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Abstract—In this paper, a new high efficiency step-up
current-fed push-pull quasi-resonant converter is
proposed, which is suitable for low-voltage fuel cell power
conditioning system. The proposed converter conserves
inherent advantages of low input-current stress and high
voltage conversion ratio of the conventional current-fed
push-pull converter. All of power devices can achieve
soft-switching at light load improving the overall efficiency.
Moreover, similar features have been obtained with fewer
components in comparison with the active-clamped
current-fed push-pull converter [37] and current-fed
push-pull resonant converter [40], that enabling to reduce
the cost and improve system reliability. In addition, the
voltage-doubler rectifier is adopted to eliminate the
reverse-recovery problem of secondary diodes and
provides much higher voltage conversion ratio resulting in
small turn-ratio of the high frequency transformer. Detailed
operation,
analysis,
design,
comparative
study,
experimental results and loss breakdown for the proposed
converter are presented in the article. A 510 W prototype
verifies the theoretical analysis and the effectiveness of the
proposed concept.
Index Terms—Current-fed, push-pull converter, fewer
components, fuel cell, step-up
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I. INTRODUCTION

ECENTLY, the worldwide environmental pollution and
energy crisis have been aggravated by the extensive
exploitation of fossil fuels and the huge demand for energy.
With regard to these problems, many countries are actively
developing distributed power system using renewable energy
sources, such as fuel cell, solar and wind energy [1]. Fuel cell
has received great attention as a source of renewable energy,
which is electrochemical device that converts chemical energy
to electric power [2]. Usually, the output voltages of individual
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fuel cell stacks are below 100V dc [3] and therefore, high
step-up dc/dc front-end converters with high frequency, high
conversion ratio, low input current ripple and galvanic isolation
are required to acquire a 350–450 V high-voltage for
interfacing fuel cell stacks to the utility grid [4],[5].
Among these numerous dc/dc converters, the step-up
converter suitable for fuel cell applications can be categorized
as either voltage-fed [4], [6]-[10] or current-fed type [11]-[14].
An important advantage of voltage-fed type is the low switch
voltage rating that enabling the use of devices with low Rds(on).
This is greatly beneficial in the low-voltage high-current
application such as fuel cells. In addition, this type does not
have a self-start problem reducing the complexity of system.
However, the voltage-fed step-up converters have several
limitations in the fuel cells application, i.e., high transformer
turns ratio which results in large leakage inductance leading to
large duty cycle loss (if inductive output filter), high pulsating
input current which requires an LC filter causing additional
power loss and size, high circulating current through primary
switches and the windings of transformer and severe ringing on
the secondary rectifier diodes. Compared with voltage-fed type,
the current-fed type has inherently a smaller input ripple and a
lower HF transformer turns ratio due to the input inductor
providing filtering and voltage boosting, a lower rectifier diode
rating due to the negligible diode ringing and effective voltage
clamping, a low risk of transformer saturation and no the
problem of duty cycle [15]-[16].Therefore, the current-fed
step-up converters may be meritorious over the voltage-fed
converters for low-voltage high-current input applications [3].
Generally, the isolated current-fed converters have many
topologies, i.e., full bridge [11]-[12], L-type half bridge
[17]-[19],
dual-boost
[20]-[22],
flyback
[23]-[24],
flyback-forward [25]-[26] and push-pull [27]-[41]. Each
topology has its merits and dismerits. The push-pull converter
