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ABSTRACT 

This paper presents a non-linear dynamic model of a PEM 

(Proton Exchange Membrane) fuel cell and its simulation in 

MATLAB. A single cell and three cells stack is fabricated and 

simulation results obtained are validated experimentally with 

the dynamic response of the system for change in values of 

different system parameters. To meet the varying 

requirements of the load, boost converter circuit is designed 

and classical PID as well as advanced sliding mode control 

strategies are simulated in MATLAB and implemented using 

FPGA (Field Programmable Gate Array) and d-SPACE for 

experimental validation. 
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1. INTRODUCTION 
The present era of energy crisis and exponential increase in 

ecological imbalance due to the unregulated exploitation of 

non-renewable resources has led to a serious shift towards 

developing renewable sources as PEM Fuel cells to meet the 

need of the hour.  

In spite of being a potential candidate, many factors 

associated with fuel cell application still prevent its 

commercialization. The high capital cost of fuel cell based 

electricity generation system due to high cost of fuel, catalyst, 

components etc, complex BOP (Balance of Plant) 

requirements, custom designed power conditioning unit, high 

operating and maintenance cost, sophisticated and advanced 

controller requirements to control the non-linearity of cell has 

limited its growth and development. 

The major cost incurred for advance controllers, their design 

and implementation can be reduced by using embedded 

development platforms such as FPGA and d-SPACE. These 

platforms avail us with high processing speed, accuracy, 

flexibility in designing, re-configurability, easy peripheral 

hardware interfacing. 

The state-space model developed in [2, 4] based on [1] aims at 

developing a control oriented model for a 500 W, 48 cell stack 

and its validation against the experimental results of [1]. 

Further, [3] and [5] attempts to model an overall PEM fuel 

cell distributed system and its control along with its power 

conditioning unit. Suitability analysis of different topologies 

of power converters for fuel cell application is done in [6]. A 

hybrid fuel cell-battery control and d-SPACE based hardware 

implementation of [7] and FPGA platform usage in [8, 9] 

reveal the utility of these platforms for developing and testing 

different control algorithms. 

Major contribution of this paper is towards hardware 

implementation of boost converter and its classical PID 

(Proportional Integral Derivative) as well as advanced SMC 

control implementation. Simulation and analysis of the 

dynamic model of a PEM fuel cell and boost converter 

systems are done in Matlab whereas, PID and sliding mode 

voltage control design for boost converter and its 

implementation is done using dSPACE and FPGA platforms. 

A comparative analysis of implementation of PID and Sliding 

mode voltage controller on RTI 1104 R&D board and Virtex-

5 FPGA has also been done.  

Section II involves modeling of the fuel cell and power 

conditioning unit element, which is followed by the control 

design for the boost converter in section III. Section IV 

consists of simulation of the developed model and the control 

strategies. Hardware of the system, for testing the developed 

control strategy is explained in Section V. The results of the 

experiment are presented in section VI and finally the 

conclusion is given in Section VII.  

2. MODELLING 

In order to design a control for a system, we can have a model 

which imitates the system as closely as possible in lieu of the 

actual system. The model is tested for satisfying response for 

the control strategy and extended further to the actual 

hardware of the system. The dynamic behavior of the PEM 

fuel cell and boost converter fed from it is modeled in this 

section, which is used further for control design. 

2.1 PEM Fuel Cell Model 
PEM fuel cell is an electrochemical device which generates 

electricity from the chemical reaction of the species called the 

fuel (oxidizing species at anode liberate free electrons) and the 

oxidant (reducing species at cathode accept free electrons) to 

produce water. The electrons liberated at the anode by the 

oxidizing species are made to flow through the external 

circuit, which constitute the current, by making the electrolyte 

(a polymer membrane) impermeable to electrons, but 

permeable to the protons. The electrons from the external 

circuit and protons passing through the electrolyte react at the 

cathode to form water.   

