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Abstract- The aim of this paper is the modelling and the implementation of a floating interleaved boost converter for proton 

exchange membrane fuel cell vehicle application. The fuel cell vehicle represents a credible solution for electrical 

transportation. To rise the voltage generated by the fuel cell to a suitable voltage required by the electrical motor, the boost 

converter represents a competitive technical solution. Furthermore, the interleaved boost converter allows the reduction of the 

voltage ripples and the increase in the fuel cell life time. The floating structure has the highest voltage gain and efficiency 

compared to other boost converters.  Floating interleaved boost converter is a reassuring structure of the boost converters to 

interface the fuel cell with continues bus in a combined power train. The current paper mainly focuses on the development of 

fuel cell power converters applications through the enhancement of the voltage gain and efficiency. This converter proves its 

efficiency at the level of reducing ripple input current as well as maintaining high voltage gain and low voltage ripple. 

Eventually, the performances of the proposed converter evaluate using an experimental prototype. Despite the analysis and 

control of power converters were widely developed, the implementation of the control of the power converter using Dspace 

and FPGA is presented for the first time in this paper. The experimental results show the ability of the converter to reduce the 

input current ripple for different power range and reduce the current stress and power loss of different components. 

Keywords Floating interleaved converter, fuel cell, electric vehicle, experimentation. 

 

1. Introduction 

The excessive use of fuel, natural gazes and coal has 

caused an important diminution of fossil fuels as well as 

environmental pollution [1]–[4]. To reduce the effect of 

using non renewable energy sources, new policies have been 

developed to encourage the exploitation of renewable energy 

sources to produce electrical power [5]. However, the storage 

of electrical energy produced from renewable sources 

remains the main issue of using these sources in an effective 

manner [6], [7].  Moreover, the increase in population, the 

industrial development and the urbanization growth has 

triggered researchers to find optimistic solution for the 

above-mentioned issues [8], [9]. The use of the Fuel Cell 

(FC) as an electrical generator is considered an optimal 

solution [10]–[12]. The FC allows the generation of electrical 

energy from hydrogen stored in special tanks. Moreover, 

renewable energy sources like solar and wind power are used 

to produce hydrogen [13]–[15]. For such reason, FCs have 

been used in different industrial applications like automotive 

and portable applications [16]–[19]. Currently, the electrical 

vehicle has attracted the attention of industry consistencies 
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and researchers in renewable energy systems [20], [21]. The 

FC is proposed as an electrical generator for the fuel cell 

vehicle. Usually, the fuel cell vehicle is based on the use of 

FC, battery, super capacitors and power converters [16], [18], 

[19], [22], [23].  The role of the DC/DC converters and 

inverters is to control the flow of the power in an effective 

way[20]. The general structure of the electrical vehicle 

system is shown in Fig.1 [18].  

 

Fig. 1. General structure of electric vehicle system. 

The FC is a specific generator having non-linear 

characteristic of voltage-current [12]. The voltage decreases 

when the current increases and the produced power is 

maximized at a specific defined current. Furthermore, the 

current and voltage ripples affect the FC life time [24]. For 

this reason, the design of specific power converters became a 

necessity to improve the reliability, efficiency and lifetime of 

FC systems. The classic boost converter allows the stepping 

up of the FC voltage to be adequate to the required load 

voltage [25]. However, the minimization of voltage and 

current ripples requires a big-sized capacitor and inductors 

[20]. This solution represents a major drawback for the 

portable applications like electrical vehicle systems.  The aim 

of the interleaved boost converter is rise the voltage and keep 

minimum sizes of the capacitor and the inductor [24]. These 

converters are made of classic boost converters structures 

connected in parallel [26]. In this way, they require a specific 

control approach to reduce the current ripples. This approach 

permits to minimize the FC current ripples and improve the 

FC lifetime.  

Usually, the load requires high voltage compared to the 

one produced by the FC. Then, the floating structure of 

interleaved boost converters creates a credible solution to 

increase the output voltage and reduce the current ripples at 

the same time [27]. The floating interleaved boost converter 

(FIBC) is mainly based on the use of the two structures of 

two phases interleaved boost converters. The two interleaved 

converters are connected in anti-parallel to the same load. 

