under high
switching frequency where resonance in the parasitic compo-
nents tends to deteriorate the performance of the system. The
diode CPW2-0600S010, which is used at the output of the inter-
leaved boost rectifier, is a silicon-carbide diode and it has a zero
reverse recovery [34]. The phase-shift full bridge converters
usually suffer from the slow body diodes of the MOSFETs. The
slow body diode causes voltage spikes due to the reactive cur-
rent flowing through MOSFETs during the switching times. Due
to the inductive path, using a fast diode parallel to the discrete
MOSFET does not solve the problem. However, this problem
can be solved using dies instead of discrete components; so there
are four silicon carbide diodes added in parallel to the power
MOSFETs in the full-bridge power module. UCC27322D is
selected to drive the MOSFETs. This driver is able to drive
9 A peak current, which speeds up the switching transitions



2764 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 6, JUNE 2012

Fig. 14 (a) Waveforms of the conventional full-bridge converter with auxiliary
circuit at 10% load. (b) Waveforms of the conventional full-bridge converter with
auxiliary circuit at full-load.

significantly. Fig. 13(c) shows the industrial prototype of the
converter inside the water-cooled enclosure.

In order to implement the proposed controller, the
TMX320F28335 eZdSP board is employed. This DSP board
is a floating-point DSP, which offers a very flexible environ-
ment for advanced calculations. This DSP has a 12-bit ADC
with a sequencer that is able to convert multiple analog sig-
nals sequentially [27]. It also has six EPWM (Enhanced PWM)
modules, which can produce the desired PWM signals with a
very high degree of flexibility [28]. The EPWM channels can
be practically used up to 100 KHz. However, for the higher
frequency range, the high resolution EPWM should be used to
achieve a high resolution PWM signal and to avoid the limit
cycle and instability. The high resolution module is embedded
in the DSP [29]. Since the switching frequency is high, the
high resolution module should be utilized to produce the PWM
pulses.

Fig. 15. Proposed converter waveforms at no load.

Fig. 16. Proposed converter waveforms at 10% load.

In order to compare the performance of the proposed con-
verter with the full-bridge converter, a prototype of the full-
bridge converter with the same specification in Table I is im-
plemented. Asymmetric auxiliary circuit [22] was added to the
conventional full-bridge to be able to operate at light loads.
Table V shows the key components of the conventional full-
bridge converter.

Fig. 14(a) shows different waveforms of the conventional
full-bridge converter operating at 10% load. According to this
figure, the secondary voltage of the transformer which is incident
across the output diode-bridge shows significant voltage spikes.
Fig. 14(b) illustrates the waveforms of the conventional full-
bridge converter operating at full-load. This figure shows severe
voltage spikes across the transformer secondary voltage.
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TABLE V
CONVENTIONAL FULL-BRIDGE PASSIVE COMPONENTS

Fig. 17 (a) Proposed converter waveforms at 25% load. (b) Proposed converter
enlarged waveforms at 25% load.

The experimental results for the proposed topology are ob-
tained for input voltage of 400 VDC, output voltage of 300 VDC,
and output power of 0 to 3 KW. The switching frequency is
220 KHz.

Fig. 18 (a) Proposed converter waveforms at 50% load. (b) Proposed converter
enlarged waveforms at 50% load.

Figs. 15–21 show the waveforms of the proposed converter for
different load conditions. Fig. 15 shows the waveforms for no-
load condition. According to this figure, the converter is able to
operate at absolutely no-load without any adverse voltage spikes
across any of the semiconductors. Fig. 16 shows the waveforms
for 10% load. Comparing Figs. 14(a) and 16, it is concluded
that the proposed converter has superior performance over the
conventional converter especially in regards to the voltage across
the secondary-side diode-bridge. Fig. 17(a) and (b) shows the
converter waveforms at 25% load. It can be seen in Fig. 17(b),
even at such light loads the full-bridge output voltage has very
smooth transitions at the leading and lagging edges; moreover,
the series inductor current remains zero during the transition of
the leading edge MOSFETs, which confirms that these switches
enjoy zero voltage and zero current switching. Also from the
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Fig. 19 (a) Proposed converter waveforms at 70% load. (b) Proposed converter
enlarged waveforms at 70% load.

output diode-bridge voltage waveform depicted in Fig. 17(b) the
voltage clamping effect of the filter capacitor, Cf is appreciated.

Fig. 18(a) and (b) illustrates the waveforms at 50% load.
Fig. 19(a) and (b) shows the waveforms for 70% load. Fig. 20(a)
and (b) depicts the waveforms for 85% load. From these fig-
ures, it is concluded that with increasing load Mode IV–VI gain
prominence. Fig. 21 show the waveforms at full-load operation
of the converter. The waveforms confirm operation of the con-
verter close to critical conduction mode for the series inductor.
It should be appreciated from the waveforms presented in this
section that for the whole range of operation, the freewheeling
mode of the output diode-bridge is eliminated due to the current
driven nature of the output rectifier, which is a unique feature
of the proposed topology. Fig. 22(a) and (b) show the auxiliary
circuit current along with the other waveforms of the converter
for two different loads.

Fig. 20 (a) Proposed converter waveforms at 85% load. (b) Proposed converter
enlarged waveforms at 85% load.

Fig. 21. Proposed converter waveforms at full-load.

Considering the experimental results of the proposed topol-
ogy for the output diode bridge, 600 V diodes can be used to
implement the output diode bridge rather than 1200 V diodes
with higher forward voltage drop and bigger packages as re-
quired by the conventional full-bridge converter.
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Fig. 22. Current in auxiliary circuit at different loads.

Fig. 23 shows the efficiency curves of the proposed and con-
ventional full-bridge converter. This figure confirms the superior
performance of the proposed converter over the conventional
full-bridge converter with the asymmetric auxiliary circuit. Ac-
cording to this figure the efficiency is higher especially for heavy
loads due to the elimination of the freewheeling mode, associ-
ated reverse recovery losses of output diodes, ZVZCS switching
of the leading leg and ZVS switching of the lagging leg in the
proposed topology.

VII. CONCLUSION

In this paper, a novel yet simple full-bridge topology is intro-
duced for high voltage battery charging applications in electric
vehicles. The proposed converter eliminates the adverse effects
of the voltage spikes at the secondary side of the transformer, as
well as the freewheeling mode of operation, which are intrinsic
to the conventional full-bridge converters. Moreover, the pro-
posed converter assures reliable operation at no load by applying
the symmetric auxiliary circuits on both legs of the full-bridge
converter. Experimental results and better efficiency of the pro-
posed converter over full range of operation not only validate the

Fig. 23. Efficiency curves of the proposed and conventional full-bridge
converter.

operation of the converter but also confirm the superiority of the
proposed topology over the conventional full-bridge converter.
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