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Fuel cell energy systems can deliver green energy efficiently without CO2 emissions, which are nominated as a substitution choice for the conventional power sources. This paper proposes a new high stepup DC-DC converter which is applicable in distributed energy resources, especially for fuel cell power
conditioning systems. The converter contains a bidirectional boost cell with a coupled inductor, two
transformers whose secondary sides are connected in series to increase the voltage gain and also a voltage
doubler. Leakage inductance of the coupled inductor limits the currents of output diodes and results in
Zero Current Switching (ZCS) of the diodes. The converter schematic is presented at first and then its
analysis results in different modes of operation are given. After that the theoretical formulation of voltage gain are achieved and proved. Finally, simulations results for a 400 W/ 380 V load are presented to
validate the claimed characteristics of the proposed converter. © 2017 Journal of Energy Management and Technology
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1. INTRODUCTION
New energy resources, including Photovoltaic (PV), Wind turbines (WT), Fuel Cells (FCs), etc. have attracted the researchers
over the past few years [1, 2]. In this regard, FCs are prominent energy resources which are accentuated by specific characteristics that make them distinguished among their counterparts [3–5]. The sensitivity of operation against the output current ripple and slow transient response are the important characteristics of FCs [6, 7]. Since the electrical energy produced by
FCs is Direct Current (DC), an inverter module is required for
its connection to the power network [8,9]. Many high gain dc-dc
converters are proposed in recent years to be used as power
conditioning system for FCs [10, 11]. Due to the mentioned characteristics of FCs, the high step-up DC-DC converters used in
power conditioning systems for FCs should have some special
features [12] which are listed as follows:
• High voltage gain, to prepare the DC-link for grid connected inverters;
• Low ripple input current, to achieve high efficiency and
long life-time of FCs;
• Soft switching operation to decrease the switching losses of
power semiconductors.
Utilization of the various DC-DC converter topologies [13,14]

in renewable energy (RE) systems is increasing in order to generate a reliable and controllable dc output to match a variable
or fixed load demand [15–17]. In [18] a high step-up DC-DC
converter is proposed. Despite having a high voltage gain in
this converter, it has some drawbacks like the voltage stress of
diode D-3 and high ripple input current which affects FCs efficiency and life time. In [19], a new converter is proposed whose
switches do not have voltage stress but still the input current
has high ripple that degrades the operation of the converter.
In [20] a converter is proposed which has high voltage gain with
ripple free input current. This converter contains four switches
which results in two more gate drivers and more losses. In [21],
a two-directional converter for FC application is presented. In
which, an ultra-capacitor is utilized for energy storing, which
leads to the FC better control response time. A hybrid FC power
system is presented in [22, 23] in which two-directional and unidirectional converters are connected to the battery and FC to
achieve better efficiency.
A typical FC energy system is demonstrated in Figure 1. Due
to a low voltage produced from FC, a high step-up DC-DC
converter is needed to enhance the generated voltage in specific applications. Generally, a classic boost dc-dc converter
could be implemented to provide a high step-up gain along-
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side the proper duty ratio [24]. Nevertheless, the voltage gain
and the efficiency are restricted due to the losses of diodes and
power switches [25]. Consequently, a step-up dc-dc converter
with minimum switching losses and suitable duty ratio is necessary for FC power system to provide high voltage gain and
efficiency [26, 27]. Therefore, in this paper a new high step-up
DC-DC converter is proposed for FC power conditioning systems which decreases the current ripple and increases the FC
efficiency o. Due to voltage gain of the converter the use of FCs
in grid connected applications becomes possible. In this paper
the operation modes of the proposed converter are described
in Section 2 and the required equations to achieve a ripple free
input current is discussed. Voltage gain of the converter is calculated and shown in section 3. Section 4 compares the converter
with current fed full bridge converter. Implementation results
are shown in section 5 to confirm soft switching operation and
the applicability of the converter. Finally, the conclusions of this
study are presented in section 6.

2. NEW CONVERTER AND OPERATION MODES
The power system block diagram including FCs as one of its
resources is illustrated in Figure 1.

