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a b s t r a c t

An electrical equivalent circuit model of the proton exchange membrane (PEM) fuel cell system with
parameters extracted through optimization is presented in this paper. The analytical formulation of the
fuel cell behavior is based on a set of equations which enables to estimate his overall performance in terms
of operation conditions without extensive calculations. The approach uses a set of parametrical equations
and related parameters in order to characterize and predict the voltage–current characteristics of the fuel
cell operation without examining in depth all physical/chemical phenomena, but including within the
model different components and forms of energy actuating in the generation process. Although many
models have been reported in the literature, the parameter extraction issue has been neglected. However,
model parameters must be precisely identified in order to obtain accurate simulation results. The main
contribution of this work is the application of Simulated Annealing (SA) as optimization method focused
on the extraction of the PEM model parameters. Model validation is carried out comparing experimental
and simulated results. The good agreement between the simulation and experimental results shows that
the proposed model provides an accurate representation of the static and dynamic behavior for the PEM

fuel cell. Therefore, the approach allows at getting the set of parameters within analytical formulation of
any fuel cell. In consequence, fuel cell performance characteristics are well described as they are carried
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out through a methodology that simultaneously calibrates the model.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The power generated by fuel cells can provide a feasible choice in
reas where noise, vibration or emissions are of concern. Although
ommercial fuel cells are still expensive, with high system complex-
ty and short durability in comparison with bulk power generation,
he advances in technologies and reduction in production cost of
ydrogen can make fuel cells more competitive and popular in
arious applications. There are several different types of fuel cells
epending on the type of electrolyte materials [1]. However proton
xchange membrane (PEM) fuel cells have many unique features as
ompared with other fuel cell types, such as relatively low operating
emperatures (around 80 ◦C), high power density and high modu-
arity. The low temperature operation allows them to start quickly
nd results in less fatigue on system components, resulting in better
urability. They can be designed to different applications, partic-
larly for mobile applications and small-scale power generation
2].

Fuel cell models are needed for an efficient design of fuel
ell-based systems through simulation. Two main modelling
pproaches can be found in the literature. The first approach
ncludes mechanistic models, which aim at simulating the heat,

ass transfer and electrochemical phenomena present in fuel cells
3–6]. The second approach includes models that are based on
mpirical or semi-empirical equations, which are applied to pre-
ict the effect of different input parameters on the voltage–current
haracteristics of the fuel cell, without examining in depth the
hysical and electrochemical phenomena involved in the oper-
tion [7–12]. The model adopted in this paper is based on the
econd approach and applies the semi-empirical equations pro-
osed in [7]. This model is defined by parametrical equations and
group of parameters in order to characterize and predict the

oltage–current characteristics of the fuel cell operation including
ithin the model different components and forms of energy actu-

ting in the generation process. Although many models have been
eported in the literature, the parameter extraction issue has been
eglected. However, model parameters that are generally unknown
ust be precisely identified in order to obtain accurate simulation

esults. A promising approach to carry out parameter extraction is
hrough optimization. There are some publications in the litera-
ure [13–17] that use optimization but focusing exclusively on the
erformance of the stack in terms of operating conditions (tem-
erature, pressure, concentration of reagents, among others). The
ain contribution of this work is the use of an optimization method

ocused on the extraction of model parameters.
Some local and global optimization techniques can be applied

o this type of problem. Local methods aim to obtain a local mini-
um but they cannot guarantee that the minimum obtained is the

bsolute minimum for a non-unimodal objective function. Some
opular local methods are the conjugate gradient algorithm and
uasi-Newton Algorithm. Global methods aim to obtain the abso-
ute minimum of an objective function, mostly based on stochastic

rocedures that do not need any information about the gradient.
ome important approaches of global optimization include Genetic
lgorithms (GA) [13], Simulated Annealing (SA), Tabu Search and
tochastic Programming methods. The Sequential Quadratic Pro-
ramming (SQL) one is also applied to investigate the influence of

i
d
c
s
t

Fig. 1. Scheme of a single cell.

odel parameters on the dynamic performance of the PEM system
9]. The adopted optimization method in this study is Simulated
nnealing [18]. It is a simple algorithm with straightforward imple-
entation that converges to minimum even without a good initial

uess. The method has been applied successfully in a wide range
f engineering applications [19–22]. Model validation is carried
ut using experimental measurements made in a 1.2-kW NexaTM

uel cell system [23]. Experimental results are also used to eval-
ate the dynamic performance of the PEM fuel cell including the
emperature effects.

