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Novel High Step-Up DC-DC Converter for Fuel Cell
Energy Conversion System
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Abstract—A novel high step-up dc—dc converter for fuel cell en-
ergy conversion is presented in this paper. The proposed converter
utilizes a multiwinding coupled inductor and a voltage doubler
to achieve high step-up voltage gain. The voltage on the active
switch is clamped, and the energy stored in the leakage inductor
is recycled. Therefore, the voltage stress on the active switch is re-
duced, and the conversion efficiency is improved. Finally, a 750-W
laboratory prototype converter supplied by a proton exchange
membrane fuel cell power source and an output voltage of 400 V is
implemented. The experimental results verify the performances,
including high voltage gain, high conversion efficiency, and the
effective suppression of the voltage stress on power devices. The
proposed high step-up converter can feasibly be used for low-
input-voltage fuel cell power conversion applications.

Index Terms—Coupled inductor, fuel cell, high step-up dc-dc
converter, leakage inductor, voltage doubler.

I. INTRODUCTION

HE DEVELOPMENT of “green power” generation has

recently become very important to address environmen-
tal pollution and the problem of exhaustion of fossil energy
reserves. Fuel cells represent one of the most efficient and
effective alternative renewable energy sources for many appli-
cations, such as hybrid electric vehicles, uninterruptible power
supplies, telecom back-up facilities, and portable electronics
[11-[4].

Fuel cells generate electricity via chemical reactions between
hydrogen and oxygen. Much research on fuel cells and fuel
cell stacks can be found in the literature [5], [6]. The proton
exchange membrane fuel cell (PEMFC) is one of the most
commonly used fuel cell for low-to-middle power generation
systems. The PEMFC transfers hydrogen and oxygen energy
into electrical energy and produces water and heat in the surface
of catalytic particles. The reactions on the anode and the cath-
ode and the global reaction of the PEMFC can be described as
anode reaction

Hy, — 2H' + 2e” (1)
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cathode reaction
%Og +2H" +2¢” — Hy0 2)
and global reaction
Hs + %Og — H2O + heat + electricity. 3)

Fig. 1 shows a general fuel-cell power generation system.
Generally, the output voltage of the fuel cell stacks Vic is
varied from 24 to 40 V depending on the output power. In order
to obtain a utility ac source (220-V rms at 50/60 Hz) from a fuel
cell, a high dc bus voltage (380—400 V) is required at the input
of the dc—ac inverter. Therefore, a high step-up dc—dc converter
is needed to boost the low voltage at the fuel cell stacks into the
high voltage at the dc bus.

In general, a conventional boost converter can be adopted
to provide a high step-up voltage gain with a large duty ratio.
However, the conversion efficiency and the step-up voltage gain
are limited due to the constraints of the losses of power switches
and diodes, the equivalent series resistance of inductors and
capacitors, and the reverse-recovery problem of diodes [7], [8].
Therefore, a step-up converter with a reasonable duty ratio to
achieve high efficiency and high voltage gain is very important
for a fuel-cell power generation system.

Isolated converters, such as forward, flyback, half-bridge,
full-bridge, and push—pull types, can be used to convert a
low voltage into a higher output voltage by adjusting the turn
ratio of the transformer. However, the active switch of these
converters will suffer very high voltage stress and high power
dissipation due to the leakage inductance of the transformer [9],
[10]. To reduce the voltage spike, a resistor—capacitor—diode
snubber can be employed to limit the voltage stress on the
active switch. However, the efficiency will be reduced [11].
Nondissipative snubbers and active clamp techniques have been
adopted to recycle the energy stored in the leakage inductor and
to suppress the voltage spike across the active switch [12]-[15].
However, the cost will be increased due to the additional power
switch, and high side driver is required.