Anode oxidation  :               

Cathode reduction  :                  

Overall cell reaction :             

2.1.1 Steady State Model 
The reversible single cell potential (     ) generated by a 

single cell is governed by the Nernst equation as [2]: 

                                
  

  
   

    (√    )

    
                 (1) 
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Where, the variables are referred in Appendix.         is 

standard cell potential obtained in ideal conditions at STP, 

without considering the following practical losses occurring 

due to loading: 

1. Activation Losses (    )  

2. Ohmic Losses (    ) 

3. Concentration Losses (     ) 

These losses are given by the following equations [1, 2]: 

                 )   (2) 

                  )   (3) 

      
  

  
     

 

  
   (4) 

Thus the net open-circuit voltage output (   ) for unit cell is 

given by: 

                          )  (5) 

2.1.2  Dynamic Model 
As the reaction progresses with time the parameters of the 
system are no longer constant but dynamic. The rate of change 
of parameters with respect to time is formulated, from the laws 
of conservation of mass, energy and other basic sciences which 
makes it possible to determine the value of parameter at any 
given instant of time for given initial conditions. The main fuel 
cell parameters: temperature, pressure, flow and humidity are 
considered here for dynamic analysis.  

2.1.3 Flow Dynamics 
Applying molar balance to individual species we have, the net 
molar flow rates of hydrogen, oxygen and water as [2]: 
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2.1.4 Pressure Dynamics 

Application of ideal gas law, based on the assumption of ideal 
gas behavior gives the rate determining equations for the 
partial pressure of the reacting species [2]: 
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Where,                   are as in [2]. 

2.1.5 Temperature Dynamics 
From [1, 2] and [5] the net heat generation in the system is the 
sum of all the heat generated minus the total heat lost from the 
system. Heat is generated in PEM fuel cell only due to the 
electrochemical reaction ( ̇     ) occurring, but heat losses 
occur from the system due to convective heat transfer of air 

( ̇    ), heat lost due to the electrical ohmic losses ( ̇    ) and 

heat removed from the system by the coolant ( ̇    ), in case 

of cooling provided. Temperature dynamics, thus can be 
modeled as [2]: 

      
  

  
  ̇     (12) 

 ̇     ̇       ̇      ̇      ̇           (13) 

Assuming no cooling in the system,  

  

  
 

 ̇       ̇      ̇    

      
                  (14) 

Where the rate of heat generation due to electrochemical 
reaction is directly related to the rate of reaction taking place 
and is given as: 

                                        ̇                                     (15) 

The heat generated due to electrical output power is a function 
of voltage and current of the cell and is given as: 

 ̇               (16) 

Heat lost due to convection is a result of the difference in the 
temperature of the ambient environment and the cell: 

 ̇           )         (17) 

Where,           are as in [2]. 

2.1.6 Boost Converter Model 

 

Fig 1: Boost Converter Circuit 

Using state–space averaging method dc-dc boost converter can 

be modeled as [6, 10]: 

  ̇       ) (
 

 
)    (

   

 
)            (18) 

  ̇       ) (
 

 
)    (

 

  
)                (19) 

Where, equation variables are as labeled in Fig 1.       is the 

current from the fuel cell input (   ) to the boost converter and 

      is its output to load voltage. 

3. BOOST CONVERTER CONTROL 

3.1 PID Control 
It is the simplest classical control which utilizes a feedback 

loop to generate error (e). It uses a combination of 

proportional, integral and derivative action to process the error 

and produce optimum control (u) given as: 

        ∫       
 

  
  )                  (20) 

The method of determining the values of constants 

             is known as tuning of the PID. Each action in 

PID combination has its own effect as well as a compensatory 

effect for the other element’s action in the response.  
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3.2 Sliding Mode Control  
Boost converter being a variable structure system, where, 

switching over changes the structure of the system, sliding 

mode control is the most suitable control strategy for such 

systems. The low sensitivity of the sliding mode approach to 

the system parameters variations and disturbances makes the 

control robust. 

The rate of change of inductor current being higher than the 

output voltage rate of change, according to the theory of 

singular perturbations [10] the control  is designed by using a 

cascaded inner current control loop and an outer voltage 

control loop using the integrator back-stepping method or 

regular form control. Usually, voltage control is achieved with 

standard linear control techniques, whereas the current control 

is implemented using PWM. Hardware implementation of a 

sliding mode control is much easier than a PWM control due to 

high frequency operation of switching elements. 