This allows the considerable increase of the output voltage 

even when working at low duty cycle.  Furthermore, the 

FIBC has many advantages compared to other classic 

interleaved boost converters. Indeed, the FIBC is considered 

has high efficiency and lower passive devices than 

multiphase interleaved boost converter. The FIBC permits 

the production of the required voltage with a minimum size 

of passive components. The size of the inductors and 

capacitor in FIBC is equal to the half the size of components 

used in interleaved boost converter and equals quarter the 

size of passive components used in the classical structure. 

Even though the FIBC used more passive components 

compared to other boost converters topologies, the FIBC is 

recommended in the DC/DC conversion thanks to its high 

efficiency and high voltage gain. Moreover, the FIBC is 

characterized by less voltage stress on power switches (e.g., 

switches, diodes). In addition, some other advantages are 

higher switch utilization factors, lower switching stress, 

smaller inductor volumes thanks to lower current flow 

through each inductor, lower capacitor voltage ratings, as 

each capacitor carries only about 60% of the output voltage, 

and lower power losses and less voltage drop across the 

inductors [28]. Thanks to all these advantages, the FIBC 

represents a competitive solution for electrical vehicle 

applications [29].  

The analysis of the technology of power converters for 

the control of the power flow of the FC show that a wide 

range of converters is developed in the literature. However, 

the FIBC was not analyzed and its control is not well 

investigated. The control of boost converters using DSpace 

shows good performances in terms of response time and 

accuracy [30]. The DSpace permits to generate different 

signals required for the control of the power switches. The 

energy management system of FC renewable energy system 

can be developed using Matlab and implemented using 

Microntroller [31].  The FPGA represents an interesting 

technology developed for the control of power converters 

[32]. Using Dspace and FPGA technologies will be 

developed in this paper to control an FIBC. Eventually, this 

paper proposes the analysis and the experimental validation 

of the use of the FIBC in electrical vehicle application. This 

paper is organized into five main sections. The introduction 

is presented in the first section. The second section displays 

the model and the electrical equivalent circuit of the used 

PEMFC. In the third section, the FIBC structure is presented 

and analyzed. The mathematical model is presented and 

discussed in the same section. The simulation and 

experimental results as well as the test bed are presented and 

discussed in section four. Furthermore, the conclusion is 

presented in the fifth section. 

2. Fuel cell Modeling     

The PEMFC is an electrochemical system that converts 

chemical energy (Hydrogen) into electrical energy through a 

chemical reaction of hydrogen and oxygen [33].  Without 

using thermal or electromechanical conversion system, both 

oxygen and hydrogen are converted into water and electricity 

through the procedure of turning chemical energy into 

electrical energy. Under the influence of the electric field, the 

fuel cell is able to settle both the anode and the cathode 

separated by the electrolyte. Such settlement enables the ions 

to move freely between electrodes. 

In overall, the basic principle of operation of the PEMFC 

has been considered as dual chemical reaction composed of 

oxidation and reduction reactions taking place at the anode 

and the cathode, respectively. At the anode, there is a whole 

process of oxidizing hydrogen into two protons and two 

electrons. At the cathode, the two protons and the two 
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electrons reduce oxygen to water. The overall chemical 

reaction is described by expression (1) [11].  

2 2 2

1
H + O →2H O + electrical energy + heat energy

2
        (1)                         

The generated voltage of the PEMFC is described as [10]:  

FC Nernst act ohmic conV =E -V -V -V
                                           (2) 

Where ActV
 is used for modeling the activation losses and is 

given as [15]: 

FC n
Act

0

i i
V = ln

i
A.

+ 
 
                                                         (3) 

The voltage drop due to Ohmic losses is expressed as: 

)(m nOhm FCV = R i i+
                                                             (4) 

The concentrations losses are expressed as: 

FC

Con

l

ni i
V = - ln 1 -

i
B.

+ 
 
                                                     (5) 

The electrical equivalent circuit used for modeling the 

PEMFC is depicted in Fig. 2. 

ohmR
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Fig. 2. Electrical equivalent circuit 

Fig. 3 explicitly translates relation (1) wherein the 

double-larger charge is the principal cause behind the gap 

between the activation voltage and the concentration voltage 

represented by the resistance Ract and the resistance Rconc, 

respectively. It is also worth noting that the accumulation of 

charges between two different materials is fundamental 

condition to this phenomenon.  The behavior of the charge 

layer in the Electrode/electrolyte interface is similar to that of 

a capacitor.  