Fig. 2. Proposed converter

• Switches and diodes are ideal
• Capacitors and inductors have no parasitic effects.
• Voltage ripple of capacitors is very small.
At the time t0 the converter has the following initial conditions;
max
im = imin
, iko = imax
m , ik = ik
ko , im1 = −im2 = − Im

Fig. 1. Configuration of a FC power system

The limitations for FC are considered as follows: (a) don’t
accepct the minus current, (b) the current ripple higher than
400Hz will have minimum side effect on FC, (c) the current
ripple lower than 4
As shown in Figure 1 a high step up DC-DC converter is
required for connecting FC to the power network. The proposed
converter (Figure 2) contains two switches S¬1 and S2 which
operate based on PWM switching strategy for obtaining high
voltage gain and ripple free input current.
The coupled inductor is used to cancel the input current
ripple. Two transformers are located in the circuit with their secondary sides connected in series to increase the voltage gain of
the converter and to isolate the low voltage side of the converter
from the high voltage side. The voltage doubler at the output
side of the converter is for increasing the secondary side voltage of the transformers and also regulating the output voltage.
The coupled inductor and boosting transformers are modeled as
ideal transformers with magnetizing inductance at the primary
side and leakage inductance at the secondary side of the transformers. The turn’s ratio of the coupled inductor is n = Ns /Np
and the turns ratios of transformers are n1 = Ns1 /Np1 and
n2 = Ns2 /Np2 .To analyze the proposed converter it is assumed
that:

(1)

Figure 3 and Figure 4 illustrate the operation modes and
key waveforms of the proposed converter, respectively. Mode
1: [?, ?] This mode starts when S2 is turned on. According to
Figure 4, the body diode of S2 has been turned on before the
gate pulse of S2 is applied, so S2 is turned on in zero voltage
switching condition. In this mode DO1 is on and S1 and DO2
are off, simultaneously. In this regard, equations related to this
mode are as follows:
im = imin
m +

Vin
( t − t0 )
Lm

(2)

im1 = − Im +

Vin
( t − t0 )
Lm

(3)

Vin
V
(t − t0 )im2 = Im − in (t − t0 )
Lm
Lm

(4)

im1 = − Im +

ik = imax
+
k

(n − 1)Vin
( t − t0 )
Lk

(5)

ik = imax
+
k

(n − 1)Vin
( t − t0 )
Lk

(6)

This mode is finished when iko becomes zero. Hence DO1
turned off and DO2 turned on. Due to the leakage inductances
of the transformers, the current of Do1 decreases to zero, and the
diode is turned off in zero current switching condition.
Mode 2: [t1 , t2 ] In this mode DO 2 and S2 are on and other
semiconductor devices are off. The current of the magnetizing
inductance of coupled inductor increases and the current of
leakage inductance of coupled inductor decreases.
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Fig. 4. Main waveforms.
Fig. 3. Operation modes of the proposed converter.

So the mathematical relations of this mode are similar to
mode 1 except for:
iko =

Vo1 − (n1 + n2 )Vin
( t − t1 )
Lko

in ZVS condition. In this mode, DO2 is on and S2 and DO1 are
off, simultaneously. Also, the current of Dzo2 decreases. The
equations related to this mode are as follows:
i m = i m ( t2 ) −

(7)

This mode finishes when the switch S2 is turned off.
Mode 3: At the beginning of this mode S2 is turned off and
both switches remain off during this interval. The current of S2
discharges the Drain-Source capacitor of S1 , charges the DrainSource capacitor of S2 and then flows through the body diode of
switch S1 . This mode occurs very fast. When the current flows
through the body diode of S1 , the voltage across this switch
becomes zero and this switch is ready to be turned on in ZVS
condition.
Mode 4: [t2 , t3 ] This mode occurs when the S1 is turned on

D Vin
( t − t2 )
1 − D Lm

(8)

im1 = im1 (t2 ) −

D Vin
( t − t2 )
1 − D Lm

(9)

im2 = im2 (t2 ) +

D Vin
( t − t2 )
1 − D Lm

(10)

(n − 1) DVin
( t − t2 )
(1 − D ) L k

(11)

i k = i k ( t2 ) −
D

(n1 + n2 )Vin + Vo1
iko = iko (t2 ) + 1− D
( t − t2 )
Lko

(12)
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Mode 5: [t3 , t4 ] this mode starts when Do2 turned off in ZCS
condition. In this modeDO1 and S1 are on and other semiconductor devices are off. So the mathematical relations of this mode
are similar to mode 4 except for:
iko = iko (t2 ) +