is attractive owing to only two primary switches with simple
circuitry, galvanic isolation, high-voltage conversion ratio and
better transformer utilization. However, the conventional
current-fed push-pull converter [27], [28] suffers from several
drawbacks such as high voltage spikes of switches resulting
from the leakage inductance of HF transformer, high voltage
ratio and reverse recovery effect of the secondary rectifier
diode and high power loss because of the hard-switching of
devices. To resolve or mitigate these problems, usually the
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resonant techniques have been proposed to optimize the
performance of the conventional current-fed push-pull
converter. The different approaches of current-fed push-pull
resonant converters are presented in [29]-[35], which utilize
circuit parasitics or resonant tank to assist in
zero-voltage-switching (ZVS) or zero-current-switching (ZCS)
of power devices. This advantage allows reducing switching
losses and achieving more efficient converters. However, in [29]
and [30], the output voltage is unregulated and only determined
by the input voltage and turns ratio of HF transformer.
Reference in [31]-[33] can realize the output voltage regulation,
but the variable frequency modulation is necessary. This aspect
makes the control implementation and magnetic design
complex and challenging. Moreover, a buck converter in series
with the soft-switching current-fed resonant converter has been
presented in [34], [35], which can achieve the voltage
regulation from input to output. Obviously, the addition of buck
converter produces more power loss.
It is worth noticing that one other drawback of the push-pull
converter is the high turn-off voltage spike across the switch.
Normally, the passive snubber [38] and active clamp circuits
[9], [37]-[41], or the energy recovery snubber [42]-[43] are
employed to absorb this spike. In passive snubber, such as a
resistor-capacitor-diode (RCD), the energy absorbed by
snubber capacitor is dissipated in the resistor causing low
efficiency. The energy recovery snubber in [42] uses many
devices and the method in [43] utilizes a switching converter to
transfer the absorbed power back to the input voltage source.
They are rather more complicated. The active snubber has more
attractive since it can absorb the turn-off voltage spike, as well
as assisting in soft-switching of switches. In [9], the voltage
stress of primary switches can be suppressed and is less than
two times of the input voltage. However, it needs two switches
conduction simultaneously causing more conduction loss when
the energy transfers to the load. The ZVS clamping-mode
current-fed push-pull converter in [37], although can clamp a
surge voltage and achieve ZVS of switches, ZVS does not
enhance the efficiency sufficiently since the energy stored in
the output capacitances of switches is small in low input
voltage, moreover, the ZVS condition needs a larger leakage
inductance or an resonant inductor resulting in additional
power loss. The active soft-commutation technique is proposed
in [38], which diverts the switch current each other by
transformer to realize natural commutation, thereby reducing
the requirement of snubber. However, it just can be achieved
through the control of secondary switch and, thus, it is only
suitable for the bidirectional converter. An interesting type of
high step-up current resonant push-pull converter with high
efficiency is presented [3], [39]-[40] for fuel cell power
conditioning, which conserves inherent of a conventional
current-fed push-pull converter such as low input-current stress,
high voltage conversion and fixed frequency operation. In
addition, a voltage-doubler rectifier is used to eliminate the
reverse-recovery problem of rectifying diodes and provide
higher voltage conversion. Another topology usually utilized in
fuel cell applications is current-fed full bridge converter [6],
[11]-[12]. Compared with the push-pull converter, the full

