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Abstract 

        This paper presents a high step-up converter for hybrid system. The proposed high step-up dc–dc converter is 

devised for boosting the voltage generated from fuel cell and solar 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 input voltage source 60-90 V 

integrated into a 2-kW converter was implemented using MATLAB/SIMULINK 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%. 
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Introduction 

  As of late, the cost increment of fossil fuel and 

new directions of CO2 outflows have unequivocally 

expanded the interests in renewable vitality sources. 

Henceforth, renewable vitality sources, for example, 

power modules, sun oriented vitality, and wind control 

have been broadly esteemed and utilized. Energy units 

have been considered as a brilliant contender to 

supplant the customary diesel/fuel in vehicles and crisis 

control sources. Power modules can give clean vitality 

to clients without CO2 emanations. Because of stable 

operation with high-proficiency and supportable/ 

renewable fuel supply; power module has been 

progressively acknowledged as a skillfully elective 

hotspot for what's to come Li et al. (2009) and Li et al. 

(2011). The brilliant components, for example, little 

size and high change effectiveness make them 

significant and potential. Subsequently, the power 

module is reasonable as power supplies for vitality 

source applications Laughton (2002), Thounthong et al. 

(2009), Jiang et al. (2010) and Khaligh et al. (2010). As 

a rule, an ordinary energy component control supply 

framework containing a high stride up converter is 

appeared in figure 1. The produced voltage of the power 

device stack is somewhat low. Henceforth, a high stride 

up converter is emphatically required to lift the voltage 

for applications, for example, dc miniaturized scale 

network, inverter, or battery. Preferably, a routine help 

converter can accomplish high stride up voltage pick up 

with an extraordinary obligation cycle. By and by, the 

progression up voltage pick up is restricted by impacts 

of the power switch, rectifier diode, and the resistances 

of the inductors and capacitors. Also, the Outrageous 

obligation cycle may bring about a genuine turn around 
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recuperation issue and conduction misfortunes. A fly 

back converter can accomplish high stride up voltage 

pick up by altering the turns proportion of the 

transformer winding. 

Fig. 1. Fuel cell power supply system with high step up 

converter 

 

  Nonetheless, a substantial voltage spike spillage 

vitality causes may demolish the fundamental 

switch. So as to ensure the switch gadgets and 

compel the voltage spike, a high-voltage-evaluated 

switch with high on-state resistance Ron-ON and a 

snubber circuit are generally received in the fly back 

converter, however the spillage vitality still be 

devoured. These techniques will lessen the power 

change proficiency. With a specific end goal to build 

the change proficiency and voltage increase, 

numerous advances, for example, zero-voltage 

exchanging (ZVS), zero-current exchanging (ZCS), 

coupled inductor, dynamic clasp, and so forth have 

been examined Wai et al. (2007).  

Some high stride up voltage pick up can be 

accomplished by utilizing exchanged capacitor and 

voltage-lift systems, despite the fact that switches 

will endure high present and conduction misfortunes. 

As of late, coupled-inductor innovation with 

execution of spillage vitality reuse is created for 

customizable voltage pick up; along these lines, 

numerous high stride up converters with the qualities 

of high voltage increase, high productivity, and low 

voltage push have been introduced Tseng et al. 

(2004). What's more, some novel high stride up 

converters with three-winding coupled inductor have 

additionally been proposed, which have more 

adaptable alteration of voltage change proportion and 

voltage stretch Changchien et al. (2007) and (2010).  

          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. A solar cell 

or photovoltaic cell, is an electrical device that converts 

the energy of light directly into electricity by 

the photovoltaic effect, which is a physical  and  

chemical phenomenon. It is a form of photoelectric cell, 

defined as a device whose electrical characteristics, 

such as current, voltage, or resistance, vary when 

exposed to light. Solar cells are the building blocks of 

photovoltaic modules, otherwise known as solar panels. 

The proposed converter with hybrid 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. 

