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a b s t r a c t

Among the various fuel cell technologies available for use in vehicular systems, the Proton

Exchange Membrane Fuel Cell (PEMFC) has drawn the most attention due to its simplicity,

viability, higher power density and operation at lower temperatures. Due to this features,

PEMFC is considered to be themost suitable technology for vehicular systems, industry and

other applications.

As fuel cells are likely to be used in many future applications, great efforts have recently

been made for their comprehension and design. This paper focuses on a 1.2 W PEM fuel cell

unit and develops the models of stack voltage and stack power. While PEM fuel cell is a

nonlinear process, it is very suitable to use fuzzy control to solve the control issue of the

fuel cell. The stack output power can be controlled to a given value by using a variable

universe fuzzy controller by controlling input gases flow rate.

In this paper a FLC controller have been designed to control the voltage of at the

presence of fluctuations. The results of implementation of this designed FLC controller on a

dynamic electrochemical model of a small size 1.2 W, PEM fuel cell have been simulated by

MATLAB SIMUlINK and compared with a traditional PID controller. Simulation results

show that good control effects can be achieved by using the adaptive fuzzy control system.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Fuel cells are considered a very appealing replacement for

energy systems run on fossil fuels, largely due to the fact that
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they are extremely environmentally friendly with no toxic

byproducts because the fuel, hydrogen, is a clean fuel [20]. A

fuel cell is an electrochemical device that produces electricity

using hydrogen and oxygen through electrochemical re-

actions [21].
ished by Elsevier Ltd. All rights reserved.
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Fig. 1 e Schematic diagram of fuel cell.
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Fuel cells differ from batteries in that they do not need

recharging, they operate quietly and efficiently, and when

hydrogen is used as fuel they generate only electric power and

drinking water. So, they are called zero emission engines. The

research and application of proton exchange membrane has

attracted more and more attentions [5] due to the following

reasons: lower operation temperature, thus they can be

rapidly turned on and off; lower operation pressure, hence

greater safety; they can be easily set into mode system; they

have lower emission ratio and higher conversion ratio [1,4]

and it is one of the promising technologies for power gener-

ation in future [2].

Many researches in the performance of PEMFC have been

done, and significant improvements have been achieved in

PEMFC technology, such as in the fields of operating temper-

atures both fuel cell and humidifiers, pressure, flow rates and

relative humidity of fuel and oxidant gases [22]. However, the

performance, reliability, cost and stability for the present

PEMFC technology are not enough to replace internal com-

bustion engines. Thereby comprehensively considering above

fundamental problems, fuel cells have to be improved their

performance and be reduced their cost in order to achieve best

performance [23].

The PEMFC needs to be controlled rapidly and efficiently in

correct operating conditions. One of the significant challenges

in control algorithms is that many parameters such as oper-

ating temperatures, pressure and flow rates of fuel and

oxidant gases and so on affect the performance of PEMFC [3].

However, fuel cell output voltage is changed in different loads.

In order to keep constant cell's voltage, it is vital to use a

controller.

Maintaining a fuel cell system in correct operating condi-

tions when subjected to fast load changes requires good sys-

tem control. The complex and nonlinear dynamics of the fuel

cell make it a difficult task to design a good control system.

Fuzzy logic control is considered to be a useful tool for non

model based control system design [24]. The techniques of

fuzzy logic control have been used in many applications

successfully [25,26]. It is an effective method to solve complex

industrial process control.

Many researchers have devoted themselves to the dynamic

modeling and control of fuel cells. While PEM fuel cell is a

nonlinear process, it is very suitable to use fuzzy control to

solve the control issue of the fuel cell. Fuzzy inference

methods have been implemented in the temperature [14] and

power [15,16] control of the fuel cell system. However, there is

often a conflict between the fine control and the real-time

control. Well control needs to add more control rules thus

increase the calculation burden. For example, Kisacikoglu

et al. [15] integrate a fuel logic control algorithm into the

power conditioning unit and they have used 80 fuzzy infer-

ence rules; Sakhare et al. [16] design a fuzzy controller of fuel

cell for stand alone and grid connection and they have used 49

fuzzy inference rules; Erdinc et al. [17] presented a new

wavelet-fuzzy logic based load sharing and control algorithm

is implemented for the dynamic PEMFC/UC hybrid vehicular

power system model. Besides, an experimentally verified dy-

namic UC model is utilized in the developed model.