Following these objectives, the paper is organized as follows.
n Section 2, the basic concept of the fuel cell operation, electrical
quivalent circuit model and correspondent mathematical formu-
ation is presented. Section 3 describes the experimental setup used
o collect data to the validate phase. In Section 4 the proposed opti-

ization method for model parameter extraction is presented in
etail. Optimization results are discussed and validation is carried
ut comparing experimental and simulated results. The electrical
haracteristics of the NexaTM PEM are analyzed and discussed in
ection 5. Finally Section 6 is focused on the dynamic modelling
nd performance of the PEM fuel cell and temperature effects on
his dynamic model ending with the conclusions.

. PEM fuel cell modelling

Although fuel cell technology development requires a complex
ultidisciplinary effort the basic concept of fuel cell operation is

ery simple. A fuel cell is an electrochemical device that converts
hemical energy, typically from hydrogen, directly into electrical
nergy. Similar to a battery, a fuel cell consists of two electrodes
anode and cathode) and an electrolyte. A basic scheme for a single
ell is shown in Fig. 1.

The electrochemical reactions involved in the process can be
escribed such that in the anode side diatomic hydrogen circulates
hrough the anode channel in the separation plates and thereafter,

s distributed across the PEM and catalysts by the microporous gas
iffusion layer. When the hydrogen gets near activation sites in the
atalyst and transfer sites on the PEM, the molecules break up to
ingle atoms and the hydrogen nucleus attach to the PEM. The elec-
rons (e−) left behind attach to the conductive plate and are directed
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Fig. 2. Electrical equivalent circuit of the PEM fuel cell.

o an external circuit to produce electrical power. As the fuel cell
roduces power, some water from the cathode side permeates to
he anode side increasing the efficiency of the proton transfer to
he PEM. This reaction can be represented by the equation:

2 → 2H+ + 2e− (1)

In the heated cathode side humidified air containing diatomic
xygen is distributed across the PEM and catalysts through the
hannels in the separation plates and microporous gas diffusion
ayer. When the oxygen gets near activation sites in the catalyst,
he molecules break up to single atoms. Electrons return from the
xternal circuit and the cathode separation plate and the hydro-
en protons (H+) are pulled from the PEM. Two electrons, two
rotons and an oxygen atom form a water molecule with the
elease of excess heat. This reaction can be represented by the
quation:

H+ + 1
2 O2 + 2e → H2O (2)

The overall reaction is represented by the equation:

2 + 1
2 O2 → H2O (3)

.1. Electrical equivalent circuit

The electrical equivalent circuit of the PEM fuel cell [7–11] is
epresented in Fig. 2. Eqs. (4)–(8) correspond to the static fuel cell
tack electrochemical behavior.

For a single cell the output voltage can be defined by

FC = ENernst − Vact − VOhmic − Vcon (4)

For a stack with n cells connected in series the voltage Vs can be
alculated by:

s = n× VFC (5)

In Eq. (4) ENernst is the thermodynamic potential of the cell and
t represents its reversible voltage; Vact is the voltage drop due to
he activation of the anode and cathode (also known as activation
verpotential); Vohmic is the ohmic voltage drop (also known as
hmic overpotential), a measure of the ohmic voltage drop resulting

rom the resistances of the conduction of protons through the solid
lectrolyte and the electrons through its path; and Vcon represents
he voltage drop resulting from the reduction in concentration of
he reactants gases or, alternatively, from the transport of mass of
xygen and hydrogen (also known as concentration over potential).

h
s
n
p
a

Sources 185 (2008) 952–960

dditionally there is another voltage drop related to the internal
urrents and the fuel crossover. This voltage drop is considered in
he model by a fixed current density (represented by Jn) even at no-
oad operation. The first term of Eq. (1) represents the fuel cell open
ircuit voltage and the three last terms represent reductions in this
oltage to supply the useful voltage, VFC, across the cell electrodes
or a given load current.

Each term of Eq. (4) is presented and modeled separately. Also,
he fuel cell dynamic behavior and the equations for electrical
ower generation and efficiency are shown. Each individual term
f Eq. (4) is defined by [8–11]:

Nernst = 1.229 − 0.85 × 10−3 × (T − 298.15)

+ 4.31 × 10−5 × T ×
[

ln(PH2 ) + 1
2

ln(PO2 )
]

(6.1)

act = −[�1 + �2 × T + �3 × T × ln(CO2 ) + �4 × T × ln(iFC)] (6.2)

ohmic = iFC(RM + RC) (6.3)

con = −B× ln
(

1 − J

Jmax

)
(6.4)