In order to improve the conversion efficiency and to increase
the step-up voltage gain without using the isolation transformer,
many step-up converters based on a boost converter with a
coupled inductor have been proposed [16]-[28]. High step-up
converters with a low input current ripple based on the coupled
inductor have been developed [16], [17]. The low input current
ripple of these converters is realized by using an additional LC
circuit with a coupled inductor. However, leakage inductance
issues that relate to the voltage spike and the efficiency remain

0278-0046/$26.00 © 2010 IEEE
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Fig. 1.

significant. An integrated boost—flyback converter based on a
coupled inductor with high efficiency and high step-up voltage
gain has been presented [18], [19]. The energy stored in the
leakage inductor is recycled into the output during the switch-
off period. Thus, the efficiency can be increased, and the voltage
stress on the active switch can be suppressed. Many step-up
converters, which use an output voltage stacking to increase
the voltage gain, are presented [20]-[23], [31]. A high step-up
dc—dc converter with an integrated coupled inductor and a
common mode electromagnetic interference reduction filter
is presented [20]. A Sepic—flyback converter with a coupled
inductor and an output voltage stacking is developed [21]. A
high step-up converter, which utilizes a coupled inductor and
a voltage doubler technique on the output voltage stacking to
achieve a high step-up voltage gain, is introduced [22]. A high
step-up boost converter that uses multiple coupled inductors
for the output voltage stacking is proposed [23]. High voltage
gain can also be obtained with a tapped secondary winding
of the transformer and input—output voltage cascoded for the
extended forward-type converters of the high step-up converters
[31]. However, extra devices, such as diodes and output ca-
pacitors, are needed for these converters. Additionally, step-up
converters, which use a voltage lift, are introduced [24], [25].
Since the switch must suffer high current during the switch-
on period, this technique is appropriate for low-output-power
applications. High step-up converters with low voltage stress on
the active switch can be realized by using the integrated coupled
inductor and the voltage-lift technique [26]-[28]. Since the low
voltage rating and the low conducting resistance 7q,(on) of the
power switch are used for these converters, the high conversion
efficiency can be achieved. However, the requirement for a
coupled inductor with a high coupling coefficient will result
in manufacturing difficulty and cost increment. A high step-
up converter, which uses a three-state switching cell and a
voltage multiplier stage based on capacitors, can achieve high
step-up gain [29], [30]. The voltage gain can be raised by
adding the voltage multiplier stages of the capacitors. Since
the two switches operate as interleaved operation, the size of
the inductor can be reduced because the operating frequency
of the inductor is double of the switching frequency. Moreover,
the conduction losses can be reduced due to the current share
of the active switches. Thus, this converter is suitably used
for high-power applications. However, two switches are needed
for the interleaved operation of this high-voltage-gain boost
converter.

This paper presents a novel high-efficiency high step-up
dc—dc converter, which has only one active switch. The pro-
posed converter uses a three-winding coupled inductor and a

General fuel-cell power generation system with a high step-up converter.
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Fig. 2. Circuit configuration of the proposed converter.
voltage doubler on the output to achieve a high dc voltage. The
proposed converter has the following features:
1) high step-up voltage gain;
2) energy stored in the leakage inductor is recycled to in-
crease efficiency;
3) voltage stress on the active switch is clamped; thus, a
power switch with a low voltage rating and a low on
resistance 74,(on) can be adopted.

II. OPERATION PRINCIPLE OF THE PROPOSED CONVERTER

Fig. 2 shows the circuit configuration of the proposed con-
verter. This converter consists of a dc input voltage V;,, one
power switch, one three-winding coupled inductor, five diodes,
and five capacitors. The dc input voltage V;,, and the circuit
components Ny, S, D1, and C are operated as a boost con-
verter with an input voltage cascode. The energy stored in
the leakage inductor can be recycled. Thus, the efficiency can
be improved. Also, the voltage across switch S is clamped
effectively. The voltage doubler is composed of Ny, Dy, D5,
Coo, and Cp3, which is stacked on the output to increase the
voltage gain. The three-winding coupled inductor is used to
provide high step-up voltage gain by adjusting the turn ratios
of the windings.

To simplify the circuit analysis, the following conditions are
assumed.

1) Capacitors C1, Cs, Co1, Coe, and Cp3 are large enough.
Thus, Vo1, Voo, Vo1, Vos, and Vg are considered as
constant in one switching period.

