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High Step-Up Converter With Three-Winding
Coupled Inductor for Fuel Cell Energy
Source Applications

Kuo-Ching Tseng, Jang-Ting Lin, and Chi-Chih Huang

Abstract—This paper presents a high step-up converter for fuel
cell energy source applications. The proposed high step-up de—dc
converter is devised for boosting the voltage generated from fuel
cell to be a 400-V dc-bus voltage. Through the three-winding cou-
pled inductor and voltage doubler circuit, the proposed converter
achieve high step-up voltage gain without large duty cycle. The
passive lossless clamped technology not only recycles leakage en-
ergy to improve efficiency but also alleviates large voltage spike to
limit the voltage stress. Finally, the fuel cell as input voltage source
60-90 V integrated into a 2-kKW prototype converter was imple-
mented for performance verification. Under output voltage 400-V
operation, the highest efficiency is up to 96.81%, and the full-load
efficiency is 91.32%.

Index Terms—Coupled inductor, fuel cell energy source appli-
cations, high step-up converter.

I. INTRODUCTION

ECENTLY, the cost increase of fossil fuel and new reg-
Rulations of CO; emissions have strongly increased the
interests in renewable energy sources. Hence, renewable en-
ergy sources such as fuel cells, solar energy, and wind power
have been widely valued and employed. Fuel cells have been
considered as an excellent candidate to replace the conven-
tional diesel/gasoline in vehicles and emergency power sources.
Fuel cells can provide clean energy to users without CO, emis-
sions. Due to stable operation with high-efficiency and sustain-
able/renewable fuel supply, fuel cell has been increasingly ac-
cepted as a competently alternative source for the future [1], [2].
The excellent features such as small size and high conversion
efficiency make them valuable and potential. Hence, the fuel
cell is suitable as power supplies for energy source applica-
tions [3]-[16].

Generally speaking, a typical fuel cell power supply system
containing a high step-up converter is shown in Fig. 1. The
generated voltage of the fuel cell stack is rather low. Hence, a
high step-up converter is strongly required to lift the voltage for
applications such as dc microgrid, inverter, or battery.
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Fig. 1. Fuel cell power supply system with high step-up converter.

Ideally, a conventional boost converter is able to achieve high
step-up voltage gain with an extreme duty cycle. In practice, the
step-up voltage gain is limited by effects of the power switch,
rectifier diode, and the resistances of the inductors and capac-
itors. In addition, the extreme duty cycle may result in a seri-
ous reverse-recovery problem and conduction losses. A flyback
converter is able to achieve high step-up voltage gain by ad-
justing the turns ratio of the transformer winding [17], [18].
However, a large voltage spike leakage energy causes may de-
stroy the main switch. In order to protect the switch devices and
constrain the voltage spike, a high-voltage-rated switch with
high on-state resistance (Rps.on) and a snubber circuit are
usually adopted in the flyback converter, but the leakage en-
ergy still be consumed. These methods will diminish the power
conversion efficiency [19]-[21]. In order to increase the con-
version efficiency and voltage gain, many technologies such as
zero-voltage switching (ZVS), zero-current switching (ZCS),
coupled inductor, active clamp, etc. [22]-[24] have been inves-
tigated. Some high step-up voltage gain can be achieved by
using switched-capacitor and voltage-lift techniques [25]-[28],
although switches will suffer high current and conduction losses.
In recent years, coupled-inductor technology with performance
of leakage energy recycle is developed for adjustable voltage
gain; thus, many high step-up converters with the characteris-
tics of high voltage gain, high efficiency, and low voltage stress
have been presented [29]-[39]. In addition, some novel high
step-up converters with three-winding coupled inductor have
also been proposed, which possess more flexible adjustment of
voltage conversion ratio and voltage stress [37], [39]. In this
paper, the proposed high step-up converter designed for fuel
cell energy source applications is shown in Fig. 2. The fuel cell
with inertia characteristics as main power source cannot respond
to load dynamics well. Therefore, lithium iron phosphate can
be an excellent candidate for secondary source to react to fast
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Fig. 3. Equivalent circuit of the proposed converter.

dynamics and contribute to load peaking. The proposed con-
verter with fuel cell input source is suitable to operate in contin-
uous conduction mode (CCM) because the discontinuous con-
duction mode operation results in large input current ripple and
high peak current, which make the fuel cell stacks difficult to
afford.