O2 = PO2

5.08 × 106 × e−(498/T)
(6.5)

here PH2 and PO2 are partial pressures (atm) of hydrogen and oxy-
en, respectively. T is the cell absolute Kelvin temperature. The cell
perating current is iFC (A) and CO2 is the concentration of oxygen
n the catalytic interface of the cathode (mol cm−3). The parametric
oefficients for each cell model are represented by �i (i = 1, . . ., 4) and

[8–11]. RM (�) is the equivalent membrane resistance to proton
onduction. RC (�) is the equivalent contact resistance to electron
onduction. Jmax is the maximum current density (A cm−2). B (V)
s a constant dependent on the cell type and its operation state. J
s the actual cell current density (A cm−2) including the fixed cur-
ent density Jn. The equivalent membrane resistance (RM) can be
alculated by Eq. (7):

M = �M × l
A

(7)

here �M is the membrane specific resistivity (� cm), A is the cell
ctive area (cm2) and l is the thickness of the membrane (cm),
unctioning as the electrolyte of the cell. �M is obtained by

M =
181.6

[
1 + 0.03 × (iFC/A) + 0.062 × (T/303)2 × (iFC/A)2.5][

 − 0.634 − 3 × (iFC/A)
]

× exp
[
4.18 × (T − 303/T)

]
(8)

. Experimental setup

In order to validate the modelling approach an experimental
etup with a NexaTM PEM fuel cell [7,23] was built. The exper-
mental setup has a resistor load, a measurement system and a
ooling system. The set of resistor load provides a variable load to
he fuel cell, which will be used to test its static and dynamic per-
ormance for different temperature conditions. The NexaTM PEM
uel cell is a Ballard Power Systems product capable of provid-
ng 1.2 kW of unregulated dc output. The stack has 43 elements
nd each one produces about 1 V at open-circuit and about 0.6 V
t full current output. The fuel is 99.99% dry hydrogen with no

umidification and the hydrogen pressure to the stack is usually
et to 5 psig. The output voltage level can vary from 43 VDC (at
o load) to about 26 VDC (at the full load). At full load the out-
ut current is 45 A and the operating temperature in the stack is
round 65 ◦C.
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seeks to emulate this process. SA begins at a very high temperature
where the input values are allowed to assume a great range of vari-
ation. As algorithm progresses temperature is allowed to fall. This
restricts the degree to which inputs are allowed to vary. This often
Fig. 3. Overview of the NexaTM Power Module.

The fuel cell controller of the NexaTM PEM has a control board
ith a microprocessor that fully automates the operation by mon-

toring the system performance. This also incorporates operational
afety systems for indoor operation; diagnostics of the system can
onitor the performance of the individual fuel cell elements. The

uel cell controller has a communication interface that provides
emote start/stop signals and serial port communications related
o performance status and safety issues. The NexaTM power module
ill provide the necessary internal power requirements for opera-

ion, therefore, the output characteristics of the power module can
e somewhat different from that of the fuel cell stack itself. Hydro-
en, oxidant air and cooling air must be supplied to the unit, while
xhaust air, water and coolant air from fans are emitted. A battery
ower (24 V) must be supplied for startup and shutdown can be
ccomplished.

The NexaTM fuel cell stack is air-cooled. A cooling fan located at
he base of the NexaTM Power Module blows air through vertical
ooling channels in the fuel cell stack. In normal operation condi-
ions, the fuel cell stack temperature is maintained at 65 ◦C (149 ◦F)
y controlling the speed of the cooling fan.

About 57% of the hydrogen energy consumed by the NexaTM

ower Module is converted into heat, while 43% is in the form of
lectric energy. In comparison, the internal combustion engine in
modern car is less than 20% efficient. At high DC current levels,
ore heat is generated. It is important to keep the fuel cell stack

emperature at a constant operating temperature; therefore, the
uel cell stack temperature has to be controlled. Fig. 3 shows the
exaTM system used in the experiments. The fuel cell controller is

ocated at the electronic card in the center foreground.

. Parameter extraction of the fuel cell model

Parameter extraction of the fuel cell through optimization is an
nteresting challenge due to: (i) the lack of an exact procedure for
arameter identification and (ii) the highly nonlinear optimization
roblem where the objective function is obtained using mathe-
atical models. Nonlinear optimization involves the search for a
inimum of a nonlinear objective function subject to nonlinear

onstraints [13,14,16,17]. Usually in these optimization problems
here are multiple optima. Because of this difficulty, two different
pproaches have emerged in this area: local methods, which do not

im to obtain an absolute minimum but can guarantee that local
inimum is achieved, and global methods, which aim to obtain

he absolute minimum of a function. As an example (Fig. 4) the
unction f(x) has a local minimum at x2 and a global minimum at
1.
Fig. 4. Illustration of local and global minimums.