On the other hand, fuzzy logic controller has attracted the

attention of researchers because it can deal with nonlinear
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systems and does not need precisemathematicalmodelling of

the system [5]. Compared with conventional PI controller,

fuzzy logic controller has the potential to provide an improved

performance even for a system with wide parameter varia-

tions [6]. The fuzzy logic controller has advantages of robust,

simple, easily to be modified, usable for multi input and

output sources, and to be implemented very quickly and

cheaply.

In this paper, a dynamic system of PEMFC fuel cell is

modeled and an adaptive fuzzy controller is designed to

control the PEMFC system to maintain a constant output

voltage. In this framework, a robust controller is developed to

regulate the input hydrogen and oxygen of PEMFC.

The paper is organized as follows: Section 2 presents the

dynamic model of the PEMFC fuel cell. The proposed control

structure is addressed in Section 3. Here PEMFC hydrogen

molar flow controller based on fuzzy logic is implemented. To

demonstrate the effectiveness of the proposed strategy,

simulation results are presented in Section 4; and finally, in

Section 5, conclusions are given.
PEMFC fuel cell model

In order to study the dynamic model of Fuel Cell, schematic

and structure as well as performance of fuel cell must be

considered. A general fuel cell schematic system is shown in

Fig. 1. The origin of power in PEMFC can be understood by

considering the chemical reactions occurring at cathode and

anode compartments given as follows:

Anode reaction

H242Hþ þ 2e� (1)
ive fuzzy logic controller (AFLC) for PEMFC fuel cell, Interna-
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Cathode reaction

O2 þ 2Hþ þ 2e�4H2O (2)
Total cell reaction

H2 þ 1 /2O24H2O (3)

The products of this process are water, DC electricity and

heat.

The model of fuel cell used in this study is based on the

dynamic Proton Exchange Membrane Fuel cell (PEMFC)

development in Refs. [7], [8]. This model is based on simu-

lating the relationship between output voltage and partial

pressure of hydrogen, oxygen. The relationship between the

modular flows of any gas through the valve is proportional to

its partial pressure inside the channel [9]. For hydrogen, this

relationship can be expressed as follows
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qH2

pH2
¼ kanffiffiffiffiffiffiffiffiffi

MH2

p ¼ kH2
(4)

With, pH2 hydrogen partial pressure (atm), kan anode valve

constant (Kmol Kg (atm s)�1), MH2 molar mass of hydrogen

(kg kmol�1),kH2 hydrogen valve molar constant (kmol (atm

s)�1).

Finally, for hydrogenmolar flow, there are three significant

factors which are hydrogen input flow, hydrogen output flow,

and hydrogen flow during the reaction [7]. Relation between

these three factors is:

d
dt

�
pH2

�
¼ RT

Van

�
qin
H2

� qout
H2

� qr
H2

�
(5)

With, R universal gas constant ((1 atm)/(kmol K)),T absolute

temperature (K),Van volume of the anode ([), qHout
2 hydrogen

output flow (kmol s�1), qHin
2 hydrogen input flow (kmol s�1),

qHr
2 hydrogen flow that reacts (kmol s�1).

According to the basic electrochemical relationship be-

tween the hydrogen flow and the FC system current, the flow

rate of reacted hydrogen is given by Refs. [7,10]:
0.03 0.04 0.050.05

ensity (A.cm-2)

0.03 0.04 0.05

ensity (A.cm-2)

(2004)

s of PEM fuel cell at T ¼ 298.5 K.
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Fig. 3 e PEMFC Fuel cell dynamic model.
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qHr
2 ¼

NI
2F

¼ 2KrI (6)

Where Kr is a modeling parameter constant (kmol (sA)�1).

Which has a value of N
4F.