 

Fig. 3. Schematic representation 

In this study, experiments are conducted with Ballard 

Nexa 1200 fuel cell module under the diverse operating 

situation, whether static or dynamic ones. A symbolic 

representation of the PEMFC test bed is shown in Fig. 4. The 

test bench is mainly made up of PEMFC Ballard Nexa, 

hydrogen tank equipment with all components i.e., inlet 

valve, pressure regulating pressure-regulating valve, and 

exhaust gas electromagnetic valve. An electronically 

controlled load is used to emulate electric vehicle behavior. 

A photograph of the test bed is depicted in Fig. 4. 

 

Fig. 4. Photograph of the test bed 

The practical bench which allows the plotting of the 

polarization curveting is presented in Fig.5. The current and 

the voltage variation of the PEMFC have been the main 

objective of this first experiment.  Moreover, this experiment 

basically focuses on the observation of the fuel cell electric 

model behavior and the assessment of its performance. The 

26 V direct current was obtained at a current of 45A and an 

ambient temperature of 25°C. The rated power is about 

1200W considered as the maximum stack power obtained at 

normal working conditions of the PEMFC. Fig. 6 illustrates 

the polarization characteristics, of the PEMFC. The obtained 

polarization curves are identical to the characteristics 

provided in the datasheet. The produced output power by the 

PEMFC is calculated using the values of the voltage and the 

current. The obtained results of the power are presented in 

Figure 6. The maximum power of the PEMFC, 1.2 kW, 

corresponds to a maximum current of 45 A. 
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Fig. 5. Practical characteristic 

 

Fig. 6. Power, run up operation 

 

3. Floating Interleaved boost converter 

3.1. Converter Topology    

The interleaving conception, on which the implied topology 

is established and ensured by the common inputs’ 

connection of a non-floating and a floating converter and the 

shift of the command signals for the power semiconductors 

(S1, S2, S3, and S4). Incorporating more than two converter 

phases permits the minimization of the source current 

ripples. Moreover, this topology reduces the electrical 

constraints on the power semiconductors. The phase number 

interleaved phases of the power converter must be always 

equal in aim to hold the equilibrium among the top part (i.e. 

non-floating part) and the bottom part (i.e. floating element). 

In addition, from a point of view of dependability, this 

structure is a vigorous addition compared to the two phase’s 

interleaved converter. The FIBC presented in Fig.7 is based 

on the use of two structures of two phases interleaved boost 

converter. The two phases interleaved boost converters are 

connected in anti-parallel to a common DC bus voltage. The 

control signals generated to turn on-off the switches are 

shifted by T/n where n is the number of legs of the converter.  

To compare the classical boost converter, the advantages of 

the floating interleaved topology are set down beneath:  

• The size and volume of inductors and capacitors 

components are minimized.  

• The output voltage and current ripples are decreased 

considerably compared to classic structures.  

• The voltage and current ripples disappear 

completely for particular duty cycle value 

• d = a / n where a varies from 1 to n-1, according to 

the number of legs of the FIBC. 

• The frequency of the input current ripple is raised. 

• Although the converter is modular, it makes 

perfectly the system reliable due to the existence of 

additional freedom degrees and increases the 

converter power through the parallel phase’s 

connection. 

• Thermal management operation is straightforward. 

• Making the phases parallel allows a leading thermal 

distribution. 

The semiconductors' currents of the power are minimized 

owing to the converter interleaving. 
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 Fig. 7. FIBC topology  

3.2. Converter Modelling  

To ensure the converter control and the performance targets, 

suitable dynamic models of the used topology are necessary. 

For the sequences of operation defined by (0 <t <DTs) and 

(DTs <t <Ts), the dynamic current equations are expressed 

as: 

( )

( )

( )

( )

( ) ( )

( ) ( )

2

L 1

C1 FC

L

C1 FC

L 3

C2 FC

L 4

C2 FC

C1

L1 L2 C1 C2 FC

C2

L3 L4 C1 C2 FC

dI d-1 1
= V + V

dt L L

dI d-1 1
= V + V

dt L L

dI d-1 1
= V + V

dt L L

dI d-1 1
= V + V

dt L L

dV d-1 d-1 1 1 1
= I + I - V - V + V

dt L L RC RC RC

dV d-1 d-1 1 1 1
= I + I - V - V + V

dt L L RC RC RC

         (6) 
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The fuel cell current depends on the different currents in the 

inductors and the bus current. Thus, the FC current and the 

DC bus voltage are expressed as: 

