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Abstract:  An appropriate mathematical model can help researchers to simulate, evaluate, and control a proton exchange
membrane fuel cell (PEMFC) stack system. Because a PEMFC is a nonlinear and strongly coupled system, many assumptions
and approximations are considered during modeling. Therefore, some differences are found between model results and the real
performance of PEMFCs. To increase the precision of the models so that they can describe better the actual performance, opti-
mization of PEMFC model parameters is essential. In this paper, an artificial bee swarm optimization algorithm, called ABSO, is
proposed for optimizing the parameters of a steady-state PEMFC stack model suitable for electrical engineering applications.
For studying the usefulness of the proposed algorithm, ABSO-based results are compared with the results from a genetic algo-
rithm (GA) and particle swarm optimization (PSO). The results show that the ABSO algorithm outperforms the other algorithms.
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1 Introduction

Fuel cells have shown great potential to be the
main candidate for providing electrical energy in the
coming years. High efficiency, good dynamic re-
sponse, high current density, trivial pollution, and
low noise are among the important advantages of
fuel cells that make them one of the most popular
energy sources. A proton exchange membrane fuel
cell (PEMFC) is the most popular type of fuel cell. It
produces a quick response, has a low operational
temperature which allows a fast start-up, produces
no pollution if run with pure hydrogen, and uses a
solid polymer electrolyte thereby reducing concerns
about construction and safety (Mo et al., 2006).

Current research on PEMFC systems is focused
on developing a proper and precise model that is
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able to portray a PEMFC’s behavior with high de-
gree of accuracy. An appropriate mathematical
model can help researchers to simulate, evaluate,
and control a PEMFC system. A variety of models
have been developed for PEMFCs (Springer et al.,
1991; Bernardi and Verbrugge, 1992; Fuller and
Newman, 1993; Nguyen and White, 1993; Mann et
al., 2000). Because a PEMFC is a nonlinear, multi-
variable, and strongly coupled system, many as-
sumptions and approximations are considered during
modeling. Thus, some differences are found between
the model results and the real performance of
PEMFCs. To increase the accuracy of models so that
they match better the actual performance, optimiza-
tion of PEMFC model parameters is essential.
Models that are easily solved and suitable for
electrical engineering purposes are rarely available
in the literature. In this investigation, a steady-state
PEMFC model which is based on simulating the
relationship between the output voltage and the
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partial pressures of hydrogen and oxygen is pro-
posed. From an electrical engineering standpoint, an
appropriate model is one that can portray the voltage
versus current (V-1) curve (one of the most important
characteristics of the PEMFC), facilitate the testing
of PEMFC controllers, and evaluate the accessible
power and energy for a certain load profile. Such a

model can be a helpful tool for electrical engineering.

A model contains many equations with various un-
known parameters. Model equations portraying dif-
ferent phenomena depend on these parameters. The
values of the model parameters are acquired mainly
by laboratory experiments, and it is difficult to ob-
tain them with great precision. To obtain better
simulation results, the model parameters have to be
optimized.

Due to the non-linearity and complexity of
PEMFCs, traditional optimization methods cannot

solve efficiently the parameter optimization problem.

Therefore, a powerful optimization technique is
needed to find the optimal parameters so that precise
simulation results can be obtained. Because of their
great potential, evolutionary-based optimization al-
gorithms have attracted much attention in the field of
parameter identification. In recent years, some re-
searchers have applied genetic algorithms (GA) (Mo
et al., 2006; Ohenoja and Leiviska, 2010), particle
swarm optimization (PSO) (Ye et al.,, 2009), and
simulated annealing (SA) (Outeiro et al., 2008;
2009). GA, as the most popular type of evolutionary
algorithm, gives better results than the traditional
methods, but still has some deficiencies such as the
lack of local search ability and premature conver-
gence. PSO, inspired by the social behavior of bird
flocking and fish schooling, is a swarm intelligence
technique. Easy implementation, the small number
of parameters to adjust, and fast convergence speed
make PSO a high-performance algorithm. However,
PSQO’s performance depends on its parameters and
may be influenced by premature convergence and
stagnation problems. Inspired by the process of an-
nealing in metallurgy, an SA algorithm attempts to
emulate this physical process and find the global
optimum of optimization problems. The main draw-
back of SA algorithms is that there is not a rigorous
theoretical foundation for determining their parame-
ters, especially the parameters of the cooling sched-
ule. The selection of these parameters is extremely