bridge converter requires more switches and complex drive
control.
With the requirements of fuel cell power conditioning system,
and after reviewing different topologies, a novel simple step-up

current-fed quasi-resonant converter with fewer components is
proposed in this paper, as shown in Fig.1. The proposed
converter consists of a current-fed push-pull structure with
changing the position of two main switches, an active-clamp
circuit and a voltage-doubler rectifier. ZVS can be realized for
all of three primary switches at light load and ZCS of the
secondary diodes can be achieved in the full load range. These
aspects make this converter enable high conversion efficiency
for the low input-voltage high-power fuel cell application.
Moreover, compared with the similar topologies, this converter
realizes the similar features with fewer components reducing
the cost and improving system reliability.
This paper is organized as follows. Section II shows the
topology structure and the steady-state operation of the
proposed converter. In Section III, the characteristics and
design procedure are analyzed deeply and followed by the
topology comparative study in Section IV. Subsequently, the
experimental results are provided in Section V. Section VI
gives the conclusion of this paper.
II.

OPERATION OF THE PROPOSED CONVERTER

Fig. 1. Proposed current-fed push-pull quasi-resonant converter

Fig. 1 shows the schematic of the proposed current-fed
push-pull quasi-resonant converter. The main components in
Fig.1 are: two main switches S1 and S2, one auxiliary switch S3
and a clamping capacitor Cc, an input voltage source Vin and an
input inductor Lb are located at the primary side. A high
frequency (HF) transformer Tr is represented by the primary
windings Np1 and Np2 and the secondary windings Ns. The
leakage inductance of Tr is referred to the secondary side by Llk.
In addition, the output is constituted by a voltage-doubler
rectifer circuit that composing of diodes D4, D5 and capacitors
Cr1, Cr2 and Co. Moreover, diodes D1~D3 are the antiparallel
body diodes of the switches S1~S3, respectively.
Some assumptions are made to simplify the description:
1) All switches S1~S3 are ideal devices with antiparallel body
diodes D1~D3 and body capacitors C1~C3. Diodes D4~D5 are
ideal diodes.
2) Capacitors Cc and Co are large enough, the voltage across
them can be considered as two constants.
3) Cr1 is equal to Cr2 to realize symmertric working,
Cr1=Cr2=Cr and C1=C2=C3.
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4) The transformer turns ratio is Ns:Np1=Ns:Np2=n and the
magnetizing inductance is Lm1=Lm2=Lm, the leakage inductance
is smaller than the magnetizing inductance.
5) The input inductor Lb is sufficiently large so that the input
current through it is constant during the switching period.
The output voltage can be controlled by PWM with a
constant switching frequency. The gating signals are two 180º
out-of-phase pulses of equal width with a duty cycle D greater
than 50% to drive the main switches S1 and S2, and a
complementary pulse with S1 and S2 to drive the auxiliary
switch S3. It is noted that the duty cycle of main switches S1 and
S2 is always kept greater than 50% to prevent increased
circulating current through the auxiliary active-clamp circuit.
Operation of the converter with duty cycle less than 50% results
in unwanted conduction power loss and low efficiency [12].
Fig.2 shows the key waveforms of the proposed converter
operating at the steady-state, where Ts is the switching period of
main switches. The overlapping region varies with duty cycle,
which varies with the input voltage changing. Each switching
period in the steady-state operation can be divided into ten
stages. Due to the symmetry of the topology, only the former
five stages are analyzed at length here and the corresponding
equivalent circuits for each stage are illustrated in Fig.3.

(3)
Vo  vcr1 (t )  vcr 2 (t )
where vcr1 and vcr2 are the voltages across Cr1 and Cr2,
respectively. Solving (1)~(3), the secondary current is and the
voltage across Cr1 can be calculated as
is (t )  [( nVc  vcr1 (t0 )) / Z r ]sin r (t  t0 )
(4)
 I speak sin r (t  t0 )
(5)
vcr1 (t )  nVc  [ nVc  vcr1 (t0 )]cos  r (t  t0 )
where Ispeak is the peak value of is. The resonant impedance Zr
and the angular resonant frequency ωr are given by
(6)
Z r  Llk / 2Cr

r  1/ 2 Llk Cr

(7)

Since the capacitance of Cr1 is equal to that of Cr2 and the
voltage-doubler rectifier is the same as that of a half-bridge
circuit, the discharging current of Cr2 and the charging current
of Cr1 pass through D4 together and they can be given by
(8)
icr1 (t )  icr 2 (t )  is (t ) / 2
The transformer magnetizing current iLm and the switch
currents i1 and i3 during this interval can be derived as
(9)
iLm (t )  iLm1 (t )  iLm1 (t0 )  Vc (t  t0 ) / Lm
(10)
i1 (t )  nis (t )  iLm1 (t )
(11)
i3 (t )  i1 (t )  iLb (t )
where the input inductor current decreases linearly resulting
from the voltage difference between Vin and Vc. It can be
calculated by
(12)
iLb (t )  I Lb _ max  (Vin  Vc )(t  t0 ) / Lb
where ILb_max is the peak value of iLb.
When the secondary current is resonates to zero at t=t1, this
stage is over. Switch current i1 reaches the magnetizing current
iLm1 and i3 reaches the input inductor current iLb.

Fig. 2. Key theoretical waveforms of the proposed converter

Interval 1 [See Fig.3(a), t0≤ t<t1]: At t0, S3 is turned on with
ZVS. In this interval, the auxiliary switch S3 and switch S1 are
on, switch S2 is off and the secondary diode D4 is
forward-biased for freewheeling. Power is transferred from
input to output. During this interval, the clamping voltage Vc
effects on the primary winding Np1 causing nVc across the
secondary winding Ns. Then the leakage inductor Llk resonates
with Cr1 and Cr2 due to the voltage difference between nVc and
vcr1.The state equation of this stage can be written as
di (t )
(1)
Llk s  nVc  vcr1 (t )
dt
dv (t )
dv (t )
(2)
is (t )  Cr 2 cr 2  Cr1 cr1
dt
dt
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Tr is zero since main switches S1 and S2 are on and the input
current iLb increases linearly as
(17)
iLb (t )  I Lb _ min  Vin (t  t3 ) / Lb