4

in Li bus

i=1

2

bus c i in

i=1

dI dI dI
=  -

dt dt dt

dV dV dV
=  -

dt dt dt





                                                          (7) 

3.3. Converter Design 

The FIBC allows the reduction of the current ripples since 

the current is divided into four phases. This permits the use 

of inductors with less size and volume. The reduction of the 

inductor current ripple is obviously achieved though the 

combination of the interleaving concept and the phase shift 

of 360/N between the control signals.  

As a consequence, there is a vital necessity to lower both the 

inductor value and its volume. In order to reduce the size and 

weight, it is imperative to decrease the passive components 

as well as heat sink. Fig.4 below illustrates the switches gates 

signals. It also depicts the current of the input, the inductor as 

well as the capacitors. The output voltage for a duty cycle 

(50% < D < 75%) is also highlighted in Fig.8. 
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S4

Ts/4 Ts/2 3Ts/4 Ts

dTs

IL2 IL1 IL4IL3

Iin

IC1

IC2

Vbus

S2

 

Fig. 8. Waveforms of a four-phase FIBC 

From Fig. 4 and during the interval (Ts/2 < t < 5Ts/8), the 

following equations can be written. 

1

1

2

2

3

3

24

4

fcL

fcL

fcL

fc cL

Vdi

dt L

Vdi

dt L

Vdi

dt L

V Vdi

dt L

=

=

=

−
=

                                                                 (8) 

1 0

1

02

2

3

4

c

fcc

dV I

dt C

I IdV

dt C

= −

−
=

                                                                 (9) 

The input current and dynamics of the DC-bus voltage are 

described below. 

3 01 2 4

1 2

fc LL L L

fcBus c c

di di didi di di

dt dt dt dt dt dt

dVdV dV dV

dt dt dt dt

= + + + −

= + −

                       (10) 

Using equations (8), (9) and (10), the inductor and the 

capacitor value can be obtained as follows 

(3 4 )( 0.5)

(1 )

(3 4 )( 0.5)

2(1 )

Bus

fc s

Bus

Bus s

d d V
L

d V f

d d V
C

d V Rf

− −
=

+ 

− −
=

− 

                                                 (11) 

The inductor current ripple can be obtained by  

(1 )

(1 )

Bus

L

s

d d V
i

d Lf

−
 =

+
                                                      (12) 

Table 1 presents the parameters used in this study. 

Table 1. FIBC parameters 

Parameter   Value 

Fuel cell voltage  28V 

DC bus  80V 

Switching frequency  20KHz 

Inductor  120µH 

Capacitor   470µF 
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4. Results and discussion 

4.1. Simulation results 

This section presents the implemented scenario in order 

to verify the effectiveness of the proposed converter and 

control approach. The simulation of the PEMFC and the 

associated converter has been carried out using MATLAB 

Simulink environment.  

Fig.9 underlines the simulation results for the control 

signal for the PWM at a duty cycle, d = 0.5 where it can be 

seen that these four signals are shifted between them by  

T / 4. 

 

Fig. 9. Simulation PMW signals of a four-phase FIBC 

(d=0.5) 

According to Fig.10, if the switch is on, the current 

inductance is increased linearly and decreased linearly as 

well as when the switch is off. These currents are shifted 

between them by T/4. The average values of the inductors 

currents are: iL1= iL4 = 5.2A, and iL2= iL3=9.7A. The input 

current is 22A and the output current is7.5A is shown in 

Fig.11. 

 

Fig. 10. Inductor currents waveforms of a four-phase 

FIBC (d=0.5) 

 

Fig. 11. Input and output currents waveforms of a four-

phase FIBC (d=0.5) 

The simulation result is obtained when the input voltage 

is 28V, the capacitor output voltage is 55V and the output 

voltage is 82V as shown in Fig.12. 
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Fig. 12. Output voltages waveforms of a four-phase 

FIBC (d=0.5) 