2) The power MOSFET and the diodes are treated as ideal,
but the parasitic capacitance of the power switch is
considered.

3) The turn ratios of the coupled inductor are ny = Ny /Ny
and nsg = Ng/Nl.
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Some typical waveforms under CCM operation in one switching

A. Continuous Conduction Mode (CCM)

Based on the aforementioned assumption, there are eight
operating modes in one switching period of the proposed
converter under CCM. Fig. 3 illustrates some typical key
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waveforms under CCM operation in one switching period. The
operating modes are described as follows.

Mode 1 (top—t1): Att =tg, S is turned on, Dy and D5 are
turned on, and D,, D3, and D, are turned off. Fig. 4(a) shows
the current-flow path of the proposed converter in this mode. In
this interval, the energy of C'g is discharged rapidly. The energy
stored in L3 is released to C'5, and the energy stored in Lo
is released to Cps. Thus, ips, ips, and ico are decreased. At
t = t1, i p2 is equal to zero; this mode is ended.

Mode 2 (t1—t2): In this mode, S is kept switched on, D1,
Dy, D3, and Dy are turned off, and Dy is turned on. Fig. 4(b)
depicts the current-flow path of this mode. In this interval, the
inductors Ly and L,, are charged from the dc input voltage
Vin, and the energy is transferred to Cp3 and the load. The
currents iy 1 and ip,, are increased. The voltage across Cps is
approximately charged to no Vi, . The load energy is supplied by
the output capacitors Cp1, Co2, and Cp3. This mode is ended
att = t5 when S is turned off.

Mode 3 (to—t3): At t =tq, S is turned off, and Dy, Do,
D3, Dy, and Dj are also turned off. Fig. 4(c) illustrates the
current-flow path of the proposed converter in this mode. In
this interval, the energy of the dc source is released to Lj1, Ly,
and C's. Therefore, the voltage across S is increased linearly
until ¢ = t3; meanwhile, Vps = Vi, + V1. Vo3 is maintained
at about nyVi,. The load energy is supplied by the output
capacitors Co1, Coe, and Cos.

Mode 4 (tg—t4).' At t =ts3, Vps = Vin + Vo1. In this in-
terval, S is still off, D, Do, D3, and Dy are turned on, and
D, is turned off. Fig. 4(d) shows the current-flow path of the
proposed converter in this mode. The energies stored in Ly
and L, are released to capacitor C. ip is decreased linearly.
Moreover, the energy stored in L,, is released to Cps via
Ns. The energies stored in L,, and C5 are also released to Co1.
Thus, 7po and ip5 are increased linearly. The leakage inductor
energy can thus be recycled, and the voltage stress of the switch
can be limited. This mode is ended at t = t4 when i1 = 0.

Mode 5 (ty4—t5): Att = t4, S is kept switched off, D, Do,
Ds, and Ds are turned on, and D, is turned off. Fig. 4(e)
illustrates the current-flow path of the proposed converter in this
mode. In this interval, the energies stored in C, Co, Ly, and
L,, are released to capacitor Cp;. The energy stored in L,, is
released to Cps via No. This mode is ended at t = t5; when
ico = 0.

Mode 6 (t5—tg): Att =ts, S is kept switched off, D, Do,
D3, and Ds are turned on, and Dy is turned off. Fig. 4(f) shows
the current-flow path of the proposed converter in this mode. In
this interval, the energies stored in C1, Ly, and L, are kept
released to capacitor Cp;. The energy stored in L,, is kept
released to Cy and Cos. This mode is ended at ¢ = tg when
iDl = 0 and iLkl =0.

Mode 7 (ts—t7): Att =tg, S is turned off, Dy, D3, and D5
are turned on, and D; and D, are turned off. Fig. 4(g) shows
the current-flow path of the proposed converter in this mode. In
this interval, the energy stored in L, is released to Cs, Co1,
and Cps via Ny and N3. This mode is ended at ¢ = ¢; when
ip3z = 0.