The molar flow of hydrogen that reacts can be found from

the basic electrochemical relationship between hydrogen flow

and the fuel cell system current [10].

The partial pressure of the flow of hydrogen is determined

by the following differential equation: [8].

pH2 ¼
1
�
KH2�

1þ tSH2

��qin
H2

� 2KrI
�

(7)

Where:

tH2
¼ Van

RTKH2

(8)
Table 1 e Main parameters of PEMFC [8].

Parameters Value Unit Par

T 298.15 K Rm

F 96487 C/mol C

R 8.314 J/(kmol K) Rc

Eo 1.229 V B

N 4 rH-O

Kr 1.0364 � 10�5 kmol/(s A) L

Uopt 0.85 x1th
KH2 4.22 � 10�5 x1e
KO2 2.11 � 10�5 kmol/(satm) x2

tH2 3.37 kmol/(satm) x3

tO2 6.74 S x4

tf 0.8 S Jlim
C 3F U j

Please cite this article in press as: Benchouia NE, et al., An adapt
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qHin
2 ¼ 2Kr

Uopt

 
1

1þ tSf

!
(9)

Similar operation can be done oxygen partial pressure [13].

The Nernst's equation and Ohm's law determine the

average voltage magnitude of the fuel cell stack [7] [27]. The

following equations model the voltage of the fuel cell stack:

Vstack ¼ Ncell$Vcell ¼ NcellðEcell � hact � hohm � hconcÞ (10)

Ecell ¼ 1; 229� 0;85:10�3ðT� 298;15Þ þ 4; 3085:10�5

$T½ln PH2 þ 0; 5 ln PO2�
(11)

hact ¼ x1 þ x2Tþ x3:T lnðCO2Þ þ x4$T lnðIÞ (12)

hohm ¼ IðRm þ RcÞ (13)
ameters Value Unit

0.126 S

3F U

0.0003 U

0.016 V

1.168 /

230 mm

�eorique �0.949 V

xperimental �1.053 V

0.02866ln(A) þ 4.3 � 10�5 ln(CH2)

7.6 � 10�5

1.93 � 10�4

0.0496 A/cm2

14
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Fig. 4 e General diagram of a fuzzy controller.

Fig. 5 e Block of Fuzzy controller.
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hcon ¼ �B ln

�
1� I

Ilim

�
(14)

The instantaneous electrical power supplied by the cell to

the load can be determined by the equation:

pfc ¼ I$Vstack (15)
Fig. 6 e Fuzzy logic-PID block diagram of

Please cite this article in press as: Benchouia NE, et al., An adapt
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where Vstack is the cell output voltage for each operating con-

dition, and Pfc is the output power.

Fig. 2.a shows the result of output voltage and output

power against load current at steady state for operating tem-

perature 298.15 K. The VeI characteristic curve experiment is

conducted and the proposed model is simulated for compar-

ison as shown in Fig. 2a and b shows the power increases

gradually to the maximum power point and then decreases.

The maximum power produced by this model of fuel cell

is0.39 W, when the load current is 0.07895A and the voltage

output is 0.54 V. There is a small difference between the

experiment data and the simulated data [28] at a low current,

because of the nonlinear behaviours of a fuel cell.

This model is presented in Fig. 3 and the parameters are

given in Table 1 [8].
Design of PEMFC fuzzy logic controller (FLC)

The Fuzzy logic controller uses the fuzzy logics to make the

decisions and to control the output of the controller. The fuzzy

controller consists of five different steps and parts, including

definition of inputeoutput variables of the controller, fuzzifi-

cation, designing of fuzzy control rules, inference and defuz-

zification [15,16] as shown in Fig. 4.

