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High Step-Up Converter With Coupled-Inductor
Rong-Jong Wai, Member, IEEE, and Rou-Yong Duan

Abstract—In this study, a high step-up converter with a coupled-inductor is investigated. In the proposed strategy, a coupled
inductor with a lower-voltage-rated switch is used for raising
the voltage gain (whether the switch is turned on or turned off).
Moreover, a passive regenerative snubber is utilized for absorbing
the energy of stray inductance so that the switch duty cycle can
be operated under a wide range, and the related voltage gain is
higher than other coupled-inductor-based converters. In addition,
all devices in this scheme also have voltage-clamped properties
and their voltage stresses are relatively smaller than the output
voltage. Thus, it can select low-voltage low-conduction-loss devices, and there are no reverse-recovery currents within the diodes
in this circuit. Furthermore, the closed-loop control methodology
is utilized in the proposed scheme to overcome the voltage drift
problem of the power source under the load variations. As a result,
the proposed converter topology can promote the voltage gain of
a conventional boost converter with a single inductor, and deal
with the problem of the leakage inductor and demagnetization of
transformer for a coupled-inductor-based converter. Some experimental results via examples of a proton exchange membrane fuel
cell (PEMFC) power source and a traditional battery are given to
demonstrate the effectiveness of the proposed power conversion
strategy.
Index Terms—Battery, converter, coupled inductor, fuel cell,
passive regenerative snubber, proton exchange membrane, reverse
recovery.

I. INTRODUCTION

R

ECENTLY, dc–dc converters with steep voltage ratio
are usually required in many industrial applications. For
example, the front-end stage for clean-energy sources, the dc
back-up energy system for an uninterruptible power supply
(UPS), high-intensity discharge lamps for automobile headlamps, and, finally, the telecommunications industry [1]–[3].
The conventional boost converters cannot provide such a high
dc voltage gain, even for an extreme duty cycle. It also may
result in serious reverse-recovery problems and increase the
rating of all devices. As a result, the conversion efficiency is
degraded and the electromagnetic interference (EMI) problem
is severe under this situation [4]. In order to increase the
conversion efficiency and voltage gain, many modified boost
converter topologies have been investigated in the past decade
[5]–[11].
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Although voltage-clamped techniques are manipulated in
the converter design to overcome the severe reverse-recovery
problem of the output diode in high-level voltage applications, there still exists overlarge switch voltage stresses and the
voltage gain is limited by the turn-on time of the auxiliary switch
[5], [6]. Silva et al. [7] presented a boost soft-single-switch
converter, which has only one single active switch. It is able
to operate with soft switching in a pulse-width-modulation
(PWM) manner without high voltage and current stresses.
Unfortunately, the voltage gain is limited below four in order to
achieve the function of soft switching. In [8] and [9], coupled
inductors were employed to provide a high step-up ratio and
to reduce the switch voltage stress substantially, and the reverse-recovery problem of the output diode was also alleviated
efficiently. In this case, the leakage energy of the coupled
inductor is another problem as the switch was turned off. It will
result in the high-voltage ripple across the switch due to the
resonant phenomenon induced by the leakage current. In order
to protect the switch devices, either a high-voltage-rated device
or a snubber circuit is usually adopted to
with higher
deplete the leakage energy. In these ways, the power conversion
efficiency will be degraded. Zhao and Lee [10] introduced a
family of high-efficiency, high step-up dc–dc converters by
only adding one additional diode and a small capacitor. It can
recycle the leakage energy and alleviate the reverse-recovery
problem. In this scheme, the magnetic core can be regarded
as a flyback transformer and most of the energy was stored in
the magnetic inductor. However, the leakage inductor of the
coupled inductor and the parasitic capacitor of the output diode
resonated after the switch was turned on, a proper snubber is
necessary to reduce the output rectifier peak voltage. Moreover,
the capacity of the magnetic core should be increased substantially when the demand of high output power is required.
Fuel cells are presently in the news because they appear to
be one of the most efficient and effective solutions to the environmental pollution problem [12]–[18]. A fuel cell is an energy conversion device that produces electricity by electrochemically combining fuel (hydrogen) and oxidant (oxygen from the
air) gases through electrodes across an ion conduction electrolyte. This process produces a much higher conversion efficiency than any conventional thermal–mechanical system because the system operates without combustion and extracts more
electricity from the same amount of fuel. This system has the
merits of high efficiency, energy security, reliability, is pollution-free, and has a quiet operation. Fuel cells have been known
to science for more than 160 years and have recently become
the subject of intense research and development. Until now,
many demonstration projects have shown fuel cell systems to
be feasible for portable power, transportation, utility power, and
on-site power generation in a variety of building applications.
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Fig. 1.
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System configuration of high step-up converter.