Operating principle of theproposed 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  

https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Electricity
https://en.wikipedia.org/wiki/Photovoltaic_effect
https://en.wikipedia.org/wiki/Physics
https://en.wikipedia.org/wiki/Chemical
https://en.wikipedia.org/wiki/Solar_panel
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lifts of the output voltage by increasing the turn’s ratio 

of coupled-inductor. The advantages of proposed 

converter are as follows: Through adjusting the turns 

ratio of coupled inductor, the proposed converter 

achieves high step-up gain that renewable energy 

systems require; Leakage energy is recycled to the 

output terminal, which improves the efficiency and 

alleviates  large voltage spikes across the main switch; 

Due to the passive lossless clamped performance, the 

voltage stress across main switch is substantially 

lower than the output voltage; Low cost and high 

efficiency are achieved by adopting low-voltage-rated 

power switch with low Ron −ON; 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 figure 2 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 turn’s ratio of coupled inductorn2 is 

equal toN2/N1, and n3 is equal to N3/N1, whereN1, 

N2, and N3 are the winding turns of coupled inductor. 

The steady-state waveforms of the proposed converter 

operating in CCM are depicted in Fig. 3. Mode I [𝐭𝟎, 

𝐭𝟏]: During this interval, the switch S is turned ON at t0. 

The diodes D1, D2, and D4 are reverse biased. The 

primary leakage inductor current iLK1 increases 

linearly, and the energy stored in magnetizing 

inductance still transfers to the load and output 

capacitor C2 via diode D3. 

Fig. 2. Equivalent circuit of the proposed converter 

 

Mode II [𝐭𝟏, 𝐭𝟐]: During this interval, the switch S is 

still in the turn-on state. The diodes D1 and D4 are 

forward biased; diodes D2 and D3 are reverse 

biased. The dc source Vin still charges into the 

magnetizing inductor Lm and leakage inductor LK1, 

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 C3. The switched capacitor Cb is 

charged by the LC series circuit. Mode III [𝐭𝟐, 𝐭𝟑]: 

During this interval, the switch S is turned OFF at t2. 

Diodes D1 and D4 are still forward biased; diodes 

D2 and D3 are reverse biased. The magnetizing 

current   and   LC   series   current   charge the   

parasitic capacitor Co of the MOSFET. Mode IV [𝐭𝟑, 

𝐭𝟒]: During this interval, S is still in the turnoff state. 

The diodes D1, D2, and D4 are forward biased. The 

diode D3 is reverse biased. The current charges the 

output capacitor C3 and decreases linearly. The total 

voltage of Vin+VLm+VCb is charging to clamped 

capacitor C1, and some of the energy is supplied to 

the   load. 

Mode V [𝐭𝟒, 𝐭𝟓]: During this interval, switch S is still 

in the turn-off state. The diodes D1 and D4 are turned 
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OFF; the diodes D2 and D3 are forward biased. The 

energy of the primary side still charges to the clamped 

capacitor C1and supplies energy to the load. Some of 

the energy from dc source Vin is transferred to the 

secondary side of the coupled inductor to charge the 

capacitor C2, and the current   𝐢𝐝𝟑, increases linearly. Mode 

VI [𝐭𝟓, 𝐭𝟔]: During this interval, switch S is still in the 

turn-off state. The diodes D1, D2, and D4 are reverse 

biased; the diode D3 is forward biased. The current 

𝐢𝐋𝐊𝟏 is dropped till zero. The magnetizing inductor Lm 

continuously transfers energy to the third leakage 

inductor Lk3 and the capacitor C2. The energies are 

discharged from C1 and C3 to the load. The current 

𝐢𝐝𝟑 charges C2 and supplies the load current. 

Fig. 3. Steady-state waveforms in CCM operation 

 

Design of the proposed converter 

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. 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 

         (1) 

         (2) 

The capacitors can be designed based on the 

voltage ripple percentage of capacitor under full-load 

operation and the related equations are given as 

              (3) 

              (4) 

Design of solar panel 

Determine power consumption demands 

The first step in designing a solar PV system is to 

find out the total power and energy consumption of all 

loads that need to be supplied by the solar PV system as 

follows: 

Calculate total Watt-hours per day for each appliance 

used: Add the Watt-hours needed for all appliances 

together to get the total Watt-hours per day which must 

be delivered to the appliances. 