difficult and the designer needs to trial in order to
obtain values that will provide a proper optimization
in a reasonable amount of computational time.
Motivated by the swarming behavior of honey
bees, bee algorithms (BA) are recently invented
methods which have been of significant interest to
researchers in solving optimization problems. In a
bee swarm, a powerful way to probe the search
space is provided by using different bees. Different
approaches have been developed for simulating the
intelligent behavior of honey bees (Yang, 2005;
Karaboga and Basturk, 2007; Akbari et al., 2010). In
this investigation, an artificial bee swarm optimiza-
tion algorithm, called ABSO, is proposed to opti-
mize PEMFC stack model parameters. In the ABSO
algorithm two kinds of bees are employed: onlook-
ers and scouts. Each group utilizes a distinct moving
pattern to probe the search space to find new food
sources which have better nectars. The use of dis-
tinct moving patterns provides an opportunity to
devise more capable algorithms compared to the
other methods such as GA and PSO. To study the
usefulness of the proposed algorithm, ABSO based
results are compared with results from the GA and
PSO methods. Finally, the ABSO algorithm is ap-
plied to optimize more parameters of the model.

2 Steady-state PEMFC stack model

In the standard operation of a PEMFC, hydro-
gen and an oxidant, usually from air, are supplied to
the anode and cathode compartments, respectively.
The total electrochemical cell reaction is given by

H, + %02 —— H,O+electricity+heat. (1)

The saturation pressure of water vapour P,

(in atm, 1 atm=101.325 kPa), which is a function of
the cell temperature T (K), is expressed by the fol-
lowing formula (Nguyen and White, 1993):

lg PYo =2.95x107* (T —273.15)
—9.18x10°(T —273.15)° )
+1.44x107 (T —273.15)° - 2.18.
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When air and H, are used as the reactants,
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In Egs. (3)—(6), P, is the anode inlet pressure (atm),
P. denotes the cathode inlet pressure (atm), Hi,
represents the relative humidity of vapour in the an-
ode compartment, H,. shows the relative humidity of

vapour in the cathode compartment, B, and R,

are the partial pressures (atm) of hydrogen and oxy-
gen respectively, Pﬁfa”“e' denotes the N, partial pres-

sure (atm), A indicates the cell active area (cm?), and
i shows the cell current (A).

The output voltage of a stack can be obtained
using the following formula (Nguyen and White,
1993; Mann et al., 2000):

Vg = N(Epgng —V.

Nernst — Vact _Vohmic _Vcon)’ (7)
where Vs is the stack voltage (V), n is the number of
series linked cells, Enemst denotes the fuel cell re-
versible voltage (V), and Vact, Vohmic, and Veon are the
activation, ohmic, and concentration voltage drops
(V), respectively.

Enemst IS the potential of the cell that is acquired
in an open circuit thermodynamic balance (Mann et

al., 2000):

E,.. . =1229-0.85x10"(T - 298.15)

+4.31x10°T(InP, +05InP, ).

Nernst

The concentration of dissolved oxygen C

(mol/cm®) at the interface of the cathode catalyst can
be obtained by Henry’s law as follows:

C "o, 9)
% 5.08x10°xe %’

The activation voltage drop Vg Wwhich is
caused by the sluggish Kinetics of the reactions, can
be computed as follows (Mann et al., 2000):

Vi = (& + 6T +&TINCo, +&,Tni),  (10)

where &, &, &, and & represent parametric coeffi-
cients based on electrochemistry, thermodynamics,
and fluid mechanics (Mann et al., 2000).