II. OPERATING PRINCIPLE OF THE PROPOSED CONVERTER

The proposed converter employs a switched capacitor and a
voltage-doubler circuit for high step-up conversion ratio. The
switched capacitor supplies an extra step-up performance; the
voltage-doubler circuit lifts of the output voltage by increasing
the turns ratio of coupled-inductor. The advantages of proposed
converter are as follows:

1) through adjusting the turns ratio of coupled inductor, the
proposed converter achieves high step-up gain that renew-
able energy systems require;

2) leakage energy is recycled to the output terminal, which
improves the efficiency and alleviates large voltage spikes
across the main switch;

3) due to the passive lossless clamped performance, the volt-
age stress across main switch is substantially lower than
the output voltage;

4) low cost and high efficiency are achieved by adopting
low-voltage-rated power switch with low Rps.on;

5) by using three-winding coupled inductor, the proposed
converter possesses more flexible adjustment of voltage
conversion ratio and voltage stress on each diode.

The equivalent circuit of the proposed converter shown in

Fig. 3 is composed of a coupled inductor 7}, a main power
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Fig. 4. Steady-state waveforms in CCM operation.

switch S, diodes Dy, D5, D3, and D,, the switched capacitor
Cy, and the output filter capacitors Cy,Cy, and C3. L,, is the
magnetizing inductor and Ly, L2, and Lj3 represent the leak-
age inductors. The turns ratio of coupled inductor n, is equal
to No/Ny, and n3 is equal to N3/N;, where Ny, Ny, and N3 are
the winding turns of coupled inductor.

The steady-state waveforms of the proposed converter oper-
ating in CCM are depicted in Fig. 4. The each operating modes
is shown in Fig. 5.

Mode I [ty, t1]: During this interval, the switch S is turned
ON at ty. The diodes Dy, Dy, and D, are reverse biased. The
path of current flow is shown in Fig. 5(a). The primary leakage
inductor current 77,5, increases linearly, and the energy stored
in magnetizing inductance still transfers to the load and output
capacitor C'y via diode Dj.

Mode Il [11, t2 ]: During this interval, the switch S is still in the
turn-on state. The diodes D¢ and D, are forward biased; diodes
Dy and Dj are reverse biased. The path of current flow is shown
in Fig. 5(b). The dc source Vi, still charges into the magnetizing
inductor L,,, and leakage inductor Ly, and the currents through
these inductors rise linearly. Some of the energy from dc source
Vin transfer to the secondary side of the coupled inductor to
charge the capacitor C. The switched capacitor C, is charged
by the LC series circuit.



576

=l ‘—‘
irkr Lia T

i3}
-

Cy

Lim| o
Ly

Ds

ic2

CF

&
D}

las

—r—pt—1
levy iz D, i
Vew

iar D,

CmVa

Lis

it D;

— Ty
. ia1 D ’(an
T

—
i2 D,
ic)y
\VCb
b

C~ Ve

Fig.5. CCM operating modes of the proposed converter. (a) Mode I [t¢, t1
(f) Mode VI [ts ,t6].

Mode Il [t5, t5]: During this interval, the switch S'is turned
OFF at t5. Diodes D; and D, are still forward biased; diodes D5
and Djs are reverse biased. The path of current flow is shown in
Fig. 5(c). The magnetizing current and LC series current charge
the parasitic capacitor C, of the MOSFET.

Mode 1V [t3, t,]: During this interval, S is still in the turn-
off state. The diodes Dy, D5, and D, are forward biased. The
diode Dj is reverse biased. The current-flow path is shown
in Fig. 5(d). The current i44 charges the output capacitor Cj
and decreases linearly. The total voltage of Vi, +V7,, + Ve 1s
charging to clamped capacitor C;, and some of the energy is
supplied to the load.

