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 This paper outlines an innovative way in the assessment of proton exchange membrane 

fuel cell maximum power point tracking using Matlab/Stateflow implementation of 

variable step size version of perturb and observe and incremental conductance maximum 

power point tracking algorithms. In this study, the perturb and observe as well as the 

incremental conductance maximum power point tracking controllers have been 

completely implemented as Matlab/Stateflow models having as inputs: cell voltage, cell 

current and the variable step size; the model's output is the pulse width modulation ratio 

to drive the DC-DC boost converter for supplying the maximum power available from 

the 7kW proton exchange membrane fuel cell to a 50 resistive load. Simulation 

obtained results under different test scenarios prove the effectiveness of the proposed 

Matlab/Stateflow maximum power point tracking models that can provide accurate 

results and giving a strong tool to test and validate maximum power point tracking 

controllers.  
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1. INTRODUCTION 

 

The world faces several difficult challenges, especially with 

the increase in demographic growth, which could reach nine 

billion in the early fifties of this century. This population 

increase is accompanied by a significant increase in the 

percentage of electricity consumption, which is one of the 

most important requirements of life. Fossil fuels have been, to 

this day, the main source of electric power generation. 

However, these sources cause an imbalance in the 

environmental balance due to the exacerbation of global 

warming. Therefore, it has become imperative to search for 

alternative renewable energy sources and find new ways to use 

energy more efficiently. It can be said that this era is the era of 

renewable energies [1]. 

Technological development is accelerating daily, which has 

positively affected the development and improvement of the 

efficiency of renewable energy sources. As a result, its 

contributions to the production of electrical energy have 

increased. For example, in some Western European countries, 

its contribution has reached 20-30% of the total energy 

consumption. Therefore, with the achievement of such results 

in the production of clean energy, the research has begun to 

raise the production capacity to cover most of our demand in 

the medium and long term. However, renewable energy 

sources such as solar and wind power suffer from a drawback 

that must be taken into account, which is their intermittent 

nature. In fact, we may record a lack or absence of power 

produced that may coincide with the moment of the high 

demand for it from the loads. As a result, it is necessary to 

apply modern technologies to ensure the storage of energy in 

order to exploit it in times of inability to supply energy from 

these sources [1, 2]. 

In this context, batteries emerge as a primary energy storage 

solution, as they are always found in all systems that include 

PV and wind energy sources, both for stand-alone and grid-

connected systems. However, energy storage using batteries 

does not allow for long periods of power supply. Hydrogen 

and fuel cells play an important role in that fuel cells are highly 

efficient sources and hydrogen is a well-known energy carrier. 

Hydrogen can be produced in several ways as it is one of the 

main elements in all components of materials, and perhaps the 

use of electrolysis of water is one of the most important ways 

to produce hydrogen by using photovoltaic system to feed the 

electrolyzer. The hydrogen produced is stored for later use 

during low production periods by fuel cells [1, 3, 4]. 

Fuel cells can be defined as a thermodynamic system that 

converts the energy contained in hydrogen and oxygen into 

electrical energy under oxidation and reduction reactions. 

These reactions are located in two electrodes; one named 

anode is the center of the hydrogen (H2) oxidation reaction, 

while the second named the cathode is the center of oxygen 

(O2) reduction reaction. The anode and cathode is separated by 

a dense electrolyte, a material that ideally is an ionic conductor 

but electronic insulator. Unlike batteries, fuel cells are power 

sources that use hydrogen and oxygen as reactants and work 

as long as these gases are supplied to the both electrodes. 

Although there are several types of fuel cells on the market, 

they offer common features as shown below [5-8]: 

• Efficiency, usually between 40 and 60%. 

• Low environmental impact. 

• Modularity due to their flexibility. 

• Location: can be placed almost anywhere, without 

restrictions due to their size. 

• Noiseless as consequence of non-existing of moving parts. 

• A variety of fuels can be used for fuel cells such as 

hydrogen and methane. 
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Among the six types of fuel cells available in the market, 

the proton exchange membrane fuel cell (PEMFC) appears as 

one of the most widely used types in several applications 

especially in the stationary and portable. This is due to its 

distinct characteristics such as: high power density, low weight, 

pollutant free operation and no noise. On the other hand, a 

relevant aspect is their low temperature of operation (typically 

60–80℃), which allows fast starting times [9-12]. 