The ohmic voltage drop Vonmic, Which is caused
by the voltage drop through the equivalent mem-
brane resistance Ry and contact resistances R¢, both
between the membrane and electrodes, and between
the electrodes and the bipolar plates, can be formu-
lated using Ohm’s law as follows:

Vohmic = I(RM + RC) (11)

The equivalent resistance of the membrane can
be obtained by

Ry =py 11 A (12)

where py is the specific resistivity (©-cm) of the
membrane for the electron flow and | denotes the
thickness (cm) of the membrane.

Nafion is a registered trademark of Dupont and
Nafion membranes are the most widely used in
PEMFC systems. Dupont uses Nafion 117
(1=178 um), Nafion 115 (I=127 um), and Nafion 112
(1=51 pum) as product designations to represent the
thickness of its products.

The following numeric expression is used to
determine the resistivity of Nafion membranes
(Mann et al., 2000):

_ 181.6[1+0.03(i / A) +0.062(T /303)° (i / A)*°]

M [A—-0.634—3(i / A)lexp[4.18(T —303)/T]
(13)

where 1 is the water content of the membrane. This
is a tunable parameter with a possible maximum
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value of 23. Under the ideal condition of 100% rela-
tive humidity, it may have a value of 14.

The concentration voltage drop Vo, caused by
the mass transportation, affects the concentrations of
hydrogen and oxygen and can be computed by

V,, =-bin@-J3/J_,). (14)

where b is a parametric coefficient (V), J is the cur-
rent density (A/cmz), and Jmax denotes the maximum
current density (A/cm?), with which the cell operates
at a rate similar to the maximum supply speed.

3 Parameter optimization of the PEMFC
stack model

With the results obtained experimentally from
the system, the parameters of the PEMFC stack
model can be extracted with the help of an optimiza-
tion method. To fit the mathematical model to the
experimental data, it is essential to optimize the val-
ues of the model parameters. In Mo et al. (2006)
seven parameters including &, &, &, &, 4, Re, and b
have been optimized based on a GA. In this study,
first, the values of these parameters are optimized
using the ABSO algorithm and then the results are
compared with those from the PSO algorithm and
the published results. Then, more parameters includ-
ing &, &, &, &, 4, Re, b, and Jnax are considered and
optimized using the ABSO algorithm.

The objective function is defined by comparing
the results obtained using these parameters in the
mathematical model with the results obtained ex-
perimentally from the PEMFC system, and is given

by
mln[F :i S?n _Vsq)z} (15)

where F is the objective function, V is the voltage

of the gth data point obtained experimentally, V' is

the output voltage of the gth data point of the
mathematical model, and Q denotes the number of
the experimental data points.

The experimental data were adopted from the
curves indicated by Mo et al. (2006). The parameters
and operational range of the studied stack are shown

in Table 1. From the adopted data, two sets (3/5x10°
Pa, 353.15 K; 1/1x10° Pa, 343.15 K) were used to
optimize the PEMFC model parameters and two sets
(2.5/3x10° Pa, 343.15 K; 1.5/1.5x10° Pa, 343.15 K)
were used for the validation of the optimized model.

Table 1 Parameters and operational ranges of the stack

Stack parameter  Value |Stack parameter Value

n 24 P, (x10° Pa) 1.0-3.0

A (cm?) 27 P, (x10° Pa) 1.0-5.0

I (um) 127 T (K) 343.15-353.15
Jmax (MA/CM?) 860 Hea 1

Rated power (W) 250 Hre 1

4 The proposed artificial bee swarm optimi-
zation algorithm

The collection and processing of nectar are in-
stances of intelligent behaviors of honey bees. The
main difference between a bee swarm and other
population-based algorithms is that in a bee swarm
different kinds of bees are employed which use dif-
ferent types of trajectories to amend their positions.