4.2.  Experimental results 

To validate the steady-state analysis performed in 

continuous conduction mode, a prototype of the converter 

circuit shown in Fig.7 is equally designed and tested in the 

laboratory. The experimental platforms of Floating 

Interleaved boost Converter (FIBC) are shown in Fig.13. The 

converter prototype is driven with a switching frequency of 

20 kHz and the operating duty cycle is 0.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Experimental platforms of Floating Interleaved 

boost Converter (FIBC) 

The improved control system of the interleaved 

topologies with MATLAB/SIMULINK has been transmitted 

through the actual time board DSpace1104. The power 

switching signals are generated involving MATLAB with 

dSPACE (RTI 1104) controller. Nonetheless, these control 

signals are in phase as illustrated in Fig.14. In parallel with 

the structure of this research, the monitoring signals from the 

PWM port are modified by an FPGA board, as indicated in 

Fig.15.     The FPGA is a VHDL calculation code which 

depends on the Altera Quartus II software. It is responsible 

for the activation of the port control- shift. Fig.16 clearly 

shows the operation of the system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Experimental platforms of Floating Interleaved 

boost Converter (FIBC) 

 The control signals shifting is set up on a parameter 

determined in the VHDL program and called shift value as 

shown by the following relation 

7.10
360

s
T

q

=valueshift

 

The above mentioned equation includes Ts as the switch 

operating time as well as θ as the shift angle of the control 

signal of the IBC converter. The latter is 90° taking into 

account the four-phase floating interleaved topology.  
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Fig. 15. Steady state switch control signals with 50% 

duty cycle produced by DSpace 1104 

 

 

Fig. 16. Steady-state switch driving signals with 50% 

duty cycle and 90◦ out of phase from each other with FPGA 

board 

The steady-state waveforms of the current variation 

show the ability of the four-phase FIBC to minimize the 

current ripples. It is possible to shift from a high current 

ripple in the inductors to a low value of order 4A at the input 

of the converter. Fig.17 exposes the inductance currents for 

the duty cycle; d = 0.5. They are shifted from each other by T 

/ 4 and almost the same average values as in the simulation. 

Fig.18 shows the PWM signals (PMW1 and PMW2) and 

inductor currents (iL1 and iL2) of proposed convector 

(FIBC) for the duty cycle; d = 0.5. 

 

Fig. 17. Experimental inductor currents waveforms of a 

four-phase FIBC (d=0.5) 

 

 

Fig. 18. Experimental PWM signals (PMW1 and 

PMW2) and inductor currents (iL1 and iL2) 

From Fig.19, the total input current is 20 A, the 

inductance currents iL1 and iL4, and the output current 

through the load is 7A. The variation of the voltage of the 

output capacitor is shown in Fig.20; the value of this voltage 

is close to 54V. 
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Fig. 19. Experimental PWM signals (PMW1 and 

PMW2) and inductor currents (iL1 and iL2) 

 

 

Fig. 20. Experimental PWM signals (PMW1 and 

PMW2) and inductor currents (iL1 and iL2) 

It is obvious that the experimental and simulation results 

show a good agreement. In addition, there is proportionality 

between the progress of the output voltage and the duty cycle 

which is verified by the following theoretical equation: 

Bus

Bus

FC

FC

V -V

V +V
d =   

Fig. 21 shows the efficiency curve of the proposed 

converter versus the output power; the input voltage is set to 

28V and the duty cycle is 0.5. The four-phase FIBC topology 

allows improving the efficiency and reducing the current 

ripples. The converter has also shown a considerable 

reducing of the size of both the inductor and the capacitor 

components. This optimized structure leads eventually to a 

considerable minimization of switching and conducting 

losses.  

 

 

 

 

Fig. 21. Experimental efficiency of a four-phase FIBC 

5. Conclusion 

       In this paper, a FIBC characterized by a minimum 

input current ripple has been presented and analyzed through 

simulations and experimental tests. The modeling of the 

converter is presented to analyze the variation of current and 

voltage in different components.  The model shows that the 

converter allows the achievement of zero current ripples at 

higher output voltage. The principles of the operation and the 

ripple equations have been examined, and the components 

and semiconductors are equally selected. To validate the 

simulations results, a hardware prototype of the four-phase 

FIBC has been implemented, using a Dspace 1104 and an 

FPGA board. This prototype used IGBTs operating at a 

switching frequency of 20 kHz. The implemented converter 

has achieved an output power of 500W, such power has 

conducted 93% efficiency at duty cycle of 0.5 and 28V input 

voltage.  
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