For portable power, a fuel cell with a fuel container can offer
a higher energy density and more convenience than conventional battery systems. Moreover, portable power packs using
fuel cells can be lighter and smaller in volume for an equivalent
amount of energy. In transportation applications, fuel cells offer
higher efficiency and better part-load performance than conventional engines. In stationary power applications, low emissions
permit fuel cells to be located in high-power requirement areas
where they can supplement the existing utility grid. Using fuel
cells and hydrogen technology, electrical power can be delivered
where and when required, cleanly, efficiently, and with sustainability. The greatest research interests throughout the world have
focused on the proton exchange membrane (PEM) and solid
oxide cell stacks. The PEMFC has promising characteristics:
1) the by-product waste is water, 2) low-temperature operation,
and 3) they use a solid polymer as the electrolyte which reduces
concerns related to construction, transportation, and safety issues [17]. Thus, it seems to be a good alternative source for distributed generation systems.
The aim of this study is to design a high-efficiency, high
step-up converter with coupled-inductor to regulate a stable
constant dc voltage. To achieve this goal, the manipulation of
a coupled inductor with a lower-voltage-rated switch and a
passive regenerative snubber circuit is adopted to promote the
voltage gain. Moreover, the problems of the stray inductance
and the diode reverse recovery in conventional boost converters
also can be solved so that it can achieve the object of high-efficiency power conversion. In addition, the feedback control
methodology is utilized in the proposed converter to overcome
the voltage drift problem of the power source under the load
variations. The remainder of this study is organized as follows.
Section II presents the converter design and analyses in detail.
Experimental results of a PEMFC system and a traditional battery are provided to validate the effectiveness of the proposed
power conversion system in Section III. Conclusions are drawn
in Section IV.

Fig. 2. Characteristic waveforms.

II. CONVERTER DESIGN AND ANALYSES
The system configuration of the proposed converter topology
is depicted in Fig. 1, where it contains seven parts including a dc
input circuit, a primary-side circuit, a secondary-side circuit, a
passive regenerative snubber circuit, a filter circuit, a dc output
circuit, and a feedback control mechanism. The major symbol
representations are summarized as follows. V and denote
is an input filter capacitor
dc input voltage and current, and
in the dc input circuit.
and
represent individual inductors
,
in the primary and secondary sides of the coupled inductor
respectively. is a switch in the primary-side circuit and
is a trigger signal in the feedback control mechanism.
and
denote a clamped capacitor, a clamped diode, and a
is a
rectifier diode in the passive regenerative snubber circuit.
and
high-voltage capacitor in the secondary-side circuit.
are the output diode and the filter capacitor in the filter circuit.
V and
describe output voltage and current;
is an output
load.
The characteristic waveforms of the proposed high step-up
converter are depicted in Fig. 2. Moreover, Fig. 3 illustrates the
topological modes in one switching cycle and the detailed operation stages are described in Section II-A. The coupled inductor
in Fig. 1 is modeled as an ideal transformer, a magnetizing in, and a leakage inductor
in Fig. 3. The turns
ductor
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of this ideal transformer
(1)
(2)

