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An Improved Current-Fed ZVS Isolated Boost
Converter for Fuel Cell Applications
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Abstract—This paper proposes an improved current-fed zero-
voltage switching isolated boost converter suitable for fuel cell ap-
plications. Preserving the inherent advantages of the current-fed
converter which include smaller input current ripple, lower diode
voltage rating, and lower transformer turns ratio, the proposed
converter does not require any clamping and start-up circuits un-
like the conventional current-fed converters. The voltage ratings of
the primary switches and secondary diodes of the proposed con-
verter are significantly reduced. Some alternative schemes of the
proposed converter without the voltage—second unbalance are pre-
sented. These characteristics of the proposed converter lead to a
high overall efficiency over wider load range. Experimental results
on a 1 KW prototype are provided to validate the proposed concept.

Index Terms—Current-fed, fuel cells, isolated boost converter,
three-phase dc—dc converter, zero-voltage switching (ZVS).

1. INTRODUCTION

INCE THE dc voltage generated from the fuel cell is usually
S low and unregulated, it should be boosted and regulated by
a front-end dc—dc converter. High-frequency transformers are
also involved in the front-end dc—dc converter for high-boost
ratio, galvanic isolation, and safety purpose. In summary, the
front-end converter required for the fuel cell power generation
is characterized by an isolated boost dc—dc converter.

The isolated boost dc—dc converter for the fuel cell applica-
tions could be either voltage-fed or current-fed type. The ad-
vantages and disadvantages of the two types are detailed in [1]
and [2]. Compared to the voltage-fed topology, the current-fed
topology exhibits smaller input current ripple, lower diode volt-
age rating, and lower transformer turns-ratio, in general [3].
Especially, lower transformer turns ratio leads to smaller duty
cycle and transformer copper losses, which are important for
efficient operation at high power levels. Direct and precise con-
trol of the fuel cell current is also possible with the current-fed
topology. Therefore, it can be pointed out that the current-fed
topology is better suited for the fuel cell applications [1].
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Fig. 1. Conventional L-type half-bridge converter.

There are three basic topologies of isolated current-fed dc—
dc converters, namely, full-bridge, push—pull, and L-type half-
bridge. Among them, the L-type half-bridge converter, which is
shown in Fig. 1, has several advantages over the other topologies.

1) Switch conduction losses are lowest as in the push—pull

converter.

2) Transformer utilization is the best in the full-bridge
converter.

3) Input current ripple is lowest due to the interleaved
operation.

4) Since the transformer turns-ratio of the L-type half-bridge
converter is halved, the voltage and the current ratings of
the primary winding of the transformer are doubled and
halved, respectively.

Therefore, the L-type half-bridge is more suitable to low volt-
age, high current applications such as front-end dc—dc converters
for the fuel cell applications [4].

However, the L-type half-bridge, which is one of the current-
fed topologies, has larger switch voltage rating compared to
the voltage-fed topology. The L-type half-bridge converter also
suffers from high voltage spikes across the switch caused by the
leakage inductance of the transformer. Several passive and active
clamping methods have been proposed to reduce the voltage
spike, but they require additional components and losses.

In this paper, an improved current-fed zero-voltage switch-
ing (ZVS) isolated boost converter is proposed for the fuel
cell applications. Preserving the advantages of the current-
fed converter which include smaller input current ripple, lower
diode voltage rating, and lower transformer turns-ratio, the volt-
age ratings of the primary switches and secondary diodes of
the proposed converter are reduced to half of those of the L-
type half-bridge converter. Also, the proposed converter does
not require clamping and start-up circuits unlike most of the
conventional current-fed converter based on full-bridge, push—
pull, or half-bridge topologies in which duty ratio is restricted
to greater than (.5, resulting in need of an additional start-up
circuitry to prevent the inrush current during the start-up. The
operating principle of the proposed converter will be discussed

0885-8993/$26.00 © 2010 IEEE
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Proposed isolated boost converter.

Fig. 2.

in detail. The proposed converter will be compared to the L-
type half-bridge converter and experimental results on a 1 kW
prototype will also be provided to validate the proposed concept.