The power flow from the PEMFC to the load is controlled

though controlling the flow of hydrogen. The proposed fuzzy

logic controller controls the active power by controlling the

hydrogen flow [11]. Fig. 5 shows the structure of the closed-

loop fuzzy control system. A fuzzy control system with dual
PEMFC fuel cell/MATLAB/Simulink.
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Fig. 8 e FLC architecture.
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inputs is used to control the output power of the fuel cell, in

this case the controller is FLC having inputs the error e (k) and

change of error ce(k). The output of the controller is the duty

ratio of the hydrogen flow uH 2(k). The error, change of error

and output of the controller are given.

eðkÞ ¼ qH2
� qH2b

(16)
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ceðkÞ ¼ eðkÞ � eðk� 1Þ (17)

uH2
ðkÞ ¼ uH2

ðk� 1Þ þ DuH2
ðkÞ (18)

Where qH2 is the flow hydrogen from the current feedback

signal were is proportional to the load, qH2b is the hydrogen
0 0.2 0.4 0.6 0.8 1

riable 'e'

PS PM PB

ctions of the error e.

0.1 0.2 0.3 0.4 0.5
riable 'ce'
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of the change of error ce.
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flow feedback signal, uH2(k) is the inferred change of duty ratio

by fuzzy controller.

Fuzzification

The fuzzification is the process of converting the crisp set into

linguistic fuzzy sets using fuzzy membership function. The
Table 2 e Fuzzy control rules.

DuH2 e

NB NM NS Z PS PM PB

ce NB NB NB NB NB NM NS Z

NM NB NB NB NM NS Z PS

MS NB NB NM NS Z PS PM

Z NB NM NS Z PS PM PB

PS NM NS Z PS PM PB PB

PM NS Z PS PM PB PB PB

PB Z PS PM PB PB PB PB

Fig. 12 e The con

Please cite this article in press as: Benchouia NE, et al., An adapt
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membership function is a curvature that describes each point

of membership value in the input space [18]. Fuzzy rule base is

the basic function of fuzzification (see Fig. 8).

The membership functions for inputs and output are

Gaussian type. Themembership functions for error, change of

error and control are presents in Figs 9e11. The fuzzy domain

for e[�1, 1], ec is [�0.5, 0.5], and for u is [�4e�5, 4e�5]. In this

paper, the output control u of the fuzzy controller is designed

as qH2, that is the inputmolar flow of hydrogen of the PEM fuel

cell.

Seven uniformly distributed Gaussian membership func-

tions are used for the fuzzification of the inputs. Each of the

FLC input signals and output signals are fuzzy variables and

are assigned seven linguistic variables, namely, NB, NM, NS, Z,

PS, PM, and PB, which stand for negative big, negative me-

dium, negative small, zero, positive small, positive medium

and, positive big, respectively.

Fuzzy control rules are obtained from the behavior analysis

of the PEMFC system. Because the rule-base represents the
trol surface.
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intelligence of the controller, the formulations must be care-

fully considered. Correct use of control laws according to the

operating conditions can greatly improve the system stability.

The fuzzy rule base is a set of linguistic rules defined with IF-

THEN conditions. For example fuzzy rules are:

If e(k) is NB and ce(k) is NB then DuH2 is NB;

If e(k) is NB and ce(k) is NM then DuH2 is NB;

………………………………………………

The rule base of the flow hydrogen controller has been

listed in Table 2.
Inference engine

Fuzzy inference engine is an operating method that formu-

lates a logical decision based on the fuzzy rule setting and

transforms the fuzzy rule base into fuzzy linguistic output
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[10]. Fuzzy linguistic descriptions are formal representations

of systems made through fuzzy IF-THEN rules. They encode

knowledge about a system in statements of the form: IF (a set

of conditions) are satisfied THEN (a set of consequents) can be

inferred.

Inference engine mainly consist of Fuzzy rule base and

fuzzy implication sub blocks. The inputs are now fuzzified are

fed to the inference engine and the rule base is then applied.

The output fuzzy set are then identified using fuzzy implica-

tion method. MIN-MAX inference is employed in this paper.
Defuzzification

The last step in the FLC process is the defuzzification. These

will have a number of rules that transform a number of vari-

ables into a fuzzy result, that is, the result is described in
0 40 50 60

e(s)

hange without FLC.
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terms of membership in fuzzy sets. Defuzzification is the

process of mapping from a space of inferred fuzzy control

actions to a space of non-fuzzy control actions. A defuzzifi-

cation strategy aims to produce a non fuzzy control action

that best represents the possibility distribution of the inferred

fuzzy control actions. In real-time implementation of fuzzy

logic control, the commonly used defuzzification strategies

are the mean of maximum (MOM), the centre of Maximum

(COM), the centre of area (COA) and the center of Gravity (COG)

[19].

