
  

Abstract—This paper presents the modeling and simulation of a 

hybrid proton exchange membrane fuel cell (PEMFC) with an energy 

storage system for use in a stand-alone distributed generation (DG) 

system. The simulation model consists of fuel cell DG, lead-acid 

battery, maximum power point tracking and power conditioning unit 

which is modeled in the MATLAB/Simulink platform. Poor load-

following characteristics and slow response to rapid load changes are 

some of the weaknesses of PEMFC because of the gas processing 

reaction and the fuel cell dynamics. To address the load-tracking 

issues in PEMFC, a hybrid PEMFC and battery storage system is 

considered and modelled. The model utilizes PEMFC as the main 

energy source whereas the battery functions as energy storage to 

compensate for the limitations of PEMFC.Simulation results are 

given to show the overall system performance under light and 

heavyloading conditions.  

 

Keywords—Hybrid, Lead–Acid Battery, Maximum Power Point 

Tracking, Proton Exchange Membrane Fuel Cell. 

I. INTRODUCTION 

N recent years, renewable and clean energy resources are 

becoming increasingly important due to the problems of 

energy shortage and the increasing environmental issues  such 

as air pollution and  global warming. One of the alternative 

sources of electric power is fuel cell technology which has 

been the subject of increasing interest. Fuel cell is a promising 

form of renewable energy which promises many advantages 

such as high efficiency, high power density, absence of 

combustion, silent technology and the ability to be stored 

anywhere. PEMFC is a type of fuel cell that can work in low 

temperature condition and has a relatively short start-up time 

[1].  

However, PEMFC have some problems such as slow 

transient response to load changes and fluctuating output 

voltage when the input current changes [2]. Due to these 

problems, energy storage system is needed to work together 

with PEMFC in order to achieve good performance and quick 

dynamic response during increasing electrical load. This paper 

presents a simulation model of a hybrid PEMFC and battery 

storage system. A DC/DC boost converter is connected after 
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the fuel cell to ensure proper voltage level at the DC bus and a 

DC/DC bidirectional converter is connected between the DC 

bus and the battery to control the power flow and to enable the 

charging and discharging process between DC bus and the 

battery. MPPT method is included in the model to ensure 

optimum use of PEMFC.  

Many works have been done in the simulation and 

modelling of a hybrid FC system. This study mainly focuses 

on modelling and control of a hybrid fuel cell and battery 

system with an MPPT controller.The following sections in this 

paper willdescribe the overall system together with 

explanations of each individual element as well as the 

proposed control strategy including the description on 

modelling process and the simulation works. 

II. MODEL DESCRIPTION 

A hybrid PEMFC/lead-acid battery system is designed as 

shown in Fig. 1 in which the PEMFC and battery model is 

connected to a common DC bus through a boost converter and 

a buck-boost converter, respectively. With this configuration, 

the battery will function as a back-up power to balance the 

system’s power flow for load voltage regulation. A step-load 

change replicates the stand-alone DG system and provides the 

basis for assessing the features of the battery system.   

 

 

Fig. 1 Configuration of the stand-alone hybrid FC/Battery generation 

system 

 

The proposed PEMFC/battery system configuration is to 

mitigate the slow response of the fuel cell (FC) output voltage 

during rapid load changes, to ensure the FC operates at its 

optimum capacity and to supply electrical power to the load 

when the FC reaches its maximum power rating. The system’s 

operating principle is based on the battery’s capability to solve 

the problems of the FC. A MPPT controller is used to ensure 
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that the FC operates at its MPP. In order to operate at the 

MPP, the FC output current should be constant, so that load 

will only receive a fixed current and power. Thus, during any 

variation of loads, the battery will charge and discharge to 

keep the output voltage of the system constant. 