II. OPERATING PRINCIPLES

As shown in Fig. 2, the proposed isolated boost converter
consists of two input filter inductors, four MOSFET switches,
two auxiliary capacitors at the low voltage side, and two series
connected voltage-doubler rectifiers at the high-voltage side.
The topology is basically two high-frequency transformers and
two voltage-doubler rectifiers, which are employed for isolation,
step-up, and rectification, are connected in series so that the
diode-voltage rating becomes half of the output voltage. The
ideal voltage-transfer ratio of the proposed converter neglecting
the voltage drop across the leakage inductor can be obtained by

%ut_ 2n
Vin _l_D,

(0<D<1). )]

The voltage-transfer ratio of the proposed converter is twice
that of the conventional L-type half-bridge converter meaning
that the required transformer turn ratio for step-up is reduced
to half. This reduces the number of turns of the transformer
winding resulting in reduced copper losses and leakage induc-
tance of the transformer. The two legs at the low-voltage side
are interleaved with 180° phase shift resulting in reduced in-
put current ripples, and the upper and lower switches of each
leg are operated with asymmetrical complementary switching
to regulate the output voltage. Fig. 3 shows key waveforms of
the proposed converter for illustration of the operating principle.
The converter has six operating states within each operating half
cycle.

A. Operational Modes

Fig. 4 shows equivalent circuits of the six operating states.
It is assumed that the input filter inductance is large enough
so that it can be treated as a constant current source during a
switching period. It is also assumed that the auxiliary and output
capacitances are large enough so that they can be treated as a
constant voltage source during a switching period. The average
voltages of the auxiliary and output capacitors can be obtained
by

V;:Q - ‘/1117 (2)
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Fig. 3. Key waveforms of the proposed converter.
Vi Vi
Vs =Ves = 55D, Vau=Vu=-—3"(1-D). ()

1) State 1 [t;—t5]: Switches S7 and S5 are conducting and
each switch carries both the input-inductor current and the
leakage-inductor current. The voltage across the leakage in-
ductor of the transformer is a difference between an auxiliary
capacitor voltage (V. or V,») and an output-capacitor voltage
(Ves, Vo4, Vi, or V) referred to the primary. During this state,
the voltages across the leakage inductors can be obtained by

%ut(l - D)

Viki = Vike = —Vin + 5
n

4)
Since voltages across the leakage inductors Vjx; and Vixo are

small negative values, the leakage-inductor currents are slowly

increasing in the direction shown in the equivalent circuit.

2) State 2 [to—t3]: Switch S5 is turned OFF at to, and then
parasitic capacitors of switches S3 and S; are charged to
Vin /(1 — D)V and discharged to 0V, respectively, by current
I19 + Ixo. After completion of discharge operation, the body
diode of Sy is turned ON, and the current flowing through the
body diode of S, rapidly decreases since voltage Vjx» becomes
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Operation states of the proposed converter.

large positive as follows:

D ‘/ou‘ l_D
‘/]kQZ ‘/in+ t( )

1-D 2n )

The main channel of Sy starts conducting at the time the gate
signal is applied to Sy. This state ends when current Iy reaches
0A.

3) State 3 [t3—t4]: Since current Ijo reverses its direction,
the diode Ds is turned ON, and then current /o starts slowly
increasing due to the small positive value applied across the
leakage inductance Lo as follows:

D Vour D

17DV1“_ on

Vike = (6)

This state ends when current /j;;o becomes equal to 79, i.e.,
switch current /.4 reaches 0.

4) State 4 [ty—ts5]: At ty, the current [ 4 reverses its di-
rection, and then Sy is turned ON with ZVS. Current [j» is
continuously increasing with the slope determined at state 3.

5) State 5 [ts—tg]: Switch Sy is turned OFF at t5, and then
parasitic capacitors of switches S35 and Sy are discharged to 0 V
and charged to Vi, /(1 — D)V, respectively, by current Ij,o —
I1o. After completion of discharge operation, the body diode
of S5 is turned ON, and the current flowing through the body
diode of S5 rapidly decreases since voltage Vjo becomes large
negative as follows:

ou D
vy, — You D ™)
2n
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The main channel of Sj starts conducting at the time the
gate signal is applied to S3. This state ends when current Iy
becomes equal to I 9, i.e., switch current /43 reaches 0.