Fig. 3. The corresponding equivalent circuits for each interval (a)~(e):
Interval 1~ Interval 5

Interval 2 [See Fig.3(b), t1≤ t<t2]: At t=t1, the secondary
current is decreases to zero and the diode D5 is switched off with
zero current, which eliminates the reverse recovery problem.
The input current iLb decreases with the same slope as interval 1.
During this interval, the magnetizing current flows through the
switch S1. The primary currents i1 and i3 can be expressed by
(13)
i1 (t )  iLm1 (t )  iLm1 (t1 )  Vc (t  t1 ) / Lm
(14)
i3 (t )  iLm1 (t )  iLb (t )
This interval is end when the switch S3 is turned off at t=t2,
and at that time, currents iLb and iLm1 reach their minimum and
maximum values ILb_min and ILm, respectively.
Interval 3 [t2≤ t<t3]: At t2, S3 is turned off. The direction of
current i3 at t2 determines whether the voltage across C3 will be
charged to Vc, which further determines the following two cases.
Both of them are described as follows:
Case I) [See Fig.3(c)]: Switch current i3 is positive at t=t2, as
shown in Fig.3(c), that implies ILm>ILb_min,. When S3 is turned
off, the current difference between ILm and ILb_min charges C3
and discharges C2, the voltages across the capacitor C2 and C3
can be expressed by
(15)
vC 2 (t )  Vc  ( I Lm  I Lb _ min )(t  t2 ) / (2C )

vC 3 (t )  ( I Lm  I Lb _ min )(t  t2 ) / (2C )

(16)

At t3, the voltage vC3 increases to Vc and vC2 decays to zero,
then, D2 conducts providing ZVS condition for S2.
Case II): Switch current i3 is negative, that also means
ILm<ILb_min. In that case, the input current flows through the
antiparallel body diode D3 until the next interval coming. The
equivalent circuit is same with Fig.3 (b).
In fact, Case I) only appears when the load varies light. Main
switches S1 and S2 can achieve ZVS turn-on in that case, which
can reduce the switching loss and improve the efficiency.
Interval 4 [See Fig.3(d), t3≤ t<t4]: At t=t4, the switch S2 is
turned on with ZVS under the condition of Case I), while S2 is
hard-switching on and the current that had been passing
through D3 flows into S2. The voltage across all the windings of

In this interval, due to the transformer flux balance relation
and zero windings voltage, the magnetizing current is provided
by two windings commonly. iLm1 decreases from ILm to ILm/2
and iLm2 increases from zero to -ILm /2 reversely. The input
inductor current iLb is equally divided and flows into S1 and S2
and therefore, switch currents i1 and i2 can be obtained as
(18)
i1 (t )  [iLb (t )  I Lm ] / 2
(19)
i2 (t )  [iLb (t )  I Lm ] / 2
Moreover, the secondary rectifier diodes D4 and D5 are
reverse biased and the output capacitor Co offers energy to the
load during this interval. The voltage across the secondary
diode D4 can be given by
(20)
vD 4  Vo / 2  Vcr
where ΔVcr is the maximum capacitor voltage ripple, as shown
in Fig.2, which can be deviation from the average voltage.
(21)
Vcr  I oTs / [2(Cr1  Cr 2 )]
Interval 5 [See Fig.3(e), t4≤ t<t5]: At t=t5, the input current
reaches its maximum value ILb_max and main switch S1 is turned
off. In this short time, the current through S1 is diverted into the
auxiliary switch path causing the capacitor C1 charges to 2Vc
and C3 discharges to zero quickly. Then, D3 conducts providing
ZVS turn-on condition for S3.
In this interval, the magnetizing current that had been
flowing through the wingding Np1 transfers to Np2 and
secondary current is starts slowly rising reversely due to the
decrease of primary current i1.
After t=t5, S3 is turned on with ZVS and the latter half-cycle
interval begins working, and the operation principle is similar
with that of the former half-cycle and not be clarified again.
III. ANALYSIS AND DESIGN OF THE CONVERTER
A. Output Characteristics
From (5), it can be gotten that the average voltage value of
vcr1 is nVc., and the vcr2 has the same average value. Moreover,
since the sum of vcr1 and vcr2 is Vo, the relation between Vo and
Vc can be expressed as
(22)
Vo  2 nVc
According to the volt-second balance principle of inductor Lb
during the half switching period, the relation between the
voltage Vin and Vc can be given by
(23)
Vin ( D  0.5)  (Vin  Vc )(1  D )  0
Solving (23), the voltage Vc can be obtained as
(24)
Vc  Vin / [2(1  D )]
Therefore, the voltage gain can be derived as follows:
(25)
Vo  nVin / (1  D )
From (25), it can be seen that the voltage gain becomes that
of an isolated boost converter. It means that the proposed
converter performs step-up function to interface the fuel cell for
conditioning power.
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B. Input Current Ripple
From the steady-state operation, the input current iLb
increases with a slope of Vin/Lb and the duration time is
(D-0.5)Ts. Thus, the ripple current of Lb can be calculated by
V
(26)
 I Lb  in ( D  0.5)Ts
Lb
Substituting (25) into (26), it can be expressed as
V (1  D )( D  0.5)
(27)
 I Lb  o
nLb f s
where fs is the switching frequency.