Optimization is carried out by comparing simulated and exper-
mental waveforms from which an error value results. A new
arameter set is then generated and Simulink model of the PEM
uel cell is called in order to run a simulation with current trial
et of parameters. Objective function is then evaluated and iter-
tive process continues until parameter set converges to a global
inimum error. Fig. 5 illustrates the optimization process.

.1. Simulated Annealing method

Annealing is the metallurgical process of heating up a solid and
hen cooling slowly until it crystallizes. Atoms of this material have
igh energies at very high temperatures. This gives the atoms a
reat deal of freedom in their ability to restructure themselves. As
he temperature is reduced the energy of these atoms decreases. SA
Fig. 5. Optimization process scheme.
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ge(xi)

)
(10)
Fig. 6. Flowchart of the annealing process.

eads the algorithm to a better solution, just as a metal achieves
better crystal structure through the actual annealing process. SA

an be used to find the minimum of an objective function and it
s expected that the algorithm will find the inputs that will pro-
uce a minimum value. The objective function is an expression that
easures the error between experimental and simulated data. The

mplementation of SA algorithm is represented by the flowchart of
ig. 6 and requires the definition of some control parameters.

.1.1. Initial set of parameters
For an initial guess the set of parameters is defined using values

roposed in [11] (Table 1).

.1.2. Initial temperature (T0)
The initial temperature is a control parameter that influences the

cceptance probability. Its value is dependent on objective function
alue and after tuning T0 was set to 15 K.

.1.3. Perturbation mechanism

The perturbation mechanism is a method to generate new trial

ectors of values for parameters. For each new trial vector random
tep is produced with a normal distribution with zero mean and a
arameter dependent standard deviation. Since for each parame-
er the range variation is very different it is created a sigma vector

able 1
nitial and optimal parameters of the PEM fuel cell

arameters Before optimization After optimization

(cm2) 50.60 62.05
(�m) 178 131
(V) 0.0160 0.0179

C (�) 0.00030 0.00028
(F) 3.00 2.48

1 −0.948 −0.289

2 Equationa Equationa

3 7.6 × 10−5 8.2 × 10−5

4 −1.93 × 10−4 −1.58 × 10−4

23.00 23.06
max ( mA cm−2) 1500 1537
bjective function 1.689 × 102 1.4275 × 100

a �2 = 0.00286 + 0.0002 × ln A+ (4.3 × 10−5) × ln CH2 .
Fig. 7. Objective function’s evolution during the annealing process.

hat contains the standard deviation values associated with each
arameter.

Definition of sigma values is dependent on the confidence we
ave on the initial guess. Although optimum should be obtained
unning the algorithm at once, optimization process can be carried
ut several times in some situations as discussed later. In this case a
tarting sigma vector is defined, and values are reduced iteratively
ntil the global optimum is achieved. For each j parameter, the new
alue is obtained by the following equation:

new(j) = x(j) + sigma(j), j = 1 : 10 (9)

.1.4. Objective function
The objective function is a scalar equation to measure the good-

ess of each trial vector, that is, how good simulated data fits
xperimental data. The general expression of the objective function
Fig. 8. Fuel cell stack voltage before optimization.
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Table 2
Error evaluation of the method of PEM fuel cell model

Experimental results Simulation results VFC error (%)

IFC (A) VFC (V) VFC (V)

≈5 (5.61) 40.78 40.27 1.25
≈10 (9.66) 38.76 38.66 0.26
≈15 (16.07) 36.74 36.95 0.57
≈20 (19.99) 35.85 35.92 0.20
≈25 (25.07) 34.52 34.72 0.58
≈30 (28.03) 34.27 34.03 0.70
≈35 (35.11) 32.70 32.83 0.40
≈40 (42.01) 31.66 31.91 0.79
4
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Fig. 9. Fuel cell stack voltage after optimization.

here gs(xi) is the simulated data and ge(xi) is the experimental
ata.

.1.5. Cooling schedule
One of the factors that strongly influence the algorithm’s perfor-

ance is the way how control temperature decreases. Temperature
s the main control parameter and determines the algorithm’s evo-
ution and performance. The values of temperature must be large
nough to move off a local minimum but small enough not to move
ff a global minimum. The value of the temperature should decrease
onotonously, usually by a geometric series with a factor s (s < 1):

i+1 = sTi, i = 0, 1, 2, 3, . . . (11)

A value of 0.97 was found to produce good results.