6) State 6 [ts—t;]: At tg, the current I3 reverses its direc-
tion, and S5 is turned ON with ZVS. Current - is continuously
increasing with the slope determined at state 5. This state ends
when current [jxo reaches O A. This is the end of a half cycle.
The other half cycle begins at time ¢7 and is repeated except
with the correspondingly opposite set of legs.

B. ZVS Conditions

As explained in state 2, the parasitic capacitor of upper switch
Sy is discharged by the current magnitude Iy = I;o + Ik at
time 9, as shown in Fig. 5. To ensure the ZV'S turn ON of switch
Sy, the following condition should be satisfied:

1 1 Vi )
§L2122(111ax) + iLkQIIQkQ(max) > Coss (> )

1-D
where
1 (P  VauD
IL?(max) = 5 (V;n + Llfs‘) (9)
D‘/in* M)lLlfD 2n
I]k?(max) = ( ( Lk;(fs )/ )) (10)

Since the design can easily be done such that (8) is satisfied,
the ZVS for upper switches Ss and S is said to be achieved
over the whole load range.

As explained in state 5, the parasitic capacitor of lower switch
Ss is discharged by current magnitude Iy = 1o — I at time
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Fig.5. Detailed current waveforms illustrating enlargement of ZV'S region by
reduction of input filter inductance.

t5. To ensure the ZVS turn ON of switch S5, the following
condition should be satisfied:

1 2 1 2 Vgn ’
iLkQIle(max) - §L2IL2(min) > COSS (1 — D) (11)

where
D(1—D)((Vin/(1—=D)) — (Vout /2n
g = 2021 /(mes V= Vo200 1
1 (P VuD
ILQ(min) = 5 <‘/m - L2fs> . (13)

Equation (11) may not be satisfied under the conditions of
small transformer-leakage inductance, large input filter induc-
tance and/or heavy load. Increasing transformer leakage induc-
tance to enlarge the ZVS region makes the duty cycle loss large
resulting in increased turn ratio. Instead, the input filter induc-
tance can be reduced, and hence current magnitude I5 can be
increased resulting in enlarged ZV S region. Decreasing the input
filter inductance increases the current rating of the power de-
vices, and therefore, the input-filter inductance should be prop-
erly chosen considering a trade-off between the ZVS region and
the device current ratings. To further enlarge the ZVS region,
discontinuous conduction mode (DCM) operation on the input-
filter inductor may be employed as shown in Fig. 5 meaning that
negative current flows on the input-filter inductor. However, this
may not be a problem since the design can be done such that the
negative filter-inductor current does not cause the negative input
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Fig. 6. Alternative schemes of the proposed converter for voltage—second
balance of each phase.

current owing to the interleaved operation of the two input filter
inductor currents. It should be noted that the ZVS region can be
optimized by properly designing the input filter inductance. Fur-
ther, the proposed converter does not need additional clamping
and/or snubber circuits at both the primary and the secondary
sides since the ZVS turn ON by complementary switching does
not interrupt the current flowing through the leakage inductor.

The turn-OFF switching loss may not be negligible, even
though a MOSFET is used as a switch, since the current con-
ducting through it could be considerably large in this low-
voltage high-current application. A small external capacitor
can be added across the switch to reduce the increased rate
of the switch voltage so that the turn-OFF switching loss can be
reduced.