The output power of the PEM fuel cell shows a non-linear 

power-current (P-I) characteristic that its maximum power 

point (MPP) differs with changes in many parameters such as: 

temperature, partial gases pressures, membrane water content, 

density current, reactants humidity level, gas speed and 

stoichiometry. Therefore, the operation of a fuel cell in 

applications with varying load demands without power 

electronics controlled by a maximum power point tracking 

(MPPT) algorithm to adjust the operating point on the V/I 

curve corresponding to the actual power demand is impossible 

[13-15]. 

Over the past decade, the technique of the maximum power 

point tracking (MPPT) controller for fuel cell power systems 

has remarkable development [16, 17]. Perturb and Observation 

(P&O) and Incremental Conductance (IC) MPPTs are 

considered the most used algorithms for their simplicity and 

easy implementation: 

Karami et al. [18] introduced a new hybrid technique of 

MPPT to extract the MPP, which includes the use of the 

conventional P&O driving a buck converter with a fuel flow 

rate controller. From results of simulation, the hybrid 

technique proposed extracts with high efficiency the MPP 

from the FC at various fuel flow rates. In addition, this 

proposed technique avoids overheating, allowing the 

formation of excess water, thereby protecting the fuel cell 

from deterioration of the mechanical structure and membrane. 

Kiruthiga et al. [19] designed a P&O based MPPT for solar 

photovoltaic system along with interleaved boost converter 

and boost converter is employed for fuel cell. The hybrid 

photovoltaic-Fuel cell based system has been studied under 

various load conditions for the mitigation of voltage sag in the 

power systems using a PI controller. The proposed approach 

has been simulated using Matlab/Simulink environment 

considering different load conditions. 

Harrag et al. [20] presented a variable step size P&O MPPT 

technique with adaptive duty cycle step for fuel cell energy 

system. This study aims to demonstrate the efficiency of the 

proposed MPPT controller by using a boost converter 

connected to a PEMFC source. The simulation results 

presented are an analysis and comparison with the classical 

fixed step size P&O. In terms of transient, steady-state and 

dynamic responses presented in this paper, the proposed 

MPPT proves its high efficiency and performance. 
Harrag and Messalti [21] introduced a technique of MPPT 

controller for the PEMFC system called variable step size IC 

MPPT. To validate this technique, it applied to PEMFC of 

7kW used to feed resistive load through DC-DC boost 

converter. Under variable operating conditions of pressures 

and temperatures, the whole system has been simulated. The 

results obtained confirm the high performances of the 

proposed MPPT compared to the fixed step size IC MPPT 

concerning dynamic and static performances leading to a gross 

optimization of the system output power. 

Harrag and Bahri [22] proposed a neural network variable 

step size IC-based MPPT controller for the PEMFC power 

system. Using the Matlab/Simulink environment, the 

effectiveness of the proposed technique has been successfully 

demonstrated. The results obtained demonstrate the 

superiority of the technique of neural network IC-based 

variable step size MPPT compared to the conventional fixed 

step size in terms of dynamic and static performances. In 

addition, the proposed MPPT technique has the advantage of 

better reducing voltage and current ripple, which positively 

affects the PEMFC in terms of improving efficiency and 

increasing its life.  

To extract the maximum output power from the PEMFC 

source, Harrag and Messalti [23] introduced a variable step 

size fuzzy based MPPT controller. To prove the technique 

proposed, the authors compared it with conventional fixed step 

size IC, the variable step size IC, the fuzzy auto-scaled 

variable step size IC. The simulation results show that the 

proposed MPPT controller has high performances in many 

aspects such as dynamic and static performances compared to 

other techniques introduced. 

In this work, an innovative way in the assessment of PEM 

fuel cell MPPT using Matlab/Stateflow implementation of 

variable step size version of P&O and IC MPPTs is presented 

and investigated. The P&O as well as the IC MPPTs are 

completely implemented as Matlab/Stateflow models having 

as inputs: cell voltage, cell current and the variable step size; 

the model's output is the PWM ratio used to drive the DC-DC 

boost converter for supplying the maximum power available 

from the used 7kW PEM fuel cell to a 50 resistive load. 

Simulation results using different test scenarios show the 

effectiveness of the proposed Matlab/Stateflow MPPT models 

that can provide accurate results and giving a strong tool to test 

and validate MPPTs. 

This paper is presented as follows. In Section 2, the PEMFC 

modelling, the used MPPT algorithms and the DC/DC boost 

converter are detailed; while Section 3 presents the P&O as 

well as the IC MPPTs. The proposed Matlab/Stateflow P&O 

and IC MPPTs models are detailed in Section 4. The results of 

simulation and discussions are presented in Section 5. Section 

6 present the essential conclusions of our study. 