where
and
are the winding turns in the primary and
secondary sides, respectively. For simplicity, the dc input circuit in Fig. 1 is denoted as a constant voltage source V . The
voltages across the switch, the primary and secondary winding
of the ideal transformer, and the leakage inductor are denoted
, and
, respectively. Moreover, the primary
as
of the coupled inductor is composed of the magnecurrent
and the primary induced current
. The
tizing current
is formed by the primary induced cursecondary current
rent
through the ideal transformer, and its value is related to
. In addition, the conductive voltage drops of
the turns ratio
and the diodes
and
are neglected
the switch
to simplify circuit analyses.
A. Operation Stages
[Fig. 3(a)]: In this mode, the switch
1) Mode 1
was turned on for a span. Because the magnetizing inis charged by the input voltage source V , the
ductor
increases gradually in an approximagnetizing current
and the clamped
mately linear way. The secondary voltage
capacitor voltage
are connected in series to charge the
through the switch
and the rechigh-voltage capacitor
. Thus, the magnitude of the secondary curtifier diode
is decreased since the high-voltage capacitor voltage
rent
is increased gradually. Since the primary current
is
and ), the
the summation of the complementary currents (
is similar to a square wave. For the same
current curve of
is also close to a square curve
reason, the switch current
because the switch current
is equal to the current summaand
. The square primary current
will
tion of
result in lower copper loss in the coupled inductor, and the conduction loss of the switch also can be alleviated by the square
.
switch current
[Fig. 3(b)]: At the time
, the
2) Mode 2
is turned off. At this time, the primary and secondary
switch
and
) of the coupled inductor start to charge the
currents (
parasitic capacitor of the switch. After the switch voltage
is higher than the clamped capacitor voltage
, the clamped
conducts/transmits the energy of the primary-side
diode
into the clamped capacitor
. Moreleakage inductor
over, the secondary current
has to proceed continuously
and rectifier diode
for
by way of the clamped diode
releasing the energy of the secondary-side leakage inductor into
. In this study, the clamped cathe high-voltage capacitor
pacitor
is assumed to be large enough, with a favorable
can be viewed
high-frequency response, so that its voltage
as a stable dc value with low ripple for clamping the maximum
value of the switch voltage. In addition, the clamped diode
should be a fast conductive device and its voltage rating is the
. Thus, the Schottky diode with low
same as the switch
consumptive power and conductive voltage may be the better
choice.

0

0

Fig. 3. Topological modes: (a) Mode 1 [t t ], (b) Mode 2 [t t ], (c) Mode
3 [t t ], (d) Mode 4 [t t ], (e) Mode 5 [t t ], and (f) Mode 6 [t t ].