Mode V [ty, t5]: During this interval, switch S is still in the
turn-off state. The diodes D and D, are turned OFF; the diodes
Dy and D3 are forward biased. The current-flow path is shown
in Fig. 5(e). The energy of the primary side still charges to the
clamped capacitor C; and supplies energy to the load. Some of
the energy from dc source Vi, is transferred to the secondary
side of the coupled inductor to charge the capacitor Cs, and the
current 743 increases linearly.

Mode VI [ts, tg]: During this interval, switch S is still in the
turn-off state. The diodes D, D5, and D, are reverse biased; the
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diode Dj is forward biased. The current-flow path is shown in
Fig. 5(f). The current iy is dropped till zero. The magnetizing
inductor L, continuously transfers energy to the third leakage
inductor L3 and the capacitor Cs. The energies are discharged
from C; and C to the load. The current 743 charges C> and
supplies the load current.

III. STEADY-STATE ANALYSIS

In order to simplify the CCM steady-state analysis, the fol-
lowing factors are taken into account. All the leakage induc-
tors of the coupled inductor are neglected, and all of compo-
nents are ideal without any parasitic components. The voltages
Vi, Ve, Voo, and Vg are considered to be constant due to
infinitely large capacitances.

A. Step-Up Gain

During the turn-on period of switch .S, the following equations
can be written as:

Vos = Vg =n3 - Viy
Vey = Vin +Vva = (n2 +1) - Via.

6]
2



TSENG et al.: HIGH STEP-UP CONVERTER WITH THREE-WINDING COUPLED INDUCTOR FOR FUEL CELL ENERGY SOURCE APPLICATIONS

=
‘s
o
&
8
G
>
0 01 02 03 04 05 06 07 08 09
Duty cycle
Fig. 6.  Step-up gain versus duty ratio under various turns ratios.

During the turn-off period of switch .S, the following equa-
tions can be expressed as:

Voo =n3 [Vor — (2+ng) - Vi (3)
D
Vor=(——=+2 - Vi 4
c1 (1 —p t2t TLQ) 4)
Thus, the output voltage Vp can be expressed as
Vo = Vo1 + Ve + Ves. (5)

By substituting (1), (3), and (4) into (5), the voltage gain of
the proposed converter is given by

2—D +n3

- D (6)

V,
Mcen = o= +

Equation (6) shows that high step-up gain can be easily ob-
tained by increasing the turns ratio of the coupled inductor with-
out large duty cycle. The step-up gain versus duty ratio under
various turns ratios is plotted in Fig. 6.

B. Voltage Stress

The voltage stress on the main switch is given as follows:

Vo1 1
V;)ut _2—D+(1—D)n2+n3'

Mg = (7

When the switching S is turned OFF, the diodes D; and Dj
are reverse biased. Therefore, the voltage stresses of Dy and Ds
are as follows:

Vb1 1+ng
Mp; = = 8
DYV 2=D+(1—D)ny +ng ®
Vb3 ng
Mn, = = . 9
P Vvont 2—D+(1—D)n2+n3 ()

When the switch S is in turn-on period and the diodes D5 and
D3 are reverse biased. Therefore, the voltage stresses of diodes
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Dy and Dj are as follows:

Vpa 1
Mo = — 10
A A Sy Sy > P
Mpy = 224 s (11)

V;)ut - 2*D+(17D)n2+n3

Equations (7)—(11) can be illustrated to determine the maxi-
mum voltage stress on each power drives. The voltage stress on
the switch and diodes is plotted in Fig. 7.

C. Analysis of Conduction Losses

Some conduction losses are caused by resistances of semi-
conductor components and coupled inductor. Thus, all the com-
ponents in the analysis of conduction losses are not continuously
assumed to be ideal, except for all the capacitors. Diode reverse
recovery problems, core losses, switching losses, and the ESR of
capacitors are not discussed in this section. The characteristics
of leakage inductor are disregarded because of energy recycling.
The equivalent circuit, which includes the conduction losses of
coupled inductors and semiconductor components, is shown in
Fig. 8. The corresponding equivalent circuit includes copper
resistances 71,72, and 73, all the diode forward resistances
rDp1,7p2, D3, and rpy, and the on-state resistance Rpg.on of
the power switch.