 
 

2. PEM FUEL CELL MODELING 

 

PEMFC is an energy conversion system (Figure 1), which 

generates electricity and heat without any polluting emissions 

to the environment [24]. 

 

 
 

Figure 1. PEMFC operating strategy 

 

PEM fuel cell operates under the following reactions: 

At anode: The oxidation of hydrogen occurs as follow: 

 

H2 → 2H+ + 2e− (1) 
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At anode: The reduction of oxygen occurs as follow: 

 

O2 + 4e− → 2O−2 (2) 

 

The total H2/O2 PEMFC reaction is: 

 

H2 +
1

2
O2 → H2O (Water) + Electricity + Heat (3) 

 

The output voltage can be presented by the below following 

expression for each cell: 

 

VFC = Ener𝐧st − Vact − Vohmic − Vconc (4) 

 

where, Enernst is the Nernst voltage approximated by empirical 

expression of Eq. (5) [25, 26]: 

 

Enernst = 1.229 − 8.5 × 10−4(T𝐹𝐹 − 298.15)
+ 4.385

× 10−5T (ln(PH2
)

+ 0.5 × ln(P
O2

)) 

(5) 

 

where, T𝐹𝐶  is the temperature; PO2 and PH2 are the oxygen and 

hydrogen pressure respectively.  

The activation voltage loss Vact is approximated by 

empirical expression of Eq. (6): 

 

Vact = δ1 + δ2 ∙ T𝐹𝐶 + δ3 ∙ T ∙ ln(CO2) + δ4 ∙ T𝐹𝐶

∙ ln(iFC) 
(6) 

 

where, iFC is the cell current; CO2 is the oxygen’s concentration; 

and δi (i = 1 to 4) are parametric coefficients for each cell model.  

The ohmic voltage loss Vohmic is given by: 

 

Vohmic = (RM + RC)iFC (7) 

 

where, iFC is the cell current; and RM and RC are the membrane 

and contact resistances, respectively.  

The concentration voltage loss Vconc is defined by: 

 

Vconc = −b ∙ ln (1 −

iFC
A

⁄

Imax

) (8) 

 

where, iFC is the cell current; A is the is cell active area; Imax 

is the maximum current density; and b is the concentration loss 

constant. 

 

 

3. MPPT ALGORITHMS 

 

In the control of PEMFC, there are three control strategies: 

the first relates to the output power when the presence of 

variation in the load requirements. The second control 

strategies is relates to the parameters of reactant gases 

(hydrogen and gases), as well as temperature and water 

management. While the third is relates to the maximum power 

and efficiency of the PEMFC. In this work, we concentrate on 

the control of the PEMFC output power. 

From the overall output voltage of PEMFC, we can be seen 

that voltage source shows a highly nonlinear reliance to 

operating conditions such as partial pressure of reactant gases, 

temperature, membrane water content and electric current. 

Due to this nonlinear, multi-parameter dependent conduct, 

precisely controlled conditions must be guaranteed for proper 

operation using an MPPT technique to operate around an 

optimal operating point corresponding to the maximum power 

generated by the PEMFC source. This is possible by adapting 

constantly the PWM ratio of the boost converter that acts as 

adaptive impedance. 

 

3.1 P&O MPPT 

 

P&O MPPT includes perturbation of the operating current 

based on a comparison of the generated power to track the 

MPP. At specified PEMFC current, the required power is the 

solution of the nonlinear equation given by dP/dI = 0 [27]. 

 

3.2 IC MPPT 

 

The IC algorithm concentrates directly on power changes. 

The both current and voltage of the PEMFC are employed to 

calculate the conductance and the incremental conductance 

[28]. The main equations of this technique are presented as 

follows: 

 
dP

dI
=

d(I. V)

dI
= V + I

dV

dI
= 0 (9) 

 

Eq. (9) can be rewritten as: 

 
dV

dI
= −

V

I
 at MPP (10) 

 
dV

dI
> −

V

I
at the left of MPP (11) 

 
dV

dI
< −

V

I
 at the right of MPP (12) 

 

 

4. PROPOSED MATLAB STATEFLOW MPPTS  

 

Matlab/Stateflow is employed in conjunction with Simulink, 

and it is a graphical design and development tool for control 

and supervisory logic. It provides obvious and brief 

descriptions of complex system behaviour using finite state 

machine theory, flow diagram notations, and state-transition 

diagrams. In this study, the P&O as well as the IC MPPTs 

discussed in section 3 have been completely implemented 

using Matlab/Stateflow models. The implemented models 

have as inputs: cell voltage, cell current and the variable step 

size; while the model's output is the PWM ratio to drive the 

DC-DC boost converter for supplying the maximum power 

available from the PEM fuel cell to the load.  