achieved easily, which can reduce the switching loss.
To minimize the switching losses of the diodes D4 and D5,
secondary current iD4 (iD5) has to resonant to zero before t3.
From (4), to ensure diodes D4 and D5 realize ZCS, secondary
current is needs to satisfy
(29)
is (t1 )  I speak sin r [(1  Dmax )Ts ]  0
where Dmax is the maximum duty ratio.
From (29), the resonant switching fr can be derived as
fs
(30)
fr 
2(1  Dmax )
Therefore, for ZCS of secondary diodes D4 and D5, Cr1 and
Cr2 can be design as
(1  Dmax ) 2
(31)
C r 1  C r 2  Cr 
( f s ) 2 Llk

C. Soft-Switching Characteristics and the Selection of
Cr1 and Cr2
According to the analysis of Interval 3 in section-II, main
switches S1 and S2 achieve ZVS turn-on with the condition of
ILm>ILb_min. which can be further derived approximately as
V (1  D )
(28)
Io  o 2
4 n Lm f s
where η represents the conversion efficiency.

D. Voltage Stress and RMS Current
According to the foresaid operational intervals, the voltage
stress of switches S1~S3 and rectifier diodes D4~D5 can be
expressed as
(32)
Vs1  Vs 2  2Vc  Vin / (1  D )
(33)
Vs 3  Vc  Vin / [2(1  D )]
(34)
VD 4  VD 5  Vo
The rms current of main switches S1 and S2 can be calculated
as (35) and that of the auxiliary switches S3 can be acquired as
(36). The diode rms current can be calculated from

1
Ts

I diode ( rms ) 



 2 Llk Cr

0

(

nVc  Vcr
sin r t ) 2 dt
Zr

(37)

IV. TOPOLOGIES COMPARISON
Fig. 4. The ZVS load range for main switches S1 and S2 for the given
specification of Vo=350 V, n=3, η=0.95 and fs=50KHz

In this section, the conventional push-pull converter with
center-tap rectifier, ZVS clamping mode current-fed push-pull
converter [37] and the current-fed push-pull resonant converter
[40] are selected for performance comparison due to the
similarity in circuit structure, characteristics and the suitable
fuel cell application. Table I summarizes the findings from this
investigation.
The comparison in Table I provides detailed characteristics
for all four topologies. It is clear that each topology has its
advantages and disadvantages. Overall, since soft-switching,
lower voltage stress, and low flux imbalance risk can be
realized with the proposed converter, the proposed converter is
a good candidate for the fuel cell application. Noticeably, the
proposed converter with fewer components but has similar
characteristics with the previous current-fed push-pull
converters. This aspect makes it lower cost and higher
reliability. Moreover, due to soft-switching at light load
condition, this converter may maintain higher efficiency than
its similar converter that is hard-switched [3],[39]-[40].