Small-ripple approximation was used to calculate conduc-
tion losses and all currents that pass through components were
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TABLE I
COMPARISON BETWEEN THREE-WINDING COUPLED INDUCTOR HIGH STEP-UP
CONVERTERS
Vaut VDS
Converter Type M= Mg = —
Vin Vout
2—=D+ny 1
Proposed converter n, +
1-D 1+ (my+n3)-D+n,-(1-D)
Converter in [37] |nz + el s n3) D :
1-D 14+n3-D+(1+n3)-(1+D)
Converterin [39] | (1 + )+1+D'n3 L
vevensin (7] Mtz 1-D 2=D+ny-(1-D)+n3

approximated by the dc components. Thus, the magnetizing
current and capacitor voltages are assumed to be constant. Fi-
nally, through voltage—second balance and capacitor-charge bal-
ance, the voltage conversion ratio with conduction losses can be
derived from

v, (n2 + *575) — K 1)
v o rp: 5] o4
V;n 1+RL(1*D)2 +RLD21;*D)+RL(1*D)+RLD

where
K = Yo1itVpotVpa+Vpy

in

a = (I4n9)D -rp1 + (1 +n3) D -rpg
B = (14+2ny+ng)rp1 +res +7rp2 +7p3
+(2—|—Tl2 —|—2n3)rDS

vy=rrs +rp1 +rps+ (1 +n2+n3)rpg

Efficiency is expressed as follows:

2-D
Vig — g + 25

7 - (Vp1 + Vpa + Vpz + Vpa)

n= .
Vin + RL(fY_D)‘z + motooy RL(f—D) + 57D
13)
On the basis of (13), it can be inferred that the efficiency will
be higher if the input voltage is substantially higher than the
summation of the forward bias of all the diodes, or if the load
is substantially larger than the resistances of coupled inductors
and semiconductor components. In addition, the maximally ef-
fect for efficiency is duty cycle, and the secondary is copper
resistance of the coupled inductor.

D. Comparison Between the Proposed Converter and the
Other High Step-Up Converters

The performance of the proposed converter is verified by an
analytical comparison with other three-winding coupled induc-
tor high step-up converters for fuel cell, and it is assumed that
all the converters are operated in CCM. Moreover, for the sake
of fair comparison, the analysis will also assume that the input
voltage and the turns ratios of coupled inductor are the same:
ne = 1.5; ng = 1.5. Table I summarizes the voltage conversion
ratio and the switch stress for the proposed converter and the
other single switch high step-up converter topologies introduced
in [37] and [39].

In this comparison between the proposed converter and other
converter, ny is defined as the turns ratio No/Np; and ng is
defined as the turns ratio N3/Ny.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 2, FEBRUARY 2015

Fig. 9 shows the comparison of voltage gain and the switch
stress between the three-winding coupled inductor high step-
up converters. Fig. 9(a) indicates that the voltage gain of the
proposed converter is higher than that of the other high step-up
converters at duty cycle of 0.1< D < 0.6. Fig. 9(b) indicates
that the voltage stress of switch of the proposed converter is
lower than that of other high step-up converter at duty cycle
of 0.1 < D < 0.6. This is a very attractive feature because the
low-voltage-rated MOSFET with lower Rps.on can be adopted
to improve the efficiency. Under D > 0.6, although the voltage
gain of the proposed converter is not the highest and the voltage
stress of the proposed converter is not the lowest, the operation
under large duty cycle D > 0.6 resulting in low efficiency will
not be designed in reasonable consideration.

IV. DESIGN AND EXPERIMENTS OF THE PROPOSED CONVERTER

A. Design Guidelines

The PEMFC module consists of fuel cell stack of the PEM
type, mechanical auxiliaries, and electronic control module.
During normal operation, the generated voltage of fuel cell is
related to load. Under full-load operation, the rated power is
2 kW and the corresponding voltage is 60 V, which is shown in
Fig. 10. Also, the nominal parameter is shown in Table II.

The proposed high step-up converter is initially designed to
convert the generated dc voltage from fuel cell stacks into 400 V.
The required step-up conversion ratio is up to 6.7. Therefore,
in order to make the duty cycle lower than 0.5 to decrease the
conduction losses, the key design step is to determine the turns
ratio of the coupled inductor. The relationship of duty cycle
versus conversion efficiency and voltage gain under different
turns ratios is shown in Fig. 11.