Mode 8 (t7—tg): Att = t7,ips = 0. is turned off, and Dy
and Ds are turned on. Dy, D3, and Dy are turned off. Fig. 4(h)
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Fig. 4. Current-flow path of the operating modes for CCM operation. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (¢) Mode 5. (f) Mode 6. (g) Mode 7.
(h) Mode 8.

illustrates the current-flow path of the proposed converter in this During the switch-on period, V7,,,, and Vo3 can be written as
mode. The energy stored in L,, is still released to Cs and Coo
via N3 and N5 in this mode. This mode is ended at ¢ = tg when Vim =kViy 4)
switch S'is turned on.

In order to analyze the CCM steady-state characteristics Vos =nakVin %)

simply, the leakage inductors of the Ny and N3 windings, Lo
and L3, are neglected. Moreover, the durations of modes 1 and  where & is the coupling coefficient of the coupled inductor,
3 are neglected since the time of these modes is very short. k= Ly/(Lm + Lg1).



CHANGCHIEN et al.: NOVEL HIGH STEP-UP DC-DC CONVERTER FOR FUEL CELL ENERGY CONVERSION SYSTEM

During the switch-off period, the energy stored in Ly is re-
leased to clamp capacitor C7. Due to the steady-state condition
of C' [27], [32], the energy release cycle of the primary leakage
inductor D1 can be denoted as

t 21-D
Doy =t 20-D)

= 6
T no + 1 ©)

where 7' is the switching period, D is the duty ratio of the
switch, and £ is the time duration of mode 4.

By applying the voltage-second balance on L,, and Ly,
Vim and Vi1 are derived as

kD
VLm = mu (7)
_ D(na+1)(1 —k) _
VLkl - 2(1 — D) ‘/1n~ (8)

Thus, the voltages across C7 and C5 can be written by (7)
and (8) as

Ver =Vier + Vim

D(na+1)(1—k) kD
2(1— D) i—p|" ©)
kD
VC2 :nSVLm = e ‘/in- (10)

1-D

According to (7), (9), and (10), the voltages across C'o; and
Cos2 can be presented as

Vo1 =Veoz + Veor + Vin
o kD(n3—|—1)+1—D D(’/lg-i-l)(l—k)

Vin
1-D 2(1 - D)
(1n
nokD
Voz =12Vim = 17 Vin: (12)

From (5), (11), and (12), the output voltage Vo is ex-
pressed as

Vo =Vo1 + Vo2 + Vo3
kD(ng + 1) +1— D+n2kD
1-D
D(no +1)(1 — k)
2(1-D)

= ’/LQ]C—F

Vin. (13)

Fig. 5 shows the voltage gain versus the duty ratio under
various coupling coefficients of the coupled inductor and the
same turn ratios ne = ng. It illustrates that the coupling coef-
ficient results the voltage gain decline. However, the decline in
the voltage gain is less sensitive to the coupling coefficient k.
Therefore, the ideal voltage gain and the voltage across C and
(C'5 can be rewritten as

Vo =Vo1 + Vo2 + Vos

= |n2 + —1-D Vin (14)
D
=——"Vn 1
Vor =5 (1)
TL3D
- in 1
Ver = 12, (16)

2011

v, n2:n3:l,k:1
Vi 1=
g5 e n,=n,=1,k=095
n,=n,=3,k=1
30+ 2 3 ’
- .- -ny=nm=3,k=095
251 ’
ol —nZ:nS:S,kzl
- - -n2=n3:5,k:0.95
15
10
5_____'_"////
0 L L I L I L D

0 01 02 0.3 0.4 0.5 0.6 0.7

Fig. 5. Voltage gain versus duty ratio under various turn ratios and coupling
coefficients of the coupled inductor.
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Fig. 6. Voltage gain versus duty ratio of the proposed converter and the
counterpart.

when k& = 1. This figure can also be used to determine the
maximum operating duty ratio and the turn ratios of the coupled
inductor.

Equation (14) indicates that the proposed converter achieves
a high voltage gain by utilizing the techniques of the voltage
doubler and the coupled inductor.