Calculate total Watt-hours per day needed from the PV 

modules: Multiply the total appliances Watt-hours per 

day times 1.3 (the energy lost in the system) to get the 

total Watt-hours per day which must be provided by the 

panels. 

Size the PV modules 

Different size of PV modules will produce 

different amount of power. To find out the sizing of PV 
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module, the total peak watt produced needs. The peak 

watt (Wp) produced depends on size of the PV module 

and climate of site location. We have to consider “panel 

generation factor” which is different in each site 

location. For Thailand, the panel generation factor is to 

determine the sizing of PV modules, calculate as 

follows: Calculate the total Watt-peak rating needed for 

PV modules 

Divide the total Watt-hours per day needed from 

the PV modules (from item 1.2) by 3.43 to get the total 

Watt-peak rating needed for the PV panels needed to 

operate the appliances. 

Calculate the number of PV panels for the system 

Divide the answer obtained in item 2.1 by the 

rated output Watt-peak of the PV modules available to 

you. Increase any fractional part of result to the next 

highest full number and that will be the number of PV 

modules required. Result of the calculation is the 

minimum number of PV panels. If more PV modules 

are installed, the system will perform better and battery 

life will be improved. If fewer PV modules are used, the 

system may not work at all during cloudy periods and 

battery life will be shortened. 

Battery sizing 

The battery type recommended for using in solar 

PV system is deep cycle battery. Deep cycle battery is 

specifically designed for to be discharged to low energy 

level and rapid recharged or cycle charged and 

discharged day after day for years. The battery should 

be large enough to store sufficient energy to operate the 

appliances at night and cloudy days. To find out the size 

of battery, calculate as follows: Calculate total Watt-

hours per day used by appliances, Divide the total Watt-

hours per day used by 0.85 for battery loss, Divide the 

answer obtained in item 4.2 by 0.6 for depth of 

discharge, Divide the answer obtained in item 4.3 by the 

nominal battery voltage, Multiply the answer obtained 

in item 4.4 with days of autonomy (the number of days 

that you need the system to operate when there is no 

power produced by PV panels) to get the 

required Ampere-hour capacity of deep-cycle battery. 

 

 Days of 

autonomy 

Simulation results 

        The proposed converter for hybrid input source, 

simulation 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 turn’s ration 1: n2: n3 is 

selected as 1:1:1.5. The leakage inductance Lk1 is 

measured as 3.3μH. The simulation waveforms 

measured at full load 2 kW are shown in Fig. 8. The 

performance of the clamp feature is shown in Fig. 

4(a).VGS is the switch control signal. VDS is the 

voltage stress across the MOSFET. Iin is the input 

current from fuel cell stacks and solar cells. The voltage 

of VDS is clamped at 120V, which is smaller than 

output voltage 400 V. The characteristic is helpful in 

using a low-voltage-rated switch with low RDS-ON for 

reducing the conduction losses. The currents 

iD1charging switched capacitor Cb and iD2 through the 

clamp diode D2 are shown in Fig. 4(b).  The currents 

iD3 and iD4 of voltage doubler circuit are shown in Fig. 

4 (c).All diode voltage stress VD1, VD2, VD3 and VD4are 

shown in Fig. 4(d) and (e), which are smaller than the 

output voltage. Moreover, the phenomena of voltage 
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oscillation can be eliminated and thus snubber circuits 

in the proposed converter schemes are not necessary. 

The maximum conversion efficiency is 96.81%, and the 

full-load efficiency with lowest input voltage 57.1 V is 

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%. 

Fig. 4. Simulation waveforms measured at full load 2 

kW 

 

 

Conclusion 

In this paper, a high step-up dc–dc converter for 

fuel and solar cell hybrid electric vehicle applications 

are   clearly  analyzed   and   successfully   verified   by  

MATLAB/Simulink. 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- can be 

selected for the reduction of conduction losses. Thus, 

the proposed converter is suitable for high-power 

applications as hybrid systems in hybrid electric 

vehicles. 
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