Fig.4 shows the ZVS load range (the relation between load
current Io, duty cycle D and magnetizing inductance Lm) of
switches S1 and S2 for the given specifications of the output
voltage Vo=350 V, turns ratio n=3, switching frequency fs=50
KHz and conversion efficiency η=0.95. Note here that S1 and S2
can achieve ZVS turn-on if the converter works under the curve
region. It can be seen that the ZVS load range varies wide with
the decrease of duty cycle D and magnetizing inductance Lm.
However, it is noted that the smaller magnetizing inductance Lm
results in higher conduction loss. So it should make a tradeoff
between them in design of Lm.
The ZVS turn-on of primary switches S3 can be achieved
since the current had been passing through S1 (S2) forces to
flows through D3 when S1 (S2) is turned off. The energy stored
in the input inductor is relatively large at rated or light load in
low voltage, high current applications. So the ZVS of S3 can be
I S1 &S2 ( rms ) 

I S3 ( rms ) 

1
Ts



 2 Llk Cr

0

2
Ts



[ n(

 2 Llk Cr

0

nVc  Vcr
V
1
sin r t )  ( c t  I Lm )]2 dt 
Zr
Lm
Ts

[ n(



( D 0.5)Ts

0

2
2
I Lm
 I Lb
1
dt 
Ts
2

nVc  Vcr
V
2
sin r t )  ( c t  I Lm )  I Lb ]2 dt 
Zr
Lm
Ts





((1 D )Ts  2 Llk Cr

0

(1 D )Ts  2 Llk Cr

0

[iLm (t1 ) 

[iLm (t1 ) 

Vc
(t  t1 )]2 dt
Lm

Vc
(t  t1 )  I Lb ]2 dt
Lm

(35)

(36)
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Total
components

Voltage stress

Primary side
devices
Secondary side
devices
Primary side
switches

Secondary side
diodes
Primary side
Switching
switches
features
Secondary side
diodes
Switching losses
Leakage inductor energy
recovery
Conversion voltage gain
Flux imbalance risk
Driver Circuit

TABLE I
COMPARISON OF FOUR TOPOLOGIES
Conventional
ZVS clamping mode
Current-fed push-pull
push-pull
current-fed Push-Pull
resonate converter in [40]
converter
converter in[37]
2 MOSFETs + 1
4 MOSFETs + 1 Capacitor+1
4 MOSFETs +1 Inductor
Inductor
Inductor
+2 Capacitors
2 Diodes+2
2 Diodes +2 Resonant
Inductors+1 Filter
2 Diodes+1 Filter capacitor
capacitors+1 Filter
capacitor
capacitor

The proposed
current-fed push-pull
converter
3 MOSFETs +1 Inductor+1
Capacitor
2 Diodes +2 Resonant
capacitors +1 Filter
capacitor
Main switches: Vin/(1-D)
Auxiliary switch:
Vin/2(1-D)

>2Vin

2Vin/(1-D)

Vin/(1-D)

2Vo

Vo

Vo

Vo

Harding switching

ZVS

Harding switching

ZVS at light load

Harding switching

Hard switching

ZCS

ZCS

High

Relative low

Relative low

Low

No

Yes

Yes

Yes

2nDVin
High
Simplicity
(non-isolation)

nVin/(1-D)
Low
Difficulty
(half-isolation)

2nVin/(1-D)
Low
Difficulty
(half-isolation)

nVin/(1-D)
Low
Difficulty
(isolation)

V. EXPERIMENTAL RESULTS
In order to verify the effectiveness of the proposed converter,
a 510 W experimental prototype controlled by a DSP28335
digital signal processor was built, the experimental results
along with loss breakdown are presented in this section. The
specifications are listed in Table II. Fig. 5 shows the
photograph of implemented prototype.

