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Abstract— 

 

This paper investigates a novel PWM scheme for twophase interleaved boost converter with voltage 

multiplier for fuel cell power system by combining Alternating Phase Shift (APS) control and traditional 

interleaving PWM control. The APS control is used to reduce the voltage stress on switches in light load 

while the traditional interleaving control is used to keep better performance in heavy load. The boundary 

condition for swapping between APS and traditional interleaving PWM control is derived. Based on the 

above analysis, a full power range control combining APS and traditional interleaving control is 

proposed. Loss breakdown analysis is also given to explore the efficiency of the converter. Finally, it is 

verified by experimental results. Also, the reverse recovery problem of all diodes is mitigated and zero-

current-switching (ZCS) turn-on operation of the main switches  

is established as well. In addition, the passive clamp circuits are employed to suppress the voltage spikes 

across the main switches during turn-off instants. The operating principles and steady-state analysis of the 

proposed converter in continuous condition mode are explained. Finally, the simulation and experimental 

results of prototype 25–400 V circuit with 200 W output power are provided to verify the performance of 

presented topology. 

 

 

1. INTRODUCTION 

With increasing concern about energy and 

environment, it is necessary to explore the 

renewable energy including wind power, solar, 

fuel cell, etc. Fuel cell is one of promising 

choices due to its advantages of zero emission, 

low noise, higher power density and being easily 

modularized for portable power sources, electric 

vehicles, distributed 

generation systems, etc [1]. The grid-connected 

power system based on fuel cell is shown in Fig. 

1. For a typical 10 kW Proton Exchange 

Membrane Fuel Cell, the output voltage is from 

65 V to 107 V. However, the input voltage of 

the three phase DC/AC converter needs to be 

around 700 V, the voltage gain of the DC/DC 

converter between fuel cell and the DC/AC 

converter will be from 6 to 11. A high step-up 

DC/DC converter is needed for the system as 

shown in Fig. 1. The DC/DC converter will 

generate a high frequency input current ripple, 

which will reduce the life time of the fuel cell 

stack [2-4]. In addition the hydrogen energy 

utilization decreases with increasing the current 

ripple of the fuel cell stack output [5]. Therefore 

the DC/DC converter for the system as shown in 

Fig. 1 should have high step-up ratio with 

minimum input current ripple. 

 

Fig. 1. Grid-connected power system based on 

Fuel Cell 

High step-up ratio can be achieved by 

combining classical boost converter with 

switched inductors [6], coupled inductors [7-9], 

high frequency transformer [10] or switched 

capacitor (SC). They can obtain high step-up 

ratio with high efficiency, low voltage stress, 

and low EMI. In order to reduce output fuel cell 

stack output current ripple or the DC/DC 
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converter input current ripple, either a passive 

filter or active filter [5] can be used, however, 

this will increase the complexity of the system. 

In fact, interleaving the DC/DC converter can 

reduce the input current ripple of the DC/DC 

converter. An interleaved boost converter with 

voltage multiplier was proposed. Its voltage gain 

was increased up to (M +1) times (M is the 

number of the voltage multiplier) of the classical 

boost converter with the same duty-cycle D and 

lower voltage stress. Besides it has lower input 

current ripples and output voltage ripples in 

comparison to the classical boost converter. The 

interleaving boost converter with voltage 

multipliers is shown in Fig. 2. 

The converter shown in Fig. 2 can achieve low 

voltage stress in the power devices, which 

increases the conversion efficiency. However, 

this is only true in heavy load while the voltage 

stress of the power devices increases when it 

works in discontinuous mode (DCM) which 

occurs when fuel cell only supplies a light local 

load as shown in Fig. 1. In this case, higher 

voltage power devices need to be used, and 

therefore its cost and power loss will be 

increased. These authors proposed a new PWM 

control method, named as Alternating Phase 

Shift (APS), to overcome the problem when the 

converter operates in light load. High step-up 

DC–DC converters are employed in 

numerous applications, such as renewable 

energy systems, motor drives, uninterruptible 

power systems and electric vehicles [1–6]. In 

these applications, a high step-up converter is 

required to adapt the low voltage level of 

batteries or photovoltaic cells to the high-voltage 

DC bus [7,8]. In order to perform this voltage 

conversion, various isolated DC–DC converters 

are presented in which high voltage gain can be 

achieved by increasing the transformer turns 

ratio. Nevertheless, these converters suffer from 

high circulating currents, high voltage stress and 

low efficiency. 

According to the recent studies, non-isolated 

DC–DC converters are favourable in high step-

up application due to lower size, lower circuit 

cost and higher efficiency than the isolated 

types. Conventional boost and buck-boost 

converters theoretically have a high voltage 

gain. However, due to many limitation factors, 

such as equivalent series resistance of the 

passive elements and reverse recovery problem 

of the output diode, a high step-up gain cannot 

be achieved in practice. In order to reduce the 

switches voltage stress in high step-up 

applications, conventional three-level boost 

converter can be used. Also, the size of the input 

inductor is lower than the boost converter. 

However, the voltage gain is still limited. 

Conventional cuk, sepic and zeta converters can 

be employed as a high step-up converter, but 

they are more complex than the boost converter. 

Some efforts are made to combine sepic and 

boost  onverters. But despite using further 

elements, the voltage gain is limited.  