C. Alternative Schemes

The primary side of the proposed isolated dc—dc converter
is a conventional interleaved boost converter with two phases
except the upper switches that replace the diodes. The two-phase
interleaved converter is operated in continuous conduction mode
(CCM), and the current sharing between the two parallel paths
should be taken into account. In practice, the mismatch in duty
cycles is inevitable due to the parameter’s difference of the
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L, L, TABLE I
ENERGY VOLUME OF AUXILIARY CAPACITORS FOR EACH SCHEMES
Type I i m v
P (Fig. 2) (Fig. 6 (c)) | (Fig.6(b)) | (Fig.6(a)
2 2 2 2
Equa ('.[L.['m] (7.[_1/'" ) (',[L,["”j ("(L‘ll"j
C -tion 1-D 1-D 1-D 1-D
1
PU 0.06 0.18 0.06 0.06
2 2 2
Equa | o2 | ¢ [V—] c -(i-vmj ¢ -[’—)-l:,,]
G -tion ! 1-D 1-D 1-D
PU 0.12 0.18 0.06 0.06
Equa _ _ 53 ;2
G -tion A 2:CH
PU - - 0.12 0.25
Equa _ _ ;2
o -tion - 2-C
PU - - - 0.25
TABLE II
COMPONENT RATINGS COMPARISON
I Conventional Proposed
Compo- Design items Converter Converter
nents
(Fig. 1) (Fig. 2)
Vi 140 V 90V
Main 60 A
Switch I 51A
(b) Clamp | 35A
Simulation results illustrating the voltage—second balance issue of the Pol V™t > q) 0.037 0.054
proposed converter with 1% difference in duty cycle (a) original scheme (see ,
. : : Vi 400 V 208 V
Fig. 2) and (b) alternative scheme [see Fig. 6(b)].
Diode Lok I1A 16 A
drive circuits and the power switches. According to the voltage— Pol Vo> ok~ q) 0.056 0.15
second balance, when different duty cycles are applied to two Turns ratio 1:35 1:2.5
phases of the paralleled converter, the phase with a smaller duty
cycle will go into DCM, while the other phase will be operated ‘ Vems 76V 368V
in CCM taking up the rest of the load current [9]. Therefore, Primary I 15A 162 A
the proposed scheme of Fig. 2 also may have this problem. Trans- :
. . former ,
Some current sharing control using a couple of current sensors Vins 265V 922V
. Secondary
may have to be taken in order to remedy unbalance between I 43 A 642 A
two phase legs. However, there are some applications where
the voltage control is sufficient if the fast dynamic response is k4 1140 VA 590 VA X2
not necessarily required. Flg. 6 shpws some altern?ltlve schemc?s Capacitance 5.5 uF 7UF x4
of the proposed converter in which current sharing control is
. . .. Output - 400V 139 V
not necessary since the aforementioned problem arising from Capacitor (5
the voltage—s?,cond unbala.mce does. not. occur even under the cripu) | 0.54
duty cycle mismatch or difference in circuit parameters. This
is done by using separate output capacitors for each phase, and Inductance 17uH x2 13uHx2
therefore, the voltage—second balance can always be satisfied in Input I 25 A 25 A
the steady-state condition. Inductor
Fig. 7(a) and (b) shows the simulation results of the original LI* (PU) 1 0.76
p¥oposed scheme.(see Fig. 2) and the.alterna.tlve sche;me [see Capacitance 7uF 14 uF x 2
Fig. 6(b)], respectively, when the gate signal with 1% difference -
. . . . Auxiliary ,
in duty cycle is applied. In Fig. 7(a), due to the voltage—second Capacitor P 140 v 63V
unbalance of a phase, the two-inductor currents exhibit severe Cripu) 1 0.81

unbalance with one phase operated in CCM and the other phase
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D.

operated in DCM. It should also be noted that the voltage—
second unbalance causes not only the unbalanced current in
each phase but also a considerable dc offset in magnetizing
current of the transformer. However, in Fig. 7(b), it is shown
that the unbalance in inductor current is negligible, and also
there was no dc offset in magnetizing current.

Table I shows energy volumes of the auxiliary capacitors used
in each scheme. Among the alternative schemes, Fig. 6(b) is a
choice of topology since it is the best in terms of capacitor
energy volume.

III. PERFORMANCE COMPARISON

In order to perform a comparison between the proposed con-
verter and the L-type half-bridge converter, both converters have

been designed according to the following specifications:
P, = 1kW,
ALy, = 10%,

Vin =26-50V,
A‘/:)ut = 3%,

Viue = 400 V
f, = 50 kHz.

In order to perform a realistic comparative evaluation, the
effective duty cycle is determined first, considering switch dead
time and duty cycle loss caused by transformer-leakage induc-
tance as follows:

2nVi
n : > . (14)
‘/out + 2nLk (d/dt) Uk
The transformer turns ratio is obtained based on the effective
duty cycle, and then the component ratings are calculated. The

component ratings of the two converters, according to the design
specification, are compared in Table II.