0

0

0

0

3) Mode 3
[Fig. 3(c)]: After releasing the leakage
energy from the secondary side of the coupled inductor, the secreturns to zero at time
. Immediately,
ondary current
the secondary current
is induced, in reverse, by the enthrough the ideal transergy of the magnetizing inductor
provides
former. At the same time, the secondary current
to build
the reverse recovery current for the rectifier diode
its reverse-biased voltage
. This voltage
will force
of the output diode
to
the reverse parasitic voltage
decay to zero gradually. Because the current summation of the
and the output diode
is equal to the
rectifier diode
secondary current
, and the change rate of
is limited
by the leakage inductor in the secondary side of the coupled inductor, the reverse recovery and forward conductive currents of
and
) are small. Moreover, they also have
the diodes (
voltage clamped characteristics since the voltage summation of
and the output diode
is equal to
the rectifier diode
the output voltage V minus the clamped capacitor voltage
. If the output voltage is smaller than 200 V, the Schottky
diodes can be adopted.
[Fig. 3(d)]: At time
, the re4) Mode 4
of the output diode
decays
verse parasitic voltage
is cut
to zero and starts to conduct, and the rectifier diode
off. At this time, the series voltages of V
, and
charges the output capacitor
and supplies the output
by way of low current type. According to the conload
servation law of magnetic energy, it still supplies currents in the
primary and secondary sides of the coupled inductor persistently
after the entire consumption of the leakage inductor energy. The
charges the clamped capacitor
and
primary current
passes through the secondary side of the coupled inductor, and
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the secondary current
delivers to the output terminal. In
the middle stage of this mode, the high-voltage capacitor
is discharged and its voltage
has a “descended sustainability.” Moreover, the clamped capacitor voltage
is increased by electrifying it for a long time, and the primary current
is equal to the secondary current
when the clamped
is reverse-biased.
diode
5) Mode 5
[Fig. 3(e)]: Since the clamped diode
is a low-voltage Schottky diode, it will be cut off promptly
is turned
without reverse-recovery current when the switch
. Because the raising rate of the primary current
on at time
is limited by the primary-side leakage inductor
, and
needs time to decay to zero, these
the secondary current
two currents depend on each other. Because it cannot derive any
current from these three paths including the primary-side circuit, secondary-side circuit, and passive regenerative snubber
is turned on under zero-current-switching
circuit, the switch
(ZCS) and this soft switching property is helpful for alleviating the switching loss. In this mode, the circuit current flow is
still directed to the output terminal, but its magnitude decreases
gradually.
[Fig. 3(f)]: After releasing the leakage
6) Mode 6
decays to zero at time
energy, the secondary current
and starts to pass through the switch
inversely. At the same
time, the output current provides the reverse recovery current for
to build its reverse-biased voltage
,
the output diode
leads the rectifier diode
to
and the secondary current
be forward-biased. When the rectifier diode
is conducted
is cut off
, it begins the next
and the output diode
switching cycle and repeats the operation in mode 1.
Remark 1: Presently, a ZCS magnetic integrated forward
converter has received more attention [19], [20] due to the
possible features of voltage stresses depending on the output
voltage, wide voltage output range, and voltage isolation capability, the duty may be free-adopted in order to optimize
the transistor profit factor, there is no capacitor inserted in the
main path of power, or the output filter capacitor current is not
pulsating. Although this ZCS forward converter has several
advantages, it presents the following drawbacks. The common
circuit topology is too complicated for practical implementation. Moreover, the voltage gain of the ZCS forward converter
is limited by the turns ratio of the transformer. Generally
speaking, high-efficiency, high step-up dc–dc converters for
tenfold voltage gain applications have the common feature of
no isolation [10].

charge the highcan be described

(5)
When the switch
is turned off, the current of the leakage
in the primary side of the coupled inductor flows
inductor
until the secpersistently through the clamped capacitor
reacts upon the energy from the magneondary current
tizing inductor
. Due to the concept of the zero average
over one period [10],
voltage across the leakage inductor
the required cycle to release the energy of the leakage inductor
can be denoted as
(6)
is the switching period,
is the duty cycle of the
where
, and
is the time from mode 2 to mode 3. Moreswitch
and
are given as
over, the voltages of
V

(7)
(8)
can be repre-

therefore, the clamped capacitor voltage
sented via (7) and (8) as
V
V

V

(9)

is equal to the switch voltage
Note, that the voltage of
. According to (8) and (9), the voltages of
and
can be rewritten as
V

(10)
(11)

, and
charge the
In the meantime, the voltages of
and output load
; therefore, the
output capacitor
output voltage V can be calculated as
V
V

V

(12)

As a result, the voltage gain of the proposed high step-up converter can be represented as

B. Formula Derivation
When the switch
magnetizing inductor

and
Because the series voltages of
, the voltage across
voltage capacitor
via (4) as

is turned on, the voltages across the
can be denoted via (2) as
(3)

Moreover, the voltage across the secondary winding of the ideal
transformer can be represented via (3) as
(4)

V
V

(13)

Substituting
1 and
1, 2, 4, 6, 8 into (13), the curve
with respect to the duty cycle
is
of the voltage gain
depicted in Fig. 4(a), where the line labeled with a star denotes
the voltage gain curve of the newly designed converter and the
real line represents the one in [10]. As can be seen from Fig. 4(a),
the voltage gain of the proposed high step-up converter is higher
than a coupled-inductor-based converter in [10], especially in
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Fig. 5. Fuel cell basic configuration.