 

 

5. SIMULATION RESULTS 

 

In this par, we will analyze the main results of simulation 

by using Matlab/Simulink environment. The whole system 

implemented in Matlab/Simulink is composed of 7 kW 

PEMFC used to supply a 50  resistive load through a boost 

converter controlled using the implemented stateflow MPPT 

controllers. Table 1 and Table 2 give the PEMFC and the 

DC/DC boost converter parameters respectively.
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Table 1. PEMFC parameters 
 

Parameter Value 

Maximum Output Power at MPP (W) 7000 

Cell open circuit voltage (V) 1.29 

Number of cells 50 

Surface of Cell active (cm2) 200 

Partial pressure of H2 (bar) 2.6 

Partial pressure of O2 (bar) 0.3 

 

Table 2. Boost converter parameters 
 

Parameters Value 

Inductance (mH) 5 

Capacity (µF) 1000 

Switching frequency Fs (KHz) 10 

Resistive Load (Ω) 50 

Vg (nominal voltage (V) 47 

 

The PEMFC power source developed model has been 

employed to analyze the implemented stateflow models 

performances considering: 

• PEMFC temperature variation; 

• PEMFC pressure variation. 

Figures 2.a and 2.b illustrate the test patterns used for 

temperature and hydrogen pressure variations, respectively. 
 

 
(a) 

 
(b) 

 

Figure 2. a) Variation of temperature, b) Variation of 

Pressure 
 

5.1 PEM Fuel Cell temperature variation 
 

In this case we keep the hydrogen pressure fixed while 

changing the temperature according to the pattern test shown 

by Figure 2.a. Figures 3 and 4 show the PEM fuel cell 

characteristics (V-I and P-I) obtained using the developed 

P&O and IC stateflow models.  

From Figures 3 and 4, we can see that the maximum power 

7kW is reached at the operating temperature of 353K. On the 

other hand, the PEM fuel cell characteristics are sensitive to 

temperature variation. The increase in temperature during 

operation accelerates the chemical reaction inside the fuel cell, 

and decreases the voltage losses (activation and ohmic losses) 

which are the most affected. On the contrary, the concentration 

losses are less affected. Therefore the voltage and power 

produced by the fuel cell increase following the temperature 

increase as shown in Figure 5. 

 

 
(a) 

 
(b) 

 

Figure 3. PEMFC characteristics under variation temperature 

using P&O Stateflow MPPT 

 

 
(a) 
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(b) 

 

Figure 4. PEMFC characteristics under variation 

temperature: using IC Stateflow MPPT 

 

 
(a) 

 
(b) 

Figure 5. PEMFC voltage losses: a) with P&O, b) with IC 

 

5.2 PEM Fuel Cell pressure variation 

 

In this case we keep the temperature fixed while changing 

the hydrogen pressure according to the pattern test shown by 

Figure 2.b. Figures 6 and 7 show the PEM fuel cell 

characteristics (V-I and P-I) obtained using the developed 

P&O and IC stateflow models under the defined hydrogen 

pressure changes. In case of hydrogen pressure increase, the 

power increases. The maximum power delivered is 7kW 

corresponding to a hydrogen pressure of 2.6bar. 

 
(a) 

 
(b) 

 

Figure 6. PEMFC characteristics under pressure variation 

using Stateflow P&O MPPT 

 

 
(a) 

 
(b) 

 

Figure 7. PEMFC characteristics under pressure variation 

using Stateflow IC MPPT 
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6. CONCLUSION 

 

This paper presents an innovative way in the assessment of 

PEM fuel cell MPPT using Matlab/Stateflow implementation. 

The P&O as well as the IC MPPTs are completely 

implemented as Matlab/Stateflow models having as inputs: 

cell voltage, cell current and the variable step size; the model's 

output is the PWM ratio used to drive the DC-DC boost 

converter for supplying the maximum power available from 

the used 7kW PEM fuel cell to a 50 resistive load. 

Simulation results using different test scenarios show the 

effectiveness of the proposed Matlab/Stateflow MPPT models 

that can provide accurate results and giving a strong tool to test 

and validate different kind of fuel cell MPPTs. As future works, 

the model will be validated firstly using the hardware in the 

loop mode using the STM32F4 board and secondly in an 

autonomous mode. 
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