2. PROPOSED CONVERTER AND 

OPERATING PRINCIPLES 

The circuit configuration of the proposed 

converter is shown in Figure 2. This converter is 

based on two CI boost converter modules, which 

are interleaved connected at the input and series 

connected at the output. The input gate signals 

of the converter switches have a 180-degrees 

phase shift which causes interleaved operation 

of two modules. In this topology, inductors L1l  

 

Figure 2. Circuit diagram of the proposed 

converter. 
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and L2l comprise the two coupled inductors. 

Switches S1 and S2 are the main switches and 

diodes D1 and D2 are the output-rectifying 

diodes of the boost converter. Diodes DC1 and 

DC2 along with capacitors Cc1 and Cc2 

comprise two passive clamp circuits which 

recycle the leakage inductors energy and limit 

voltage stress on the main switches. In order to 

simplify the operating principles analysis of the 

proposed converter, some assumptions are made 

as follows: - All diodes and MOSFET switches 

are considered to be ideal. 

- All capacitors are large enough. Hence, their 

voltage ripple can be neglected. 

- The operating duty cycle of the main switches 

S1 and S2 is equal. 

- The coupled inductors are modelled as a 

magnetizing inductor, a leakage inductor and an 

ideal transformer with n = n12/n11 = n22/n21 

turns ratio. 

The typical waveforms of the proposed 

converter at steady-state condition are given in 

Figure 2. According to the following 

considerations, the proposed converter has eight 

operating modes during one complete switching 

cycle. Owing to the symmetrical operation of 

switches S1 and S2, only four operating modes 

of switch S1 are explained. The equivalent 

circuit of each mode is shown in Figure 3. 

Before t0, both switches S1 and S2 are ON and 

the magnetizing inductors LM1 and LM2 are 

charged through the input. Mode 1 [t0 ¡ t1]: At 

t0, switch S1 is turned off and clamp diode DC1 

starts to conduct. During this mode, a part of 

magnetizing inductor current iLM transfers to 

the output via the secondary side of the coupled 

inductors and diode D1. Also, the leakage 

energy which stores in Llk1 is absorbed by the 

clamp capacitor Cc1. 

Therefore, the leakage inductor current iLlk1 

decreases linearly. At t1, iLlk1 reaches zero and 

this mode ends. During this interval, the 

equations of the leakage inductor and the 

magnetizing inductors currents are as follows: 

 

 

Mode 2 [t1 ¡ t2]: At t1, the leakage inductor 

current becomes zero and the clamp diode DC1 

is turned off without any reverse recovery 

problem. During this mode, the magnetizing 

inductor current iLM is charging the output 

capacitor C1 through the secondary side of the 

coupled inductors. Thus, iLM is decreasing 

linearly as follows: 

 

3. CONTROL SCHEME OF ALL POWER 

RANGE WITH APS AND TRADITIONAL 

INTERLEAVING CONTROL 

According to the principle of APS [25], APS 

control is proposed to solve the light load 

problem with duty cycle less than 0.5 as shown 

in Fig. 4(a). With the load increasing, the duty 

cycle will be increased as well. When the duty 

cycle is increased to 0.5, the APS control will be 

altered to be traditional interleaving control with 

halved switching frequency as shown in Fig. 

4(b). According to previous analysis as shown in 

Fig. 3, the minimum duty cycle to achieve low 

voltage stress on switches with traditional 

interleaving control is less than 0.5. Therefore, it 

is possible to  combine both APS control and 

traditional interleaving control to control the 

converter for full power range operation. 
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Fig. 3. Boundary constraint varies with voltage 

gain 

The boundary constraint with traditional 

interleaving control decided by equation (14) is 

shown in Fig. 3. The constraint includes two 

parts: duty cycle D and the circuit parameters 2 

/( ) S K = L R ×T . As the switching period TS 

and the input inductor L are designed at nominal 

operation in Continuous Conduction Mode 

(CCM), the constraint is determined by duty 

cycle D and the load R. The reason why there 

are two parts in the boundary constraint is that 

the duty cycle D varies with the load when the 

converter operates in Discontinuous Conduction 

Mode (DCM). For a given application, the 

voltage gain of the DC/DC converter is 

determined. And then the minimum duty cycle 

that can maintain low voltage stress in main 

power devices with traditional interleaving 

control will be given by equation (14)-(b) and as 

shown in Fig. 3(a). 
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Fig. 4. PWM waveform of APS with D<0.5 and D=0.5 

Conclusion 

In this paper, a new interleaved high step-up 

DC–DC converter based on the floating-output 

capacitors technique was introduced. The 

steadystate analysis and derived equations 

represent that the voltage gain of the proposed 

converter is much higher than the conventional 

interleaved boost converter. In this topology, the 

voltage stress on the main switches and diodes is 

very low. Consequently, low-voltage, high-

performance MOSFET switches and scotty 

diodes can be used. Also, the output and clamp 

diodes turn off under ZCS condition. Moreover, 

the leakage inductors energy is recycled into the 

circuit, so the voltage spikes across the main 

switches are avoided. At last, the proposed 

converter was simulated and a 200 W prototype 

circuit was implemented to prove the validity of 

the steady-state analysis.  
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