D
1− D ( n1

+ n2 )Vin + Vo1
( t − t2 )
Lko

voltage gain of the proposed converter can be calculated from
(20).
Vo
Vin

=

( n1 + n2 )
×
1− D

× 1−
(13)

Mode 6: At the beginning of this mode S1 is turned off and
both switches remain off, during this interval. The current of S1
discharges the Drain-Source capacitor of S2 , charges the DrainSource capacitor of S1 and then flows through the body diode of
S2 . This mode occurs very fast.
When the current flows through the body diode of switch S2 ,
the voltage across this switch becomes zero and this switch is
ready to be turned on in ZVS condition.
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kD
(1−k)(1− D )+kD

−

k (1− D )
(1− k ) D + k (1− D )



(20)

in which k is represented as the following:
m = (n +Lnko I)oTV
1 2
qin
1
d1 = 2 1 − 1 −

q
d2 = 12 1 − 1 −

4m
D
4m
D


D = kD

(21)



(1 − D ) = k (1 − D )

Figure 5 illustrates the voltage gain versus duty cycle D with
respect to variation of n2 .

A. Input current ripple cancelation condition

FCs are sensitive to the ripple of their output current. In this
subsection the ripple cancelation condition of the proposed converter is derived. According to (2) and (5) the input current is
derived as follows:
max
iin = imin
+(
m + n ik

Vin
(n − 1)Vin
)(t − t0 )
+n
Lm
Lk

(14)

Hence, to achieve the ripple free input current, it is necessary
that the current slope in equation (14) becomes zero that implies:
L k = L m × n (1 − n )

(15)

Equation (15) is the required condition to achieve ripple free
input current. Due to the complexity to achieve (15) in the
practical inductor design, it is possible to use a series inductance
to compensate the required condition mentioned in equation(15).

3. VOLTAGE GAIN EVALUATION
High amplitude of voltage gain is a key advantage of the new
converter, which is assessed and presented in this part. The
output voltage of the converter is the summation of Co1 and
Co2 voltages, and is calculated by the voltage balance of the
inductors. The output voltage of the proposed converter can be
obtained by:
Vo = Vo1 + Vo2

(16)

According to the maximum value for the output diodes current, Vo1 and Vo2 are calculated as follows:


(n + n2 )Vin
d2
Vo1 = 1
1−D−
(17)
1−D
( D − d1 + d2 )


(n + n2 )Vin
d1
Vo2 = 1
D−
(18)
1−D
(1 − D − d2 + d1 )
So the output voltage of the converter can be derived from
(19).

d1
d2
−
(1 − D − d2 + d1 ) ( D − d1 + d2 )
(19)
To determine the voltage gain of the converter d1 and d2 are
obtained using the fact that the output current is equal to the
average current that flows through Do1 and Do2 . Therefore the
Vo =

(n1 + n2 )Vin
1−D



1−

Fig. 5. voltage gain versus duty cycle and turns ratio n2 .

4. COMPARATIVE STUDY
Current-fed full bridge DC-DC converter is a well-known converter for power conditioning systems for FCs [28, 29]. In this
section the proposed converter is compared with CFFB- Active
Clamp converter and the converter proposed in [10].
The comparison results are summarized in Table 1. According to Table 1 the number of switches and diodes of the proposed
converter is less than the power semiconductors of CFFB converter. Also the number of switches is less in comparison with
the converter presented in [10] that implies a lower number of
drive circuits in the proposed converter.
According to Table 1 the number of switches and diodes of
the converter (2,2) is less than the CFFB converter (5,4). Therefore, the total stress is less in proposed converter (2VstressS +2
VstressD) in comparison with CFFB (5VstressS,4 VstressD) and
Ref. [10].
Duty cycle of the proposed converter can vary in a wider
range with respect to CFFB converter while the voltage gain is
not larger than 2n, for CFFB converter. So for achieving high
voltage gain specification, it is required to increase the turn ratios
of the transformer. Figure 6 illustrates the proposed converter
current in comparison with the relative current in [10]. According to Figure 6 although the output power flows through two
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Table 1. comparison of the proposed converter versus CFFB

with Active Clamping
Converter/Feature

CFFB with Active Clamping

Ref [10]