Deff =1+ Ddeadtime - (
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The switch-voltage rating of the proposed converter is half of
that of the L-type half-bridge converter so that the MOSFETSs
with lower Rg4on) can be chosen for the proposed converter
resulting in significantly reduced conduction losses. The diode-
voltage rating of the proposed converter is also half of that of the
L-type half-bridge converter due to the series connection of the
two voltage-doubler rectifiers. Due to reduced diode-voltage rat-
ing, Schottky diodes with low reverse recovery time and forward
voltage drop can be used, and therefore, the losses associated
with rectifier diodes can be greatly reduced. The proposed con-
verter employs two high frequency transformers connected in
series. The total kilovoltampere rating of the proposed converter
is almost the same as that of the L-type half-bridge converter,
which can slightly increase the total transformer volume, but two
transformers not only exhibit better thermal distribution, but also
allow low profile. It is also noted that the proposed converter
could have smaller size and weight of the passive components
such as input inductors, output capacitors, and auxiliary capac-
itors. The proposed converter employs four output capacitors,
but total energy volume of the capacitors are smaller for the
proposed converter due to halved capacitor peak voltage.

In general, in order to prevent the inrush current during start-
up, a soft-starting technique without any additional circuit can be
applied to the voltage-fed converter. This is because the duty cy-
cle of the voltage-fed converter can gradually be increased from
0. Since the duty cycle of the proposed converter also ranges
from O to 1, no start-up circuitry is required for the proposed
converter unlike the conventional isolated current-fed converter
based on the push—pull, half-bridge, or full-bridge topologies
where some additional start-up circuitry is required to apply the
soft starting due to restriction of the duty cycle which should
be larger than 0.5. The output voltage of the proposed converter
can be regulated by the general voltage such as PI control with
output voltage feedback. The dynamic characteristic of the out-
put voltage regulation can also be improved by the current mode
control such as peak current control or average current control
with additional current feedback.

The quasi-square-wave ZVS turn-OFF technique can be ap-
plied to the proposed converter, whereas it cannot be applied to
the L-type half-bridge converter.

IV. EXPERIMENTAL RESULTS

A 1kW laboratory prototype of the proposed converter has
been built and tested to verify the operating principle. The sys-
tem parameters used in the experiment are the same as those in
Section III. The transformer is built using PQ40/40 core with
the number of turns INV,,: N, = 8:20. The transformer-leakage in-
ductance is 1 pH. A primary switch is implemented with three
International Rectifier IRFB4668PbF (200V, 130 A, 8 mf?)
MOSFETs in parallel.

Schottky diodes of ON Semiconductor MBR40250 (250,
40 A) are used for secondary rectifier. Fig. 8 shows experimental
waveforms obtained at 1 kW load.

The interleaved inductor and input current are shown in
Fig. 8(a). Fig. 8(b) shows the drain-source voltage of switches
Sy and Sy and current I 1—I;1. The extended waveforms of
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Fig. 9. Measured efficiency (P, = 1 kW, Vi, =26V, and V1 = 400 V).

Fig. 10.

Photograph of the proposed converter.

Fig. 8(b) are shown in Fig. 8(c) and (d). It can be seen from
Fig. 8(c) and (d) that both lower switch S; and upper switch
S are being turned ON with ZVS. Fig. 8(e) and (f) shows zero-
current switching (ZCS) turn ON and OFF of upper diode D; and
lower diode D5, respectively. The measured efficiency of the
proposed converter is shown in Fig. 9. The maximum efficiency
of 97.8% was measured at 400 W load. The full load efficiency
was 94.4%. The photograph of the proposed converter is shown
in Fig. 10.

V. CONCLUSION

In this paper, a new current-fed isolated boost converter has
been proposed for low voltage and high current application
such as fuel cells. Preserving the advantages of the conventional
current-fed converter, which include smaller input current rip-
ple, lower diode voltage rating, and lower transformer turns
ratio, the proposed converter has the following advantages over
the conventional current-fed converter.

1) Significantly reduced voltage ratings (halved compared
to L-type half-bridge) of the switches and diodes, which
allow the use of devices with lower Rgyon) and iy,
respectively.
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2) Reduced size and weight of the passive components such

as input filter inductors, auxiliary capacitors, and output
capacitors.

3) No clamping or snubber circuits required due to the ZVS

operation without interruption of leakage inductor current.

4) No start-up circuitry required for implementation of the

soft starting because of duty cycle range between 0 and 1.

These characteristics of the proposed converter lead to higher
overall efficiency over wide load range. Experimental results on
a 1 kW prototype have been provided to validate the proposed
concept.
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