Fig. 6 shows the voltage gain against the duty ratio when
ny = ng of both the proposed converter and the three-winding
coupled-inductor-based converter in [28]. Based on Fig. 6, the
voltage gain of the proposed converter exceeds that of the coun-
terpart in [28], when the converters operate at a larger duty ratio
particularly. The result reveals that the proposed converter has
a high-voltage-gain performance indeed. Moreover, since the
coupled inductor operated as forward and flyback converters,
the utilization rate of the magnetic core of the coupled inductor
can be improved.

According to the aforementioned analysis, the voltage
stresses on the switch and the diodes are as follows:

1

Vps =Vp1 =Vpy3 = —Vi, 17
DS D1 D3 =177 (17)
v, _L_IV (18)
D2_1_D in

n2
Vps =Vps = ———Vi,. 19
pa=Vps = T (19)

Equations (14) and (17) reveal that the voltage stress on the
main switch is clamped at a low voltage, and which is lower
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than the output voltage. Equations (17)—(19) can be adopted to
determine the maximum voltage stress on each power device.

B. DCM

To simplify the discontinuous conduction mode (DCM)
analysis, all leakage inductors of the coupled inductor are
neglected. The coupled inductor is modeled as a magnetizing
inductor L,,. All semiconductor components are assumed as
ideal. The operating modes of the DCM operation can be
divided into three modes during each switching period. Fig. 7
shows the equivalent circuit of the proposed converter and the
key waveforms under DCM operation in one switching period.
i1, VN2, and Vi3 are denoted as that in Fig. 7(a). The operating
modes are described as follows.

Mode 1 (to—t1): Att = tg, S is turned on, D1, D2, D3, and
D5 are turned off, and D, is turned on. The current-flow path of
the proposed converter in this mode is shown in Fig. 8(a). In this
interval, the inductor L,, is charged from the dc input voltage
Vin. The current i1, is increased linearly. The voltage across
Cos is charged to noVi,. The load energy is supplied by the
capacitors Cp1, Cog, and Cps. This mode is ended at ¢t = ¢;
when switch S is turned off. Thus, the equations are written as

Vim =Vin (20)
Vi

Vo =n2Viy (22)

Vs =n3Viy (23)

where I1,,, denotes the peak value of the magnetizing current.

Mode 2 (tl —tg).‘ At t = t1, S is turned off, Dy, D», Ds,
and Dy are turned on, and Dy is turned off. Fig. 8(b) shows the
current-flow path of the proposed converter in this mode. In this
interval, the energy stored in L,,, is released to C'y, Cs, Co1, and
Coo; thus, ip1, ip2, ips, and ips are decreased linearly. The
equations are given as

Vim = — Vo1 =Veoz + Vin — Vou (24)
Ve
Timp = %DLT (25)
I,

Ipg, = ——=™P 26
D3p = 5 - (26)
Ve = —naVor = Voo 27
Vnz = — Voo = Vin + Vo1 — Vou (28)

where Ip3, denotes the peak value of 7p3. This mode ends at
t = to when the magnetizing current ¢, reaches zero.

Mode 3 (ta—t3): Att =ta, irm is equal to zero. S is still
turned off, and Dy, D5, D3, D4, and Dy are also turned
off. Fig. 8(c) illustrates the current-flow path of the proposed
converter in this mode. The energies stored in Cp1, Cpoo, and
Cos are released to the load during this interval. This mode is
ended at t = t3 when switch S is turned on.
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By using the voltage-second balance principle on L,,, No,
and N3 of the coupled inductor, the following equations are
given as

DT (D+Dp)T

/Vin dt + / (=Ver)dt =0 (29)
0 DT
DT (D+Dp)T
/ ’17,2‘/“1 dt -+ / (—VOQ) dt = 0 (30)
0 DT
DT (D+Dp)T
/ n3Vin dt + / (Vin + Ve — Vo) dt
0 DT
DT (D+Dp)T
= / ngvm dt + (—VCQ) dt = 0. (31)
0 DT
From (29)-(31), V1, Voo, Voi, and Vo are derived as
D
Vor=—V; 32
=50 (32)
D
Voo =ng—Viy 33
c2 =Mn3 D, (33)
D
=no—Vin 34
V02 N9 DL ( )
D
Vo1 = [(ns +1)— + 1} Vin. (35)
Dy,