Thus, the turns ratio of the coupled inductor is set as 1:1:1.5.
The magnetizing inductor can be designed based on the cur-
rent ripple percentage of magnetizing inductor under full-load
operation, and the related equations are given as

1 =+ ng
I m = 710 max 14
B 1 - Dmax ’ ( )
V;n min X Dmax
L, = —min ~ —max 15
) f X QAiL,,L ( )

The capacitors can be designed based on the voltage ripple
percentage of capacitor under full-load operation, and the related
equations are given as

Ioﬁmax X Dnlax

= = 1
Cr =03 Fx A (16)
C _C _ IO.IIIH‘X (17)

b f X Avc

B. Experimental Results

The proposed converter for fuel cell input source, prototype
circuit is tested to verify the performance. The range of duty
cycle D under input voltage 60-90 V is designed as 0.2-0.5
and the turns ratio n:ns:n3 is selected as 1:1:1.5. The leak-
age inductance Ly is measured as 3.3 p©H. All of the major
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TABLE II
NOMINAL PARAMETERS OF PEMFC
PEMFC Specifications
Rated voltage 72V
Rated current 55A
Voltage range 60 V~ 90V
Fuel cell efficiency >50%
Hydrogen purity >99.95%
Working pressure 0.7-0.8 bar
Ambient temperature -5~-40C

components parameters of the prototype used for experiments
are presented in Table III.

The experimental waveforms measured at full load 2 kW
are shown in Fig. 12. The performance of the clamp feature is
shown in Fig. 12(a). Vg is the switch control signal. Vpg is
the voltage stress across the MOSFET. I;;, is the input current
from full cell stacks. The voltage of Vpg is clamped at 120 V,
which is smaller than output voltage 400 V. The characteristic
is helpful in using a low-voltage-rated switch with low Rps.on
for reducing the conduction losses. The currents ¢p; charging
switched capacitor C, and ipo through the clamp diode D, are
shown in Fig. 12(b). The currents ¢p3 and ip4 of voltage dou-
bler circuit are shown in Fig. 12(c). All diode voltage stresses
Vb1, Vpe, Vps, and Vp, are shown in Fig. 12(d) and (e), which
are smaller than the output voltage, and can be demonstrated
that the experimental results and theoretical analysis of diode
voltage stresses correspond. Moreover, the phenomena of volt-
age oscillation can be eliminated, and thus, snubber circuits in
the proposed converter schemes are not necessary.
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TABLE III
COMPONENTS PARAMETERS OF THE PROPOSED CONVERTER

Part Specifications
Input DC voltage 60-90 V
Output DC voltage 400 V
Maximum output power S5A
Switching frequency 50 kHz
Current Mode PWM Controller UC3845
Coupled inductors turns ratio | N;:N,:N3=1:1:1.5

Magnetizing inductor 170uH

IXFN 130N30

Main power MOSFET 300V, 130A, 22mQ

D DSEP30-06A

! 600V, 30A

Diodes
D./Dy/D, MBR20200CT
200V, 20A

Cy 220uF/200V

Capacitors C; 220uF/200V

Cy/Cs 470uF/450V

Fig. 13 summarizes the conversion efficiency of the proposed
converter and generated voltage of PEMFC versus output power.
From the experimental results, the generated voltage of PEMFC
decreases as the output power increases due to chemical polar-
ization, concentration polarization, and resistance polarization
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Fig. 13.  Conversion efficiency and fuel cell voltage versus output power.

on voltages of fuel cells. The maximum conversion efficiency is
96.81%, and the full-load efficiency with lowest input voltage
57.1 Vis 91.32%. Under no-load condition, the output voltage is
401.4 V, under half-load condition, the output voltage is 400.2 V,
and under full-load condition, the output voltage is 398.5 V. The
load regulation is lower than 1%.

V. CONCLUSION

In this paper, a high step-up dc—dc converter for fuel cell
hydroid electric vehicle applications is clearly analyzed and
successfully verified. By using technologies of three-winding
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