Fig. 4. Voltage gain curve: (a) coupling coefficient k
n 6.

=

= 1 and (b) turn ratio

the smaller duty cycle. For example, one can obtain
40
1
6, and
0.8 are selected. It
if the values of
can verify that the switch duty cycle in the proposed converter
can be operated under a wide range. Moreover, the voltage gain
0.9–1 and
6 into (13) is depicted
curve by substituting
is
in Fig. 4(b). By observing this figure, the voltage gain
less sensitive to the coupling coefficient, . For simplicity, the
is set at one, then (9) and (13) can be
coupling coefficient
rewritten as
V
V
V

(14)
(15)

0.5 is selected, the voltage gain in (15) is
If the value of
two times the ones in [10] and [11]. According to (14) and (15),
one can obtain
V

(16)

By analyzing (16), the switch voltage
is not related to the
if the
input power source V and the switch duty cycle

are
values of the output voltage V and the turns ratio
fixed. Thus, it can ensure that the maximum sustainable voltage
is constant. As long as the input voltage is not
of the switch
higher than the switch voltage-rated, the proposed high step-up
converter can be applied well to low-voltage power sources even
with large voltage variations, e.g., photovoltaic cells, wind generator, fuel cells, batteries, etc.
Fuel cell generation systems have been receiving more attention in the last years due to the advantages of their high efficiency, low aggression to the environment, no moving parts and
superior reliability and durability. The basic fuel cell structure
is illustrated in Fig. 5, [15], and the fuel cell operating principle
is described briefly in the Appendix. Due to the electrochemical
reaction, fuel cell has the power quality of low voltage and high
current. However, the fuel cell stack with high output voltage
is difficult to fabricate and it may be failure when any single
cell is inactive. Besides, the output voltage is varied easily with
respect to the load variations. In order to satisfy the requirement of high-voltage demand, a stable boost converter with high
voltage gain and superior conversion efficiency is necessary in
order to utilize the fuel cell energy more efficiently and satisfy
the requirement of high-voltage demand in some applications.
For examples, a travelling wave tube amplifier (TWTA) [1], a
high intensity discharge (HID) lamp [21], the high-voltage dc
bus of an uninterruptible power supply (UPS), etc. The validity
of the proposed converter is verified by the following experimental results.
III. EXPERIMENTAL RESULTS
In order to verify the effectiveness of the designed topology,
a PEMFC system and a traditional battery are utilized for lowvoltage power sources in the proposed high step-up converter.
The PEMFC system used in this study is the PowerPEMTMPS250 manufactured by the Hpower Company. It is a dc power
source with a 250-W dc nominal power rating. The system operates on ambient air and clean pressurized hydrogen fuel. The
fuel cell system consists of a (40) cell stack of the PEM type,
mechanical auxiliaries, and electronic control module.
In the experiment, the high step-up converter is designed initially to operate from the fuel cell variability dc input, V
25–38 V, to deliver a constant dc output, V
400 V. Assume
that the maximum value of the switch voltage is clamped at 50 V,
V
2 6 according to (16).
the turns ratio
0.8, is reasonable in
From (15), the related duty cycle,
practical applications if the minimum input voltage is assumed
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to be 10 V. In order to solve the problem of the fuel cell output
voltage varied with the load variations, the proposed converter
with dc voltage feedback control is utilized to ensure the system
stability, and a PWM control IC TL494 is adopted to achieve
this goal of feedback control. The prototype with the following
specifications is designed in this section to illustrate the design
procedure given in Section II.
Switching frequency
100 kHz
Coupled inductor
13 H
470 H
0.98
55 core
Capacitor
3300 F 50 V 2
6.8 F 250 V