A. PEMFC Model 

Dynamic model of FC has been developed by several 

researchers which can be divided into two groups, namely, 

mathematical and semi-empirical models. Mathematical 

model is built based on chemical reactions for evaluating the 

process of FC while semi-empirical model is based on 

combination of experimental data with parametric equations 

adjusted by comparison with FC physical variables. The first 

part of this paper develops a dynamic model of PEMFC based 

on the equations of electrochemical reactions. The model takes 

into consideration all the voltage drops and also the double-

layer charging effect that occurs in the PEMFC stack 

including proportional-integral-derivative (PID) controller 

used to control the gas flow in reformer. The double-layer 

charge effect is the collection of charges at the surface of the 

electrodes that generate electrical voltage. This layer of charge 

near the electrode interfaces can store electrical charge and 

function as a large electrical capacitor. This layer is 

considered important when designing an electrical model of 

PEMFC.The model considers the temperature criteria because 

in real cases, temperature characteristics are not constant. This 

temperature is influenced by the net heat generation rate and 

the chemical reactions that occur inside the stack.  

The PEMFC model is designed based on the polarization 

curve of PEMFC with the Nernst equation and the double-

layer charge effect that occurs in the FC stack [3]. The actual 

voltage at the FC terminals is lower than the internal 

potential,E that is obtained from the Nernst equation. This 

occurrence is due to the existence of the double-layer charge 

effect as well as the presence of the activation, concentration, 

and ohmic voltage drops that occur inside the FC stack. The 

FC output voltage is given by,  

 

( )
ohmCactout VVVENV ---= 0                     

(1) 

    

The corresponding Nernst equation used in this model is 

given by: 
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where F is the Faraday constant (96487C), R is the universal 

constant for gas (8.314J/Kmol), T is the operational 

temperature, Tref is the reference temperature, and PH2, PO2 and 

PH2O are the partial pressures of hydrogen, oxygen and water 

(atm) respectively and the partial pressure equations can be 

seen in [4]. There are several losses in the PEMFC model 

which are activation loss (Vact), ohm loss (Vohm) and also 

concentration loss (Vconc). In (1), concentration losses are not 

considered because concentration resistance, Rconc is included 

in the VC equation described below and VC represents the 

double-layer charge effect. 
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In which the concentration equivalent resistance can be 

written as: 
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where z is the number of participating electrons. In this 

reaction, 2 electrons are developed from the hydrogen reaction 

at the anode. The equivalent resistance of activation is defined 

by (5) and it can be seen that the resistance is both temperature 

and current dependent.  

 

I

IbT
Ract

ln.
=

                                 
(5) 

      

where b is the empirical constant with a value of 0.016. I is the 

operating current or the feedback current discussed earlier and 

the Ilimit is the fuel cell current limit (A). Activation loss is 

caused by the slowness of the reactions taking place on the 

surfaces of the electrodes and can be expressed by    

 

aTηV oact )298-(+=
                    

(6) 

 

where oη and a are empirical constants with oη =0.4197Vand 

a = -0.1373(V/K).Ohmic loss is the voltage drop due to the 
resistance to the flow of electrons through electrodes and also 

includes the resistance to the proton flow through electrolytes. 

Losses of the FC are constant in this region and is given as  

 

ohmohm IRV =
                             

(7) 
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(8) 

 

Chemical reaction occurring inside the FC produces a net 

heat generation rate which causes its temperature to rise or 

fall. Temperature characteristic is not constant because any 

variations in temperature will affect the PEMFC 

performances. The following differential equation shows the 

thermal action in the FC. 

 

( ) ( )
fFCt TTHVEi

dt

dT
C ---=

                 
(9) 

 

where Ct is the total thermal capacitance for all the mass of the 

FC (10J/K), H is the total heat transfer coefficient for all the 

surface of the FC (10W/K) and Tf is the reference temperature 
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of the environment (30+273.15K). The differential equations 

in (3) and (9) are then solved by using a Simulink integrator.  

PEMFC stack needs pure hydrogen and oxygen as its input. 

Fuel processor, or reformer, will convert the fuel such as 

methane into hydrogen and by-product gases. The produced 

hydrogen will be fed into the FCstackfor further reactions. In 

the reformer unit, a controller is used in order to control the 

fuel and hydrogen flow rates in the PEMFC stack. A PID 

controller system is used for this purpose. Feedback from the 

stack current is needed to regulate the flow of hydrogen 

depending to the load requirement. Mathematical equations in 

[4] areused to buildthe reformer unit in the Matlab/Simulink 

environment. The PID controller is used to control the 

methane flow rate in the reformer with Kp, Ki and Kd being 

set to 9.5, 0.8 and 6 respectively. The oxygen flow rate 

isdetermined by the hydrogen–oxygen flow ratio,rh-o in the 

reformer.  