Since V3 is kept to nq Vi, during one switching period, thus,
from (34) and (35), the output voltage V) is expressed as

Vo =Vo1 + Voa + Vos

D
= [n2+(1+n2+n3)+1} Via. (36)
Dy,
According to (36), Dy, can be derived as
1 : D‘/;n
Ih:(+m+m) 37)

Vo — (1 + ng)Vin '

From Fig. 7(b), the average value of ¢ is computed as

ILmp

1
I _ iDLT712+n3+2 - IOT
cO1 — T
1 Iim
S p [ L SE— (38)

2 L2+n2+n3

Under steady state, I is equal to zero. Thus, substituting
(25), (37), and Ico1 = 0 into (38), the following equation is
obtained as

(14 ne +ng)D*V2AT Vo
2[Vo — (1 +n2)Vin] (2 +n2 +n3)L,, R’

(39)

The normalized inductor time constant is then defined as

Lo f
R

where f is the switching frequency.

TL = (40)
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Fig. 7.
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Substituting (40) into (39), the DCM voltage gain is ex-
pressed as

2 2

Vin 2 4 QTL(2+TZ2+TL3)'

If the proposed converter is operated in the boundary conduc-
tion mode (BCM), then the voltage gain of the CCM operation
is equal to the voltage gain of the DCM operation. From (14)
and (41), the boundary normalized inductor time constant 77,
can be derived as

D(1— D)?

. 42
2+ ny+n3)(1 +ny +nzD) “2)

TLB = 2(

Fig. 9 plots the curves of the boundary normalized inductor
time constant 7, versus the duty ratio under no = ns = 2.7.
The proposed converter is operated in CCM if 77, > 7,5, and
otherwise in DCM.
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Fig. 9. Boundary normalized inductor time constant versus duty ratio (assum-
ing no = n3g = 2.7).
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Fig. 10. Voltage stresses of each power device versus duty ratio under fixed
coupled-inductor turn ratios, ng = n3z = 2.7.

III. DESIGN AND EXPERIMENT OF THE
PROPOSED CONVERTER

In order to verify the performances of the designed proposed
converter for a fuel cell energy conversion system, a PEMFC
system is adopted for the input power source of the proposed
converter. The PEMFC system used in this paper is the Ballard
Nexa 1.2-kW power stack module, which is manufactured by
Ballard Power Systems Company. The specifications of the
laboratory prototype converter are as follows:

1) input dc voltage V;,,: 28-40 V;
2) output dc voltage Vi: 400 V;

3) maximum output power: 750 W;
4) switching frequency: 50 kHz.

The on resistance of the power switch and the primary
winding of the coupled inductor result much conduction loss
for the low input power source of the proposed converter.
Therefore, the maximum operating duty ratio is selected as a
reasonable duty ratio for the high-current issue in this design.
The maximum duty ratio is selected nearly 0.65. In addition, the
turn ratios ne and ng are assumed to be equal. Thus, referring
to Fig. 5, the turn ratios ns and ng and the maximum duty ratio
are selected as 2.7 and 0.65, respectively.

From (17)—(19), Fig. 10 plots the voltage stress of each power
device under various duty ratios when ng = ng = 2.7. This
figure can be used to find the maximum voltage rating for each
power device.

Based on the aforementioned circuit design and analysis, the
following key components are selected:

1) power switch .S: NTY100N10, n-channel MOSFET;
2) diodes D; and Ds: MUR20H150, Schottky diode;
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Fig. 11. Experimental results of the proposed converter under full-load Po = 750 W and Vj,, = 28.9 V.

3) diode Ds: MUR20200CT, Schottky diode;

4) diodes D, and Ds: DSEK 60, ultrafast diode;

5) coupledinductor: ETD-59 core; PC-40; N1, No, and N3 =
1,2.7,and 2.7, respectively; L,,, =20 pH; L;1 =0.25 pH;

6) capacitor Cy: 23.5-pF/100-V metallized polyester film

capacitor;

7) capacitor Cy: 19.8-pF/250-V metallized polyester film
capacitor;

8) capacitors Cp1, Cos, and Cpg: 220-1F/250-V aluminum
capacitor.