 

Fig 2: Sliding Mode control strategy for boost converter 

With the control objective to achieve a constant output voltage 

(  ), equal to reference, the steady-state behavior would be as: 

             (23) 

 ̇   ̇           (24) 

Control input of voltage controller generates the desired 

current (  
 ), it is the value of the current which meets the 

reference voltage (       ) as: 

  
   

       
 

      
      (25) 

For enforcing sliding surface ( ) to achieve current control is 

as: 

       
    (26) 

and the control ( ) designed to achieve sliding (enforcing    to 

track   
 )is:  

  (
 

 
)          )   (27) 

The discontinuous control of SMC has its own limitations as it 

can cause excessive wear and tear of actuators, chattering in 

controlled output and may excite un-modeled dynamics. 

4. SIMULATION 

4.1 Matlab Simulations 

4.1.1 Fuel Cell Simulation 
Developed models for the fuel cell and the boost converter are 

simulated in Matlab/Simulink. The simulation parameters for 

fuel cell model are taken from [2] for the Avista Labs SR-12 

PEM fuel cell stack and the results are validated with the 

experimental results presented in [1]. 

 

Fig 3: Simulink model of fuel cell 

4.1.2  Boost Converter Simulation 
Open –loop boost converter model is simulated in Simulink 

using SimPower Systems toolbox Power Electronics elements.

 

Fig 4: Simulink Model of Boost Converter 

4.2 dSPACE Simulations and Real Time 

Implementation 

4.2.1 PID controller 
Closed-loop control of boost converter using its state–space 

model equations, is designed for voltage loop. The error signal 

is given to the PID controller which generates the control 

signal ‘u’. This control signal is used to control the duty cycle 

of the PWM pulses to for driving the MOSFET of the boost 

converter.    

 

Fig 5: dSPACE based PID control of boost converter 
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4.2.2 Sliding mode controller  
Sliding mode control strategy utilizes cascaded current and 

voltage control loop, which generates the PWM control signal 

‘u’. The control signal has been implemented in the real time 

by dSPACE DS1104 board, through the mathematical 

environment of Matlab/Simulink. In case of SMC the control is 

designed to generate the PWM signal. 

 

Fig 6: dSPACE based SMC control of boost converter 

The Control Desk software enables us to design user-friendly 

displays for monitoring and changing the parameters of the 

control loops online, saving the time of running the program 

every time a parameter is changed. Here we can monitor the 

output voltage, current switching surface and control signal for 

SMC.  

 

Fig 7:  dSPACE Control Desk Display for SMC control 

4.3 FPGA hardware-co Simulations      
FPGA is a special class of ASICs which offer cost reduction 

and improvement of control performance in designing a 

controller by prototyping and behavioral synthesis on the 

FPGA. FPGA gives faster performance as operations are done 

in parallel. Minimum resource utilization in FPGA, helps to 

reduce computation time and hence takes less time to generate 

the control action. 

System Generator is used to design the Proportional, Integral 

and derivative action of the PID controller. The    state 

(capacitor voltage) is being compared with the reference 

voltage to generate the error signal. The error is then given to 

the PID controller designed in System Generator to give 

control output ‘u’ to the boost converter system.  

 

Fig 8: FPGA based PID control of boost converter 

The SMC control designed in section III is implemented on 

FPGA Virtex-5 platform and hardware - co simulation of the 

controller is done in System Generator environment. The 

results of which is presented in Fig 7-10. 

 

Fig 9: FPGA based SMC control of boost converter 

5. Hardware Implementation 
The hardware of the PEM fuel cell is developed at NCL, Pune, 

and a boost converter circuit is designed for R = 40Ω, L= 40 

mH and C = 4µF.The input voltage of 20 V is fed to the boost 

converter and the control signal for switching of the MOSFET 

IRF540S is generated using the PID and SMC controllers 

implemented on d-SPACE board and Virtex-5 FPGA kit, 

through the driver circuitry. The PWM signal given to the 

MOSFET and the output voltage is monitored on DSO and 

Control Desk display.  
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Fig 10:   dSPACE hardware implementation 

On dSPACE DS1104 board the channel 5 of ADC is used for 

giving the input to the converter and control input is taken out 

from the PWM slot of ST2PWM for PID control 

implementation. The control output of the SMC being PWM 

pulse, is directly taken out from the pin 1 and 2 of Digital I/O 

slot for PWM and ground respectively.  