In this research, each food source is regarded as
a position (feasible solution) in the food source re-
gion and the objective function of each bee indicates
the quality of the food source discovered by it. In the
ABSO algorithm, the bees leave their hive to find
new food sources and return to it to share their ob-
servations in relation to the quality of the discovered
food sources. The bees are then partitioned into two
groups according to the quality of the best food
source they have discovered so far. The ABSO algo-
rithm employs two types of bees: onlookers and
scouts. The percentage of each group is selected ar-
bitrarily. In general, it is better that a minor fraction
of the bees is utilized as scouts, and the rest used as
onlookers. For assigning each bee to a related group,
the bees are ranked in light of their objective func-
tions. In this case, the lesser is the value of the ob-
jective function, the better is the bee. Then, a prede-
fined portion of the bees that have the worst objec-
tive functions are chosen as scout bees and the oth-
ers are selected as onlookers. Each group makes use
of a dissimilar moving strategy to explore the food
source area. A random flying strategy is employed
by the scout bees to fly over the food source area.
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Among the onlooker bees, n. bees with the better
objective functions are chosen as elite bees. Each
hive includes a dance region in which each elite bee
dances and tries to encourage the onlooker bees to

seek out the best food source it has discovered so far.

The way in which each onlooker bee makes a deci-
sion to follow a specific dancer is not obvious, but is

likely to be related to the quality of the nectar source.

Accordingly, as the quality of a food source in-
creases, that food source has a greater chance of be-
ing selected. The value of n, plays an important role.
If the n, selected is very low, this may result in pre-
mature convergence. If the chosen n. is too large,
this may have a bad effect on the search ability of
the ABSO algorithm.

A scout bee is employed to explore randomly
the food source region to discover new food sources.
It adjusts its position with a random function. The
ABSO algorithm utilizes the scout bees to manage
the diversity of the swarm. Generally speaking, in-
creasing diversity is an efficient method to mitigate
the stagnation problem. Each scout bee adjusts its
position as follows:

X! (iter +1) = x (iter) + r, - Rf (iter), (16)
k=12,..,n,j=12..d,
where k denotes the bee’s index, ng is the number of
scout bees, j is the parameter’s index, d denotes the
problem dimension, rs is a random number between
-1 and 1, iter denotes the iteration index, and Rf is a
vector depending on the bounds of the variables in
which its radius ¢ decreases with a linear function
from a large value (tmax) to a small value (zmin) dur-
ing iterations as follows:
T =7, — (T — Tmin )iterfiter ., @17)
where iterma is the maximum number of iterations.
The large value of 7 in the first iterations facilitates
the scout bees to search globally and a small value in
the last iterations allows them to probe locally. Rf is
defined as follows:

R (iter) = z(iter) - (u, — 1 |,|u, =1, |,....|u, =1, ), (18)

where I; and u; are the lower and upper bounds of the
jth variable, respectively.

Each onlooker bee has a memory to remember
the decisions that it has made so far and their
achievement. In each iteration of the ABSO algo-
rithm, each onlooker bee uses a probabilistic method
to select one of the dancers as its own interesting
elite bee. Then, it adjusts its position using its own
knowledge and that of its interesting elite bee. Con-
sequently, the position of the kth onlooker bee is
adjusted via two best values. The first is the best
position achieved by itself so far, denoted as x*, and
the second is the best position obtained so far by its
interesting elite bee, denoted as x*. Each onlooker
bee adjusts its position according to Eq. (19):

X! (iter +1) = X! (iter) + w, - r, (x> (iter)
— X; (iter)) +w, -, (x* (iter) — x| (iter)), (19)
k=12,..n,, j=12...4d,

where n, is the number of the onlooker bees and r,
and r, are random numbers from the interval [0, 1].
To make a trade-off between global and local
searches, wy and w, are defined as decreasing linear
functions. For enhancing the global search in the
beginning of the algorithm, each onlooker bee em-
ploys its maximum values (Wpmax and Wemax) and for
converging towards an optimal solution it terminates
its search using its minimum values (Wpmin and
Wemin). The parameters of w, and w, are defined as
follows:

W, = Wy o — (Wo e — Womin Jiter/iter ., (20)

We = Wemax — (W

max — Womin Jiterfiter . (21)

In this work, the tournament selection approach
is used by each onlooker bee to select its interesting
elite bee. Tournament selection is a method of se-
lecting an individual from a group, which is usually
used in GA.

The steps of the tournament selection approach
are as follows:

Step 1: the tournament size ts (humber of par-
ticipants) is set.