B. MPPT Model  

In order to improvethe efficiency of the PEMFC generation 

system, PEMFC stack should be controlled to generate 

maximum power with optimization of the fuel consumption. 

In most situations, it is actually undesirable to operate at a 

maximum power because normally the fuel efficiency is at 

best 50%. By applying MPPT, the situation can be solved 

because MPPT aims at reaching the MPP at different fuel flow 

rates.  

There are various methods to find the maximum point of a 

function, such as the Perturb and Observe (P&O) algorithm, 

Incremental Conductance (Inc) algorithm, short-circuit current 

method and open-circuit voltage method. Due to its simplicity, 

the P&O algorithm is the most commonly used MPPT method 

[5]-[7]. In the P&O MPP algorithm, the principle is to provoke 

perturbation by altering the PWM duty cycle command and 

observe the PEMFC’s output to operate near the maximum 

point. If the power increases due to perturbation then the 

perturbation will remain in the same direction or otherwise it 

is reversed. The P&O MPP algorithm is described in terms of 

a flowchart as shown in Fig. 2. 

C. DC/DC Boost Converter and Its Control 

Since the output voltage of PEMFC is low, a DC/C boost 

converter is used in order to enable a low-voltage PEMFC to 

be used. The parameters of the proposed scheme are 

represented by: a PEMFC stack as DC input voltage source 

Vin, controllable switch, filter inductor L, filter capacitor C, 

load resistor R, and a PWM block that controls the duty cycle, 

d. Fig. 3 is the configuration of the boost converter and its 

control scheme.In Fig. 3, the MPPT controller uses PEMFC 

voltage, current and subsequently its power, to find the MPP 

and afterward generates control instruction for the power 

converter. The boost converter will force the PEMFC to work 

at current which will define by the MPPT unit.  

 

 

Fig. 2 Flowchart of the P&O algorithm 

 

 

Fig. 3 Boost converter circuit and its control 

D.Energy Storage Model 

Energy storage system (ESS) covers a wide range of power 

system applications using various technologies, such as ultra-

capacitors, batteries, pumped-storage hydroelectricity, 

compressed air energy storage, and flywheels. ESS 

applications in a system can improve the efficiency, enhance 

the stability and reliability of an electrical utility, correct 

voltage disturbances, as well as increase the adoption of a 

renewable energy technology in DG. Batteries are the most 

popular and most technologically mature options for DG 

applications, which promise a high energy density and high 

performance. 

To date, various types of batteries have been developed and 

introduced for large power applications. Fig. 4 shows an 

equivalent circuit of a battery used in most simulations [8]. 
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Fig. 4Battery model 

 

Equations (10) and (11) represent the lead–acid battery 

model. 

Discharge Model (Ib> 0): 

 

( )
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Charge Model (Ib< 0): 
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where Ib is the battery current,E0is the constant voltage, Exp(s) 

is theexponential zone dynamics and Q is the maximum 

battery capacity in Ah. Sel(s) represents the battery mode 

where Sel(s) is equal to 0 during the discharging process and 

Sel(s) will be equal to 1 during the charging mode. In (10) and 

(11), K symbolizes the polarization constant in Ah
-1
 or also 

known as polarization resistance in Ohms, while it is the 

extracted capacity. 

Lead-acid battery in the system should be able to operate in 

two ways in which the battery must be able to chargeto store 

excess energy and to discharge depending on load 

requirement. Due to that reason, a bidirectional DC/DC 

converter is needed to ensure continuity of power flow 

between the DC bus and energy storage. The converter in 

series with the battery can provide an active control for the 

battery system. Fig. 5 shows the connection between battery 

and battery converter with its control mechanism.  