3:18

5 F 100 V
47 F 450 V

Switch
90N08 80 V 71 A

on

16 m

Diode
Schottky diode STPS20H100CT
TO 220AB 100 V 2 10 A
SFA
G TO 220AB 400 V 16 A
The experimental voltage and current responses of the proposed high step-up converter operating at 300 W-output power
is depicted in Fig. 6. From Fig. 6(a), the switch voltage
is clamped at 50 V which is much smaller than the output
400 V, and the curve of the switch current
voltage, V
is similar to a square wave so that it can further reduce
. By observing Fig. 6(b)
the conduction loss of the switch
and (c), the primary current
keeps about 20 A, thus,
13 H.
only a smaller core capacity is necessary for
According to Fig. 6(d)–(j), the reverse-recovery currents in
and
) can be alleviated effecall of the diodes (
tively, and the voltages of the clamped capacitor
and the
are close to constant values. Therehigh-voltage capacitor
fore, it can alleviate the reverse-recovery problem and exhibit
the voltage-clamped effect for further raising the conversion
efficiency. In order to examine the robust performance of the
proposed converter scheme, the experimental result of output
and output current
under the step load
voltage V
variation between light-load (20 W) and heavy-load (300 W)
is depicted in Fig. 6(k). As can be seen from Fig. 6(k), the
400 V, is insensitive to the
converter output voltage, V
load variations due to the utilization a small coupled-inductor
and a closed-loop control, and the output voltage ripple is also
slight, especially as a result of high switching frequency. For
the sake of verifying the effectiveness of the proposed converter
for different output powers, the experimental switch voltage
and current responses at 32 W, 120 W, 210 W, 272 W, 332 W,
and 372 W-output powers are given in Fig. 7. As can be seen
to keep
from these results, it needs to raise the duty cycle
400 V) since the fuel cell
a constant output voltage (V
voltage drops when the output power increases. Moreover, the

Fig. 6. Experimental voltage and current responses of high step-up converter
300 W and V
400 V.
for PEMFC with P

=

=

switch voltage
is still clamped at 50 V, and the curve of
is also close to a square wave with
the switch current
low ripple. Note that, the oscillated switch voltage in Fig. 7(a)
and
is caused by the resonance of the leakage inductance
the switch parasitic capacitor at low power output [22]. It is
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Fig. 7. Experimental switch voltage and current curves of high step-up
400 V: (a) P
32 W, (b) P
120 W,
converter for PEMFC with V
210 W, (d) P
272 W, (e) P
332 W, and (f) P
372 W.
(c) P

=

=

=

=

=

=

=

Fig. 9. Experimental voltage and current responses of high step-up converter
210 W and V
400 V.
for 12 V-battery with P

=

Fig. 8. Conversion efficiency and fuel cell voltage for PEMFC with V
400 V under different output powers.

=

helpful to alleviate the switching loss in mode 5. Fig. 8 summarizes the experimental conversion efficiency of the proposed
converter and fuel cell voltage under different output powers.
From the experimental results, the output voltage of the fuel
cell decreases as the output power increases, and it is varied
easily with respect to the load variations. In order to solve
this phenomenon, the proposed high step-up converter with

=

dc voltage feedback control is utilized in this study to ensure
the system stability. In addition, the conversion efficiency at
40 W-output power is over 94.5% and the maximum efficiency
is over 97% at 210 W-output power, which is comparatively
higher than conventional converters.
In the following experimentation, a traditional battery is
adopted for another low-voltage power source to further examine the characteristics of the high voltage gain and superior
conversion efficiency of the proposed converter strategy. First,
the high step-up converter is designed to operate from the
12 V, to deliver a constant dc output,
battery dc input, V
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Fig. 10. Conversion efficiency for 12 V-battery with V
different output powers.