Step 2: based on Eqg. (22), the tournament par-
ticipants tp are selected from dancers:

tp = ceil(n, -rand(1, t,)), (22)
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where rand(1, t) generates a random vector drawn
from a uniform distribution on the unit interval in
which its length is equivalent to t; and ceil(-) rounds
it towards infinity.

Step 3: the winner of the tournament (the one
with the best objective function) is chosen as the
interesting elite bee for the onlooker bee.

In tournament selection, weak dancers have a
smaller chance of being chosen when the tournament
size is large. This approach has various merits: it is
simple to execute, operates on parallel architecture,
and permits the selection pressure to be adjusted
easily by the tournament size.

The steps of the proposed algorithm used in this
study to obtain the optimal parameters are presented
as follows:

Step 1: initially, the number of bees (ny,), per-
centage of onlooker bees (p,), percentage of scout
bees (ps), maximum number of iterations (itermax),
and other adjustable parameters are determined. At
the beginning of the algorithm all the bees are ran-
domly initialized as follows:

i— . —
X] _IJ. +a (uj Ij),

23
i=12,..n, j=12.d, @)

where o is a random number between 0 and 1.

Step 2: based on Eg. (15), the objective func-
tion of each bee is computed.

Step 3: the bees are ranked according to their
objective functions. In this case, the lesser is the ob-
jective function value, the better is the bee.

Step 4: the swarm is partitioned into two groups:

onlookers and scouts.

Step 5: the new position of each scout bee is ad-
justed using Eq. (16).

Step 6: elite bees are specified.

Step 7: each onlooker bee selects its own inter-
esting elite bee among the dancers using a tourna-
ment selection approach, and then adjusts its new
position using Eq. (19).

Step 8: with new positions, all the bees are
checked to see whether they are in the search space.
If any bee is found to be outside of the search space,
it is returned to its previous position.

Step 9: steps 2 to 8 are repeated until the prede-
fined number of iterations iternay is reached.

5 Experiments
5.1 Settings of the ABSO algorithm

In this investigation, the adjustable variables
used in the ABSO algorithm are given by ny,=20,
Po=0.8, Ps=0.2, Ne=10, Wohmax=Wemax=2.5, Wpmin=
Wemin=1.25, t=2, iternas=5000, 77ma=0.2, and tmin=
0.02. Note that these parameters were adjusted by
trial and error and no attempt was made to optimize
them.

5.2 Simulation results

Seven parameters including &, &, &, &, 4, Re,
and b were optimized via the ABSO algorithm
which was executed in the Matlab environment. The
bounds of the model parameters are shown in Table 2
(Mo et al., 2006).

Table 2 Bounds of the model parameters

Model parameter Upper bound Lower bound

& -0.944 —0.952
& 0.005 0.001
& 7.8x10°° 7.4x107°
& -1.88x10™ -1.98x10™*
y) 23 14

Rc () 0.0008 0.0001

b (V) 0.500 0.016

To assess the efficiency of the ABSO algorithm,
the results were compared with the results of the
PSO algorithm and results reported in the literature
from the use of a hybrid genetic algorithm (HGA)
and a simple genetic algorithm (SGA) (Mo et al.,
2006). The comparison of results is shown in Table 3.
The results obtained using the ABSO algorithm were
more accurate than those from using the GA and
PSO algorithms, because the objective function
value obtained by the ABSO algorithm was lower
than those of the other methods. To verify the
performance of the PEMFC stack model which was
optimized using the ABSO algorithm, a voltage
versus current curve of the PEMFC stack with the
optimal parameters was plotted (Fig. 1a). The vali-
dated results of the optimized model are shown in
Fig. 1b. The accuracy of the results, indicated in
Fig. 1, clearly reveals the usefulness of the fuel cell
model and the proposed optimization method. The
output voltage of the mathematical model agrees
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Table 3 Values of the optimized parameters