The centre of area (COA) is selected for the defuzzification

process in this paper.
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Simulations results

In order to verify the validity of the proposed fuzzy controller,

simulation operation was carried out in the MATLAB SIMU-

LINK simulation platform [12]. The controller was designed to

control the output power of the PEMFC by adjusting the

hydrogen flow as shown in Fig. 6. Fig. 7 introduces the PEM

fuel cell subsystem, the input signals are gases flow rate, and

the outputs are voltage and power.

Fig. 8 shows the MATLAB Simulink of FLC architecture

(Gain1 ¼ 0.12, Gain2 ¼ 1.12, and Gain3 ¼ 5.2e�5), where the

output of the fuzzy controller is plotted against its two inputs.
30 40 50 60
Time

ate change with FLC.

ive fuzzy logic controller (AFLC) for PEMFC fuel cell, Interna-
6/j.ijhydene.2015.05.189

http://dx.doi.org/10.1016/j.ijhydene.2015.05.189
http://dx.doi.org/10.1016/j.ijhydene.2015.05.189


i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 4 11
The surface represents in a compact way all the information

in FLC as shows in Fig. 12.

From Fig. 13, we can see that the gas reaction process re-

quires a short time of delay to response. The output voltage of

the PEM fuel cell cannot maintain a constant value generally,

Figs. 14 and 15 show corresponding output response of the

stack voltage and power of PEMFC systemwithout control. It is

also observed that the stack voltage and stack power of PEMFC

changes accordingly during the power demands.

The output voltage of PEMFC system increases when the

output power increases. This relation between power and the

voltage of the FC system authenticates the reliability of the

PEMFC model. The transient response of the PEMFC system

voltage to the load changes varies according to the amount of

power supplied by the PEMFC system as shown in Fig. 17.

Fig. 18 presents the output power of PEM fuel cell with the

reference power using FLC. It is clear that the controller suc-

cess in making output power flow the variation of reference

power.
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Fig. 16 shows the Hydrogen flow rate change with FLC, it is

evident that the hydrogen flow rate decreases with time as

more and more hydrogen flow rate extracted from the PEMFC

stack.

By comparing these figures with each other, it is clearly

shown to us that the fuzzy controller proposed in this paper

has the predomination of a faster time response and higher

precision. The simulation results possess very similar char-

acteristics and are as shown in Figs. 19, 20. The PEMFC voltage

is back to a stable state in 40 s at 4.14 V and the output power

stabilized in 0.382 W.

Finally, Robustness of proposed controller is proved by

simulation of controller in noisy condition and the capability

of proposed controller is compared with traditional PID. With

the advance of technology, Fuzzy control system has become

popular and reliable control system than traditional PID con-

trol system.

Fuzzy logic control system can handle the uncertainty of

any process. PID controllers are widely used in the industrial
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or any process control. But sometimes shows the poor per-

formance [29].

In Fig. 21, system output curve has been depicted for both

PID controller and fuzzy controller in the same time scale. For

a specific input signal both controller has been tested in 60 s

period to evaluate the performance. For both controller the

output is smooth and don't have any overshoot. But for the

rise time and settling time, fuzzy controller is more better

than PID controller. Fuzzy controller has less rise time and

settling time and system comes to the steady state very fast

than conventional PID controller.
Conclusions

In this paper a completemathematicalmodeling andMATLAB

SIMULINK model for the PEM fuel cell are developed and a

control system, which includes either the FLC controller, is

developed for controlling input gases flow rate. The simulation

results show that the feasibility FLC with the main compo-

nents; Fuzzification, fuzzy rule base, and Defuzzification are

introduced also and applied to control input gases flow rate.

The performance of the system is evaluated by comparing its

performance using FLC. The response of output power using

FLC ismore accurate and better thanwithout FLC. So the fuzzy

controller gives better performance than PID controller.
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