Fig. 11 shows the measured waveforms for full-load Pp =
750 W and Vj,, = 28.9 V. The proposed converter is operated
at CCM under full-load condition. The measured waveforms
agree with the steady-state analysis and circuit design. From
Fig. 11(b), Vpg is clamped at approximately 90 V during the
switch-off period. The voltage stress of the switch is effectively
clamped without any snubber circuit. Therefore, a low-voltage-
rating power switch with a low on resistance for the high-
efficiency conversion of the proposed converter is adopted.
Fig. 11(c) shows the dc voltage levels across C and Co, which
reveals that Vo1 and Voo satisfy (15) and (16). Also, Fig. 11(d)
indicates that Vp is the summation of Vo1, Vs, and V3, which
is consistent with (14).

Fig. 12 shows the measured waveforms at light-load Pp =
115 W and V;,, = 36.7 V. The proposed converter is operated in
DCM under light load. From Fig. 12(b), Vpg is still effectively
clamped at around 90 V.

Fig. 13 demonstrates the proposed converter under boundary
condition at D=0.56, Pp=250 W, and V;,=33.5 V,
approximately. This figure is consistent with (42).

Fig. 14 shows the experimental conversion efficiency of the
proposed converter and the fuel cell voltage under various
output powers. From the results, the output voltage of the fuel
cell depends on the output power variations, which almost
decreases linearly as the output power increases linearly. The
maximum efficiency was around 96.7% at Pp = 115 W and
Vin = 36.7 V. The full-load efficiency was approximately 91%
at Vi, = 28.9 V. The results verify that the proposed converter
has high-efficiency conversion, which is higher than conven-
tional converters. Since the low input voltage is applied in this
energy conversion system, the input of the proposed converter
should suffer very high current, which results much conduction
loss during the switch-on period. Thus, it will result in lower
conversion efficiency. Furthermore, the proposed converter uses
only one active switch for the energy conversion, which also
suffers very high current during the switch-on period. Thus,
the proposed converter is suitable for low-to-middle-power
applications. In order to reduce the switch conduction loss, the
switches in parallel are usually adopted for this high-current
issue to improve efficiency. This approach can also be used for
the proposed converter in high-power applications. Moreover,
the high step-up converter [29], [30] uses two active switches
to share the input current by interleaved operation; therefore,
the low input conduction loss for high efficiency is presented.
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Fig. 13. Experimental results of the proposed converter under BCM condition
D = 0.56, Po =250 W, and V;, = 33.5 V.

These converters are suitably used for high-power applications
due to the low-level current on the active switches.

IV. CONCLUSION

A novel high step-up dc—dc converter, which utilizes a volt-
age doubler and adjusts the turn ratios of the coupled inductor,
has been proposed to achieve high step-up voltage gain in this
paper. The proposed converter has been highly efficient because
it recycles the energy stored in the leakage inductor of the
coupled inductor. Since the voltage across the active switch is
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Fig. 14.  Experimental conversion efficiency and fuel cell voltage for PEMFC
under various output powers.

clamped, the low-voltage-rating and low-on-resistance power
switch can be selected to improve efficiency. The operating
principles and the steady-state analysis have been described
in detail. Also, the boundary condition has been obtained.
Finally, a prototype converter has been implemented to verify
the performance of the proposed converter, which is supplied
by a PEMFC. The measured waveforms have been consistent
with the steady-state analysis, and the voltage stress on the
switch has been effectively clamped. The experimental results
have indicated that the full-load efficiency was 91% at V;, =
28.9 V. The maximum efficiency was 96.7% at Pp = 115 W
and Vi, = 36.7 V. Thus, the proposed converter is suitable
for power conversion systems, such as fuel-cell- and solar-
cell-based power conversion systems, high-intensity discharge
lamps for automobile headlamps, and others.
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