=400 V under

V
400 V. The associated experimental voltage and current
responses of the proposed high step-up converter operating
at 210 W-output power is depicted in Fig. 9. These experimental results agree well with those obtained from PEMFC
system given in Fig. 6. Compare these two figures, it also can
achieve the voltage-clamped purpose even though the current
ripples in Fig. 9 are slightly higher than the ones in Fig. 6.
Thus, it can concluded that this converter still has favorable
designed properties given in Section II under the condition
of the voltage gain over thirty-three. Fig. 10 summarizes the
experimental conversion efficiency of the proposed converter
under different output powers. At this examined condition,
the maximum efficiency over 96.5% is slightly smaller than
400/12.
the one in Fig. 8 because its voltage gain is
Immediately, the experimental switch voltage and current
responses at 12 V, 16 V, 20 V, 24 V, 26 V, and 30 V-input
voltages for 400 V-output voltage and 100 W-output power are
given in Fig. 11 for exhibiting the performance of the proposed
converter for different input voltages. Moreover, the related
conversion efficiency of the proposed converter under different
input voltages is summarized in Fig. 12. As can been seen
from these results, the conversion efficiency is near to 98% at
16 , and the conversion efficiency
25 V-input voltage
50 . Conis 94.5% at the minimum 8 V-input voltage
sequently, the designed object of high-efficiency, high step-up
and voltage-clamped characteristics can be achieved perfectly.
The experimental inductor current and switch voltage curves
of a coupled-inductor converter in [10] and the proposed converter are depicted in Fig. 13(a) and (b), where the operation
24 V, V
200 V,
condition is summarized as V
800 W, and
100 kHz. Moreover, the coupled inductors are
11.3 H,
290 H,
3:15
designed as
11.3 H,
in the coupled-inductor converter of [10], and
45 H,
3:6 in the proposed converter under
the EE-55 core with the same air gap, respectively. Due to the
continuous inductor current conduction, the peak current and
voltage stresses of the proposed converter are smaller than the
one in [10]. Consequently, the proposed converter can adopt

Fig. 11. Experimental switch voltage and current curves of high step-up
100 W and V
400 V: (a) V
12 V,
converter for battery with P
(b) V
16 V, (c) V
20 V, (d) V
24 V, (e) V
26 V, and
30 V.
(f) V

=
=

=

=

=

Fig. 12. Conversion efficiency for battery with P
under different input voltages.

=

=

=

= 100 W and V = 400 V

a 75 V-rated voltage switch with lower conduction losses for
and the smaller inductor current will result in the utilization of a lower volume of the magnetic core.
In order to examine the coupled-inductor capability, the experimental inductor current and switch voltage curves of the
24 V, V
proposed converter under the condition of V
200 V, and
1 kW is depicted in Fig. 14. As a result,
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Fig. 13. Experimental inductor current and switch voltage curves of coupled-inductor converter in [10] and high step-up converter with V
200 V and P
800 W.

=

Fig. 14. Experimental inductor current and switch voltage curves of high
24 V, V
200 V and P
1 kW.
step-up converter with V

=

=

=

the proposed converter with the same size of the coupled inductor can be operated over 1 kW power. Note that, the circulating current is only induced by the current
during mode 1 and its value is smaller relatively
as shown in Fig. 6(b). Therefore, the
than the switch current
extremely small circulating current involved in soft-switching
snubber operation is not enough to result in the burden of the
coupled inductor. Though all the power is transferred through
by a nearly square wave current
a high-voltage capacitor
as shown in Fig. 6(j), this current
is relatively small
and its change is limited by the leakage inductor of the coupled
indictor. As can be seen from Fig. 14, the proposed converter is
suitable for a higher power application. To survey other topologies with capacitor inserted in the main power (e.g., the magnetic integrated Cuk converter, the SEPIC and the dual SEPIC),
the capacitor usually connects in series with the low-voltage
side. As a result, it will result in a high capacitor current so that
these previous schemes have inherent drawbacks for high power
applications.
The conversion efficiency of a coupled-inductor converter in
[10] and the proposed converter for a 24 V-battery with V

= 24 V, V =

Fig. 15. Conversion efficiency of coupled-inductor converter in [10] and high
step-up converter for 24 V-battery with V
200 V under different output
powers.