Proposed converter

Duty cycle

0.5 < D < 1

0<D<1

0<D<1

# Switches

5

4

2

# Diodes

4

2

2

# magnetic elements

2

2

3

Voltage stress of switches

Vin
3/2− D

Vin
1− D

Vin
1− D

Voltage stress of diodes

Vo

Vo

Vo

Ideal voltage gain

n
3/2− D

2n
1− D

2n
1− D

switches, the current remains with the same maximum value.
Also maximum value of S1current increases (Figure 7) and as a
result the ZVS of this switch increases. Because of the similarity
of the diodes’ currents, the proposed converter and the converter
in [10] have the same diode losses.
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5. SIMULATION RESULTS FOR THE PROPOSED CONVERTER
In this section the simulation results are presented to validate
characteristics of the proposed converter. The new converter
is utilized to supply a 450 W resistive load. Input voltage was
selected as 30V and maximum duty cycle ( D = 0.71) occurred
at full load operation in which maximum Drain-source voltage
of switches is less than 98V.
IRFP4332PBF MOSFET is selected for this application, whose
Coss is 800pF. The switching frequency is 100 kHz, so fast reverse
recovery Schottky diode, MUR860, is selected as output diodes
Do1 and Do2. Film-low ESR 33uF capacitors are utilized in the
topology. Magnetizing inductances are Lm = Lm1 = Lm2 =
100µH and Lk = 70µH and the turns ratio of transformers is
n2 = n1 = 3. The simulation is performed in OrCAD Capture
16.6 environment.
Fig. 8 illustrates the converter output voltage with respect
to the input voltage, in time domain. According to this figure
the output voltage is regulated at 380 V in full load condition.
Fig. 9 illustrates the input current of the converter. This figure
demonstrates the current ripple cancelation feature of the converter. Fig. 10 and Fig. 11 demonstrate the ZVS operation of S1
and S2 , respectively. Finally, Fig. 12 and Fig. 13 are presented to
validate the ZCS operation of the converter output diodes.

Fig. 6. Comparing current of switch S2 with the relative switch

Fig. 8. Output and input voltage

Fig. 7. Comparing current of switch S1 with the relative

switch.

Another important test of the proposed converter is transient
response of the converter in open loop condition. This test is
used to show the stability of converter when a transient response
occurs in the converter. In this test which is shown in Fig. 14,
the output load is changed from 200W to 400W and the transient
response of the input current and output voltage (Vout is divided
by 20 for measurement) are illustrated in this figure.
The main components of the power losses include switches
and diode losses. These parameters are evaluated by simulation
in switches’ current of both converter in the same condition.
Because of the similarity of the diodes’ currents, the proposed
converter and the converters in [10] have the same diode losses
(Fig.12, 13). According to Fig.6, although the output power
flows through two switches, the current remains with the same
maximum value. Also, maximum value of the S1’s current
increases (Fig.7) and as a result the ZVS of this switch increases.
Furthermore, S1 in the new converter has more turn off losses,
but other converter has two more switches, therefore its total
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Fig. 9. input current
Fig. 12. ZCS of Diode Do1

Fig. 10. ZVS validation of switch S1

Fig. 13. ZCS of Diode Do2

Fig. 14. Transient response of the converter
Fig. 11. ZVS validation of switch S2

6. CONCLUSION
power losses is more than proposed converter.

A new high gain DC-DC converter is presented and analyzed
in details, in this paper. The main features of the proposed
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converter are listed as follows: (a) ripple free input current,
(b) high voltage gain, (c) soft switching operation, (d) fewer
number of semiconductor, (e) wide range of duty cycle and (f)
isolation of FC and the high voltage DC-link. Mathematical
equations governing the operation, such as the equations of the
converter different modes and the voltage gain of the converter
are presented. In order to validate the characteristics of the
proposed converter, the converter operation is simulated in the
OrCAD Capture environment and the results were given. The
converter is equipped with two transformers to increase the
voltage gain and isolate low side and high side of the converter.
Coupled inductor was used to eliminate the input current ripple
and the transformer leakage inductance is used to provide the
converter ZCS operation.
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