Fig. 5 The photograph of implemented prototype.
TABLE II
COMPONENTS AND KEY PARAMETERS OF THE PROTOTYPE
Parameters
Components
30~50V DC
Input voltage
350 V DC
Output voltage
100 KHz
Switching frequency (S3)
510 W
Output rated power
FDPF190N15A/VDSS=150V,
ID=27.4,
Primary switches: S1~S3
Rdson=19mΩ.
ETD49/N87 ( turns ratio: NP1:NP2:Ns =4:4:12)
Transformer turns ratio
Leakage inductance Llk=2.5 μH, Magnetizing
inductance Lm1= Lm2=50 μH.
MPP 55076A2 /Lb=45 μH
Input inductance
SF5A400H/VRRM=400V, IF(AV)=5 A
Secondary diodes: D4~D5
0.47μF
Resonant capacitor Cr1, Cr2
10 μF /200V film capacitor
Clamping capacitor Cc
470 μF
Output filter capacitors Co

From (32) and (33), the voltage Vc determines the voltage
stress across the primary switches and it should be designed
rather low enabling the use of low Rds(on) devices. Here, the
voltage Vc can be selected as near 60V that is lower than 1.2
times of the maximum Vin. The range of duty cycle at the
specified input voltage can be calculated as 0.57~0.74. The
leakage inductance of HF transformer Llk is measured about 2.5
μH and the magnetizing inductance Lm is obtained as 50 μH.
This implies switches S1&S2 can achieve ZVS turn-on under
near 1A load current at the maximum duty cycle 0.74, which
can be seen from Fig. 4. In addition, by (30) and (31), the
resonant frequency fr can be designed as 100 KHz to ensure
ZCS of the secondary diodes and the resonate capacitors are
opted as 0.47 μF. The input inductance Lb can be designed as 45
μH that causes about 20% maximum rated current ripple at the
maximum duty cycle.
The experimental results of the prototype under different
output power and input voltage conditions are shown in Fig.6
and Fig.7, respectively. Fig.6 shows the tested waveforms for
Vin=30 V at the rated load (510 W) and Fig.7 shows that for
Vin=50V at near 20% rated load (100W). It can be seen that the
results match closely with analytically steady-state operation in
section II.
Parts (a) of Fig.6 and Fig.7 show the gate signal vgs3, switch
voltage vds3 and switch current i3 waveforms of the auxiliary
switch S3. Obviously, the body diode of S3 conducts prior to
switch conduction that confirming ZVS turn-on is achieved for
S3, either under the rated load or the light load. The steady-state
voltage across S3 equals to near 60 V, which matches with the
above designed value.
Parts (b) of Fig.6 and Fig.7 present the gate signal vgs1, switch
voltage vds1 and switch current i1 waveforms of the main switch
S1. It can be seen that the ZVS performance of S1 is lost with the
converter operates at rated load. However, it can realize ZVS
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turn-on at a rather light load by utilization of the magnetizing
current that enabling to reduce the switching loss and improve
the efficiency. Also, it can be observed that the voltage across
switch S1 is about two times of Vc that is less than 120 V. The
other main switch S2 has the same waveforms due to the
symmetrical operation.
Parts (c) of Fig.6 and Fig.7 illustrate the current and voltage
waveforms of the secondary diode D4. Diode current iD4
reaches zero before D4 is reversely biased either under rated
load or under light load that ensures ZCS of the diode.
Therefore, the reverse-recovery problem of diodes D4 and D5
can be released and their switching losses are reduced.
Moreover, it can be obtained that the secondary resonant
frequency is near 100 KHz, which is about the same as the
designed value.
Parts (d) of Fig.6 and Fig.7 show the waveforms of gate signal
vgs3, the input current iLb and the secondary current is. It can be
observed that the maximum current ripple occurs at the
minimum input voltage, which agrees with the aforesaid in the
Section-II.

and current iD4 (5 A/div). (d) Switch S1 voltages vgs3 (20 V/div), input
inductance current iLb (10 A/div) and secondary current is (5 A/div)

(a)

(b)

(c)
(a)

(d)
(b)

Fig. 7 Experimental waveforms at Vin=50V and 20% rated power. (a)
Auxiliary switch S3 voltages vgs3 (10 V/div), vds3 (40 V/div) and switch
current i3 (5 A/div). (b) Main switch S1 voltages vgs1 (10 V/div), vds1 (100
V/div) and switch current i1 (5 A/div). (c) Secondary diode D4 voltage vD4
(200 V/div) and current iD4 (2 A/div). (d) Switch S1 voltages vgs3 (10 V/div),
input inductance current iLb (2 A/div) and secondary current is (2 A/div)

(c)