Value
Parameter -
ABSO HGA SGA
& —0.951999 -0.951417 —0.944957 -0.947310
& 3.09090x102 3.10490x102 3.01801x102 3.06410x102
& 7.800x107° 7.691x10° 7.401x107° 7.713x10°°
& -1.880x107* -1.915x107* -1.880x107* -1.939x107*
! 23 22.3758 23 19.7650
Re (Q) 1.0000x10~* 5.7092x107* 1.0000x10~* 2.7197x107*
b (V) 0.0328680 0.0339780 0.0291448 0.0239810
F 9.180218 11.255417 16.608194 20.810000

ABSO: artificial bee swarm optimization; PSO: particle swarm optimization; HGA: hybrid genetic algorithm; SGA: simple genetic algorithm

well with the experimental data. There are some er-
rors in the results, but they are acceptable in engi-
neering. Through evolution of the objective function,
the convergence of the proposed method can be ana-
lyzed. Fig. 2 indicates the convergence process of
the ABSO algorithm and shows the best objective
function value versus the number of iterations.

Due to the efficiency of the ABSO algorithm, it
is easy to consider more uncertain parameters. A
parameter such as Jyns Can be considered as a
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Fig. 1 The PEMFC voltage versus current curves ob-
tained by the ABSO algorithm and the experimental
data considering seven parameters
(a) Optimized model; (b) Validation

parameter that needs to be optimized. The lower and
upper bounds of this parameter were set at 500 and
1500 mA/cm?, respectively (Corréa et al., 2004).

The parameters of the optimized PEMFC stack
model are listed in Table 4. The objective function
values reported in Table 4 show that when more pa-
rameters of the stack model are appended to the op-
timization problem, the accuracy of the results
improves.

90
80
70
60
50
40
30
20
10

Objective function

i i 1
2000 3000 4000 5000

Number of iterations
Fig. 2 Convergence process of the ABSO algorithm dur-
ing iterations considering seven parameters

0 1
0 1000

Table 4 Values of the optimized parameters of the
PEMFC stack model

Parameter Value Parameter Value
& —0.951999 Rc (Q) 1.0000x107*
& 3.08500x107° | b (V) 0.0278930
& 7.800x107° Jimax 844.780
& -1.880x10* | (mA/cm?)
A 23 F 8.337850

After the identification process, the obtained
parameters identified by the ABSO algorithm are
returned to the mathematical model to obtain the
PEMFC characteristics. With the optimal parameters,
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voltage versus current characteristics of the opti-
mized stack are shown in Fig. 3a. The validation
results of the optimized model and the convergence
process of the proposed algorithm are shown in Figs.
3b and 4, respectively.
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+ =« = Calculated curve (3/5x10° Pa, 80 °C)
24 ;} ~~~~~~~~ - 4 Experimental data (3/5x10° Pa, 80 °C)
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Fig. 3 The PEMFC voltage versus current curves ob-

tained by the ABSO algorithm and the experimental

data considering eight parameters

(a) Optimized model; (b) Validation

250 T T T T T T T T T

200 e

=
al
o

=
o
o

Objective function

0 i

2000 3000 4000 5000

Number of iterations

0 1000

Fig. 4 Convergence process of the ABSO algorithm
during iterations

To further verify the validity of the parameter
optimization process, two important characteristics
of the PEMFC, including the efficiency which is

defined by #=Vs/Enemst (Jia et al., 2009) and the out-
put power, are plotted in Figs. 5 and 6.
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Fig. 5 The PEMFC efficiency curve obtained by the

ABSO algorithm and experimental data
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Fig. 6 The PEMFC output power curve obtained by the
ABSO algorithm and experimental data

We conclude that the ABSO algorithm is a ca-
pable optimization technique which can efficiently
solve the parameter optimization problem of
PEMFCs.

6 Conclusions

In this paper, an artificial bee swarm optimiza-
tion algorithm, called ABSO, is proposed for opti-
mizing the parameters of a PEMFC stack model. We
show that the performance of the proposed algorithm
is satisfactory and that the results acquired by the
ABSO algorithm outperform those from GA and
PSO algorithms. Therefore, the ABSO algorithm is
an effective and reliable technique which can be ap-
plied to solve parameter optimization problems of
fuel cell models.
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