 

Fig. 5 Bidirectional converter and its control 

 

The primary objective of the battery converter is to 

maintain the common DC link voltage constant so that the 

voltage of the DC bus will remain stableeither during battery 

charging or discharging, Fig. 5 shows that there are two 

IGBTs in the converter configuration in which the two IGBTs 

operate in complimentary and can be driven by only one 

PWM signal. The control strategy in this system applied the 

proportional-integrator (PI) controller with Kp and Ki being 

set to 8 and 0.5, respectively. The bus voltage is compared 

with a reference voltage (Vref) to obtain an error signal.The 

error is then compensated by the PI controller and during 

charging, IGBT2 is activated and the circuit operates as a 

boost converter, otherwise, during discharging, IGBT1 is 

activated and the converter works as a buck converter. 

III.MATLAB/SIMULINK MODEL 

A complete system model composed of a hybrid stand-

alone PEMFC model connected to a lead–acid battery model 

for DG applications has been developed and simulated using 

the MATLAB/Simulink program which provides graphical 

interface as block diagrams. This software offers the 

advantage which allows a user to view the system at different 

levels, such that the models are easily connected together. The 

parameters can be changed during simulation, and the results 

from different simulations are eventually analyzed. 

By applying the PEMFC, MPPT, boost converter, lead-acid 

battery and the battery converter models described earlier, the 

complete hybrid system is implemented in the 

MATLAB/Simulink environment.In this system, MPPT 

controller is used to ensure FC operates at maximum output 

power. MPP is unique and will force the output of PEMFC 

stack to remain constant at its maximum power. Thus, the 

battery will absorb or deliver current depending on the 

variation of the load resistance.  

Fig.6 is a complete model of PEMFC and reformer or fuel 

processor unit is shown in Fig.7.The MPPT unit is shown in 

Fig.8.  
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Fig. 6PEMFC simulation model in MATLAB/SIMULINK 

 

 

Fig. 7 Reformer model 

 

 

Fig. 8 P and O MPP Simulink model 

 

Table I show the parameter used in PEMFC model while 

the PEMFC and battery characteristics criteria for the whole 

system are summarized in Table II. 

 

 

 

 

 

 

 

TABLE I 

PEMFC MODEL PARAMETERS 

Symbols Values 

F 96487 C 

R 8.314 J/K 
Tref 30+273.15 K 

Z 2 
B 0.016 

oη  0.4197 V 

a  -0.1373 V/K 

Kp 9.5 
Ki 0.8 

Kd 6 

C 4.8 F 
Ct 10J/K 

H 10W/K 

 

TABLE II 

PEMFC AND BATTERY CHARACTERISTICS 

PEMFC 

Maximum power (W) 5000 

Number of cells 180 

LEAD-ACID BATTERY 

Nominal voltage(V) 480 

Initial SOC(%) 80 

Rated capacity (Ah) 6.5 

IV.RESULTS AND DISCUSSION 

Simulations were performed on a complete hybrid PEMFC 

and a lead–acid battery system with its power conditioning 

circuit for stand-alone analysis of a DG system using 

MATLAB/Simulink. The simulation is done to analyse the 

battery response in this hybrid system. In order to investigate 

the performance of the system, a step change of loads are 

applied as shown in Fig. 9.  

 

 

Fig. 9 Step changes of load current 

 

Fig. 10 is the FC output power and it can be seen that loads 

variations have no impacton the MPPT controller performance 

and MPP is traced smoothly and continuously. The output 

voltage is kept stable and regulated constantly but there is a 

small transient effect as illustratedin Fig. 11. 
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Fig. 10 PEMFC output power 

 

 

Fig. 11 System output voltage 

 

The battery voltage is depicted in Fig. 12. From the graph, it 

can be seen that the battery will discharge and the terminal 

voltage will follow the load variation and fulfil the system 

requirement. It can be seen that the voltage is inversely 

proportional to the load current. 

 

 

Fig. 12 Battery terminal voltage 

V.CONCLUSION 

A hybrid PEMFC and battery energy storage system for 

stand-alone DG configuration is developed and simulated 

using the MATLAB/Simulink software. Simulation results 

show that by applying MPPT unit to the model, the FC is able 

to operate at its MPP and the battery model is able to function 

as a back-up to follow the load variation. Analysis of results 

shows that the full system is able to utilize the FC maximum 

power and at the same time regulate the output voltage. 

Operation of FC at MPP and output voltage regulation is 

achieved by using two controllers which are the boost 

converter with MPPT controller and the bidirectional 

converter applying PI controller. 
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