(d)
Fig. 6 Experimental waveforms at Vin=30V and rated power. (a) Auxiliary
switch S3 voltages vgs3 (10 V/div), vds3 (4 V/div) and switch current i3 (10
A/div). (b) Main switch S1 voltages vgs1 (10 V/div), vds1 (100 V/div) and
switch current i1 (20 A/div). (c) Secondary diode D4 voltage vD4 (200 V/div)

(a)
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Vin=30V, Po=510W, Total loss: 22.530W
Switches turn-on loss
18.02%

11.65%

Switches turn-off loss
Switches conduction loss

21.79%

Driving loss

17.93%

Diodes Conduction loss
9.06%

Input inductor loss

21.15%

High frequency transformer loss

0.40%
(b)
(b)
Fig. 8 The measured and calculated efficiency curves of the prototype
with Vin=30V and Vin=50V.

From parts (a)~(c) of Fig.6 and Fig.7, the voltage spikes
across all switches and diodes are suppressed. However, due to
stray inductances owing to wiring connections, device
capacitances and parasitics in the PCB board, some ringing can
be also observed during the switching transient. Moreover, the
ringing increases with increase in output power since the larger
current through them results in larger oscillation energy. These
oscillations can be also noticed in the reported active-clamped
current-fed converters [3], [12] and [41], and they have the
similar cause of ringing.
TABLEIII
LOSS DISTRIBUTION ASSESSMENT OF THE PROPOSED CONVERTER UNDER
DIFFERENT OUTPUT POWER

Vin=30V,Po=510W
Power loss (W)

Switches S1~S3
Turn-on loss
switching loss
Turn-off loss
Switch S1~S3 conduction loss
Gate driver loss

Vin=50V,Po=60
W Power loss
(W)
0
0.399
0.268
0.090

Diodes D4~D5 conduction loss
Input inductor
Core loss
loss
Conduction loss
High frequency
Core loss
transformer loss Conduction loss
Calculated total loss
Calculated efficiency

0.240
0.181
0.014
3.157
0.070
4.419
93.141%

2.040
1.150
2.890
1.716
2.345
22.53
95.769%

2.625
4.909
4.765
0.090

Vin=50V, Po=60W, Total loss :4.419W
Switches turn-off loss

9.03%
6.06%
2.04%
5.43%
4.41%

Switches conduction loss
Driving loss
Diodes Conduction loss
Input inductor loss

73.03%

High frequency transformer
loss
(a)

Fig.9 Loss breakdown of the prototype at different output power with
Vin=50 V and Vin=30 V.

Fig. 8(a) and (b) show the measured and calculated efficiency
curves of the prototype with different output power at Vin=30V
and Vin=50V, respectively. The measured efficiency can reach
or exceed 96.12% for Vin=50V and 95.72% for Vin=30V. It can
be observed from these curves that the tested values coincide
with the calculated values approximately. Here, the loss
calculated models given in [44] and [45] are used to assess the
power loss and the loss distribution of the prototype at different
output power. Table III and Fig.9 show the loss distribution
assessment at the 60 W load with Vin=50 V and the rated load
with Vin=30 V. It is easy to find that the conduction loss in the
low load is small because of the utilization of low-voltage
devices. A considerable part of loss is the core loss of the
transformer, which is the dominant loss in the 60W load since
the low duty cycle produces a rather peak flux density resulting
in rather higher core loss. However, this portion loss can be
reduced with the rising of power level and optimized design.
VI. CONCLUSION
A simple high step-up current-fed push-pull quasi-resonant
converter for fuel cell power system was presented in this paper.
By employing the current-fed structure and voltage-doubler
rectifier, a much higher voltage conversion ratio was achieved
without large turns-ratio of transformer. ZVS can be realized
for all of three primary switches at light load and ZCS can be
achieved for the secondary diodes in the full load range by the
resonant condition. The voltage-doubler rectifier eliminates the
reverse-recovery problem of rectifier diodes and the auxiliary
active-clamp circuit suppresses the voltage spike of switches
and recycled the energy stored in the leakage inductance.
Moreover, compared with the reported topologies, this
converter realizes the similar features with fewer components,
which reduces the cost and improves system reliability. A
510W prototype was implemented to verify the analysis and
performance. The prototype achieved a high efficiency of 96.12%
at an input voltage of 50 V.
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