=

200 V under different output powers is depicted in Fig. 15.
In Fig. 15, the related semiconductor profit factors are 5.8%
(IRFPS3810) and 6.4% (IRFP2907), respectively, where the
definition of the semiconductor profit factor is the rate between
the converter power output (1 kW) versus total semiconductor
sizing power. From this comparison, the proposed high step-up
converter indeed yields superior conversion efficiency over that
of the coupled-inductor converter in [10] under nearly the same
semiconductor profit factors. Note, that the snubber current
can be efficiently recycled by the series high-voltage capacitor,
and is then discharged directly to the output by the secondary
coupled winding. Although it will increase the main switch
current, the switch conduction loss caused by the smaller
can be nearly ignored.
inductor current
IV. CONCLUSION
This study has successfully developed a high step-up converter with a coupled-inductor, and this converter has been ap-
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plied well for a PEMFC system and a traditional battery. According to the experimental results, the maximum efficiency
was measured to be over 96.5%, which is comparatively higher
than conventional converters with the same voltage gain. The
efficiency of this circuit can be further optimized by using a
and building the
lower-voltage-rated switch with low
circuit more compactly via a PCB layout. The newly designed
converter circuit has the following features. 1) The voltage gain
can be greatly heightened due to the utilization of a coupled inductor with a lower turns ratio. 2) The stray energy can be recycled by a passive regenerative snubber to contribute toward
both the step-up and a voltage-clamped object so that the circuit
layout is easy in practical applications. 3) The switch voltage
stress is not related to the input voltage, thus, it is more suitable for a dc power conversion mechanism with high voltage
variation range. 4) The diode short-circuit and reverse-recovery
problems can be solved because of all the diodes possessing
voltage clamped properties. 5) The copper loss in the magnetic
core can be greatly reduced and the EMI problem can be alleviated easily. 6) The voltage drift problem of the power source
under the load variations can be coped with through the utilization of a small coupled-inductor and a closed-loop control. This
high-efficiency converter topology provides designers with an
alternative choice to convert renewable energy efficiently, and it
also can be extended easily to other power conversion systems
for satisfying high-voltage demands.
APPENDIX
A. Fuel Cell Operating Principle
The basic fuel cell concept involves converting chemical
energy directly into electrical energy. It produces electricity
by electrochemically combining fuel (hydrogen) and oxidant
(oxygen from the air) gases through electrodes and across an
ion-conducting electrolyte. The fuel cell is composed of two
electrodes, an anode, cathode, the catalyst, and an electrolyte
[15]. The main function of the electrode is to bring about a
reaction between the reactant and the electrolyte. The anode,
used as the negative post in the fuel cell, disperses the hydrogen
gas equally over the entire catalyst surface and conducts the
electrons for use as power in an external circuit. The cathode,
used as the positive post in the fuel cell, distributes the oxygen
fed to it onto the catalyst surface and conducts the electrons
back from the external circuit. The catalyst is a special material
used to facilitate the oxygen and hydrogen reaction.
According to the chemical characteristics of the electrolyte
used as the ion conductor in the cells, the most promising
types are classified as 1) proton exchange membrane fuel cell
(PEMFC) and direct methanol fuel cell (DMFC), which use a
polymer membrane as the electrolyte. 2) Phosphoric acid fuel
cell (PAFC), which uses pure phosphoric acid as the electrolyte.
3) Molten carbonate fuel cell (MCFC), which uses a molten
mixture, sodium, and potassium carbonates as the electrolyte.
4) Solid oxide fuel cell (SOFC), which uses a ceramic material
as the electrolyte [16].
The PEMFC is one of the most promising fuel cell types, and
is often considered a potential replacement for the internal combustion engine in transportation applications [16]. The PEMFC
consists of porous carbon electrodes bound to a thin sulphonated

polymer membrane. The anode, cathode, and net cell reactions
of the PEMFC can be represented as
Anode Reaction:

H

Cathode Reaction:
Net Cell Reaction:

H
H

H

H
H

where the mobile ion is H . The membrane electrode assembly
(MEA) is sandwiched between two collector plates that provide
an electrical path from the electrodes to the external circuit.
Flow channels cut into the collector plates distribute reactant
gases over the surface of the electrodes. Individual cells consisting of collector plates and MEAs are assembled in series to
form a fuel cell stack.
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