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Abstract 

Abstract: This paper presents a high step-up 

converter for fuel cell energy source applications. 

The proposed high step-up dc–dc converter is 

devised for boosting the voltage generated from fuel 

cell to be a 400-V dc-bus voltage. Through the 

three-winding coupled 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 energy 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-kW prototype 

converter was implemented 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 

applications, high step-up converter. 

1.    INTRODUCTION 

Recently, the cost increase of fossil fuel and new 

regulations of CO2 emissions have strongly increased 

the interests in renewable energy sources. Hence, 

renewable energy 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 conventional 

diesel/gasoline in vehicles and emergency power 

sources. Fuel cells can provide clean energy to users 

without CO2 emissions. Due to stable operation with 

high-efficiency and sustainable/renewable fuel supply, 

fuel cell has been increasingly accepted as a 

competently alternative source for the future. 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 applications. 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 

micro grid, inverter, or battery. 

 

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 capacitors. In addition, 

the extreme duty cycle may result in a serious reverse-

recovery problem and conduction losses. A flyback 

converter is able to achieve high step-up voltage gain 

by adjusting the turns ratio of the transformer winding 

[17], [18]. However, a large voltage spike leakage 

energy causes may destroy 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 (RDS-ON) and a snubber circuit are usually 

adopted in the flyback converter, but the leakage 

energy still be consumed. These methods will diminish 

the power conversion efficiency [19]–[21]. In order to 

increase the conversion efficiency and voltage gain, 

many technologies such as zero-voltage switching 

(ZVS), zero-current switching (ZCS), coupled 
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inductor, active clamp, etc. [22]–[24] have been 

investigated. 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 characteristics 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 

dynamics and contribute to load peaking. The 

proposed converter with fuel cell input source is 

suitable to operate in continuous conduction mode 

(CCM) because the discontinuous conduction mode 

operation results in large input current ripple and high 

peak current, which make the fuel cell stacks difficult 

to afford. 

 

Fig. 2. Proposed high step-up converter 

 

Fig. 3. Equivalent circuit of the proposed converter. 

2.  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 renewable 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 voltage 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 

RDS-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 Tr , a main 

power switch S, diodes D1,D2,D3 , and D4 , the 

switched capacitor Cb , and the output filter capacitors 

C1, C2 , and C3 . Lm is the magnetizing inductor and 

Lk1, Lk2 , and Lk3 represent the leakage inductors. The 

turns ratio of coupled inductor n2 is equal to N2/N1 , 
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and n3 is equal to N3/N1 , where N1,N2 , and N3 are 

the winding turns of coupled inductor.  

 

Fig. 4. Steady-state waveforms in CCM operation. 

The steady-state waveforms of the proposed converter 

operating in CCM are depicted in Fig. 4 

3.     STEADY-STATE ANALYSIS 

In order to simplify the CCM steady-state analysis, the 

following factors are taken into account. All the 

leakage inductors of the coupled inductor are 

neglected, and all of components are ideal without any 

parasitic components. The voltages Vb, VC1, VC2 , 

and VC3 are considered to be constant due to infinitely 

large capacitances. 

A. Step-Up Gain 

During the turn-on period of switchS, the following 

equations can be written as: 

 

During the turn-off period of switch S, the following 

equations can be expressed as: 

 

 

Thus, the output voltage VO can be expressed as 

 

By substituting (1), (3), and (4) into (5), the voltage 

gain of the proposed converter is given by 

 

Equation (6) shows that high step-up gain can be easily 

obtained by increasing the turns ratio of the coupled 

inductor without large duty cycle. 

The step-up gain versus duty ratio under various turns 

ratios is plotted in Fig. 6. 

 

Fig. 6. Step-up gain versus duty ratio under various 

turns ratios. 

B. Voltage Stress 

The voltage stress on the main switch is given as 

follows: 

 

When the switching S is turned OFF, the diodes D1 

and D3 are reverse biased. Therefore, the voltage 

stresses of D1 and D3 are as follows: 
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When the switch S is in turn-on period and the 

diodesD2 and D3 are reverse biased. Therefore, the 

voltage stresses of diodes D2 and D3 are as follows: 

 

 

Fig. 7. Voltage stresses on the main switch and diodes. 

 

Fig. 8. Equivalent circuit including inductor 

conduction losses. 

 

 

Equations (7)–(11) can be illustrated to determine the 

maximum 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 

semiconductor components and coupled inductor. 

Thus, all the components 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 rL1, rL2 , and rL3 , all the diode 

forward resistances rD1, rD2, rD3 , and rD4 , and the 

on-state resistance RDS-ON of the power switch.  

Small-ripple approximation was used to calculate 

conduction losses and all currents that pass through 

components were approximated by the dc components. 

Thus, the magnetizing current and capacitor voltages 

are assumed to be constant. Finally, through voltage–

second balance and capacitor-charge balance, the 

voltage conversion ratio with conduction losses can be 

derived from 

 

where 

 

Efficiency is expressed as follows: 
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4.     DESIGN AND EXPERIMENTS OF THE 

PROPOSED CONVERTER 

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 

current ripple percentage of magnetizing inductor 

under full-load operation, and the related equations are 

given as

 

The capacitors can be designed based on the voltage 

ripple percentage of capacitor under full-load 

operation, and the related equations are given as 

 

5. Simulation Results 

To specify the simulation type, parameters, and 

preferences, select Configure parameters in the 

Powergui dialog. This opens another dialog box with 

the Powergui block parameters. This dialog box 

contains the following tabs:  

 Solver Tab 

 Load Flow Tab 

 Preferences Tab 

Solver Tab 

The configuration of the Solver tab depends on the 

option selected from the Simulation type drop-down 

list.
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Simulation type 

 Select Continuous to perform a continuous 

solution of the model. 

 Select Discrete to perform a discretization of 

the model. The sample time is specified by the 

Sample time parameter. 

 Select Phasor to perform phasor simulation of 

the model, at the frequency specified by the 

Phasor frequency parameter. 

6. 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 coupled inductor, 

switched capacitor, and voltage doubler circuit, the 

high step-up conversion can be efficiently obtained. 

The leakage energy is recycled and large voltage spike 

is alleviated; thus, the voltage stress is limited and the 

efficiency is improved. The full-load efficiency is up 

to 91.32% and the maximum efficiency is up to 

96.81%. The voltage stress on the main switch is 

clamped as 120 V at Dmax. The low-voltage-rated 

switch with low RDS-ON can be selected for the 

reduction of conduction losses. Thus, the proposed 

converter is suitable for high-power applications as 

fuel cell systems in hydroid electric vehicles. 
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