 

 

Fig 11:   dSPACE board input and output 

6. Results and Discussion 

6.1 PID Control of Boost Converter 
PID control of boost converter provide satisfactory results for 

proper tuning of the gains values. For a reference voltage of 40 

V, it shows gradual and smooth rise to the reference value. It 

can be seen that current also attains its corresponding steady-

state value but at a faster rate. Thus, the response of the current 

is faster when compared to voltage and hence we use current in 

the inner cascade loop of SMC. The control output from the 

PID controller is used to generate the PWM signal to be fed to 

the MOSFET.  

 

Fig 12: PID controller boost converter output voltage and 

current 

6.2 SMC Control of Boost Converter 
For the same reference voltage and system parameter values, 

SMC control shows, chattering around the reference values of 

voltage and current. The switching function value reaches to 

zero, making the inductor current trace the desired current 

value which meets the corresponding voltage reference and 

chatters over the sliding surface. The control signal is designed 

as a function of switching surface which turns the switching 

element ON/OFF to trace the reference value.         

 

Fig 13: Sliding mode control switching surface 

 

Fig 14: Sliding mode boost converter output voltage 
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Fig 15: Sliding mode boost converter output current 

 

 

Fig 16: Sliding mode controller output 

Table 1 shows the resource utilization for implementation of 

conventional PID controller and sliding mode controller on 

Viertex-5 FPGA platform. Table 2 shows comparison of 

resources used for implementation. As can be seen clearly 

SMC utilizes lesser resources for implementation and hence is 

easier for hardware implementation.  

TABLE I 

 Resources utilization for PID and SMC controllers on Virtex-5 

FPGA 

S. No Devices PID SMC 

1 DSP48Es (128) 27 0 

2 Slice LUT- Flip Flop pairs 

(44800) 

1077 661 

3 Slice LUTs (44800) 772 500 

4 Route-thrus (89,600) 121 100 

   

 

 

 TABLE 2 

Synthesis report  

  S. No. Devices PID SMC 

1 Multipliers 6 1 

2 Adder 5 1 

3 Registers 76 bit 18 (76 bit) 4 (32-bit) 

4 X-or 27 5 

5 Inverter 0 1 

6 Comparator 0 1 

7. CONCLUSION 
Fuel cell is a complex system to be modeled and controlled to 

deliver continuous varying load at its output. In a combined 

system of Boost converter and fuel cell, the boost converter 

comparatively, can be more easily controlled to deliver a 

regulated output to the load. Utilization of development 

platforms of FPGA and dSPACE enables easy design and 

efficient utilization of resources for implementing control 

algorithms. 
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10.   Appendix 
 

Table1. Fuel Cell Simulation Parameters 

 

 

 

Parameters Symbol Value 

Ideal gas constant R 

8.314 472  

J K−1 mol−1 

 

Faraday’s Constant 

Temperature 

F 

T 

96,485 C /mol 

( in Kelvin) 

Load  inductance 

Load  resistance 

   

   

15  mH 

5.55Ω 

Standard  voltage         1.23V 

Activation  loss 

constants 

   

  

             

1.3697V 

-0.00308 

Ohmic loss constants 

    

   

                

0.0033 Ω 

-            

Limiting current    0.0333 A 

Convective  heat 

transfer  coefficient 
hs 37.5 W/(   ) 

Area of single cell As 0.032    

Specific heat capacity Cfc 500 J/(molK) 

Mass of  fuel cell Mfc 44 Kg 

Flow delay at anode 

Flow delay at cathode 

   

   
60 sec 

Anode Cathode 

channel pressure 
        - 

Ambient temperature     - 

Partial pressure of  x    - 

Net molar flow rate of 

x 
   )    

- 