.1.6. Terminating criterion
The method to control termination of the algorithm could be a
aximum number of iterations, a minimum value of temperature,
minimum value of the objective function (cost) or a combination
f the three. The algorithm’s termination adopted for this study was
one by setting a maximum number of iterations (n = 500).

Fig. 10. Fuel cell stack power after optimization.

e
i
t
e
t
b
t

2.87 (max.) 31.66 31.32 1.07

ean value (%) 0.65
tandard deviation of the mean value (% ) 0.35

.2. Optimization results

Table 1 lists the initial values of parameters given by [11] and the
ptimum values found for the stack analyzed. The optimum val-
es were obtained considering the following conditions: n = 500,
= 0.97 and T0 = 15. Fig. 7 shows the evolution of the objective func-
ion during the optimization process. It is clear that at beginning
ignificant improvements are achieved and as the solution is getting
loser to the optimum the objective function tends to stabilize.

The optimum parameters extracted by SA algorithm will be used
o characterize the performance of the PEM system. The model
llows at getting all parameters within analytical formulation of
ny fuel cell. In consequence, fuel cell performance characteristics
re well described as they are carried out through a methodology
hat simultaneously calibrates the model.

.3. Validation of the extraction method

The validation of the proposed extraction method is done com-
aring simulated and experimental results. The comparisons are
ade between the data provided by the NexaTM fuel cell described

n Section 3 and the Simulink fuel cell model with optimum param-
ters. Particular relevance should be given to the temperature
ffects within the model. In fact, Simulink fuel cell model has two
nputs: (1) the experimental vector of current versus time and (2)
he experimental temperature versus time. This guarantees that at

ach instant the correct temperature associated with load condi-
ions is taking into account. Figs. 8 and 9 show the stack voltage
efore and after the optimization process and in Fig. 10 it is shown
he stack power after optimization. Results in Fig. 8 show that initial

Fig. 11. Polarization curve of the fuel cell: VFC = f(IFC).
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level. The Nexa fuel cell stack has a cooling fan located at the
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Fig. 12. Stack power delivered.

arameter set is a poor estimation resulting in an incorrect descrip-
ion of cell dynamics. Figs. 9 and 10 show clearly the efficiency of
he optimization process.

Accuracy of the proposed method can be evaluated analyzing
he mean value error between experimental and simulation results
hich are presented in Table 2. This error is 0.65% with a stan-
ard deviation of 0.35%. With these results it can be concluded that
he developed model and extracted parameters values reproduces
ith a minimum error the fuel cell behavior. It is also important to

bserve that this model can be used within analytical formulation
f any fuel cell whose characteristics are well described through a
ethodology that simultaneously calibrates the model.

. Electrical characteristic of the NexaTM PEM

Some experimental results were obtained with the NexaTM fuel
ell in order to analyze its electrical characteristics. Experimental
ata relatively to the output voltage and output power versus cur-
ent were obtained and are shown in Figs. 11 and 12, respectively. A
equence of eight step intervals for a variation load between 1.31 A
nd 42.78 A was applied to the NexaTM fuel cell. The stack volt-
ge is uncontrolled and will fluctuate with the load variations. It
ecreases slightly with the increase of the stack current as can be
een in Fig. 11. This decrease is due to: (1) the voltage drop associ-
ted with the activation of anode and cathode, Vact, (2) the voltage
rop resulting from the resistances of the conduction of protons
hrough the solid electrolyte and the electrons through its path,

, and (3) the voltage drop resulting from the decrease in the
ohmic
oncentration of the oxygen and hydrogen, Vcon. The stack power
resented in Fig. 12 shows that for the maximum value of current
pplied to the stack, 42.78 A, it provides 1358 W of power.

b
n
i
v

able 3
rror evaluation and time constants of PEM fuel cell model

ethod Step current (A) �exp (s) Simulation

k1 (int.)

y Tustin
8

140 −0.012
y zoh 140 −0.008
y Tustin

18
130 −0.015

y zoh 130 −0.012
y Tustin

28
170 −0.020

y zoh 170 −0.017

ith: �exp ≈ �1 + �2, �error = [(�sim − �exp)/�exp] × 100% and, �sim = �1 + �2.
Fig. 13. Stack temperature for three different load levels.

. Fuel cell dynamics

In the electrical equivalent circuit of Fig. 2 the capacitor C cor-
esponds to the fuel cell phenomenon known as “charge double
ayer” on which the interface electrode/electrolyte acts as storage
f energy. The capacitor C is then the element that interacts in the
ynamic behavior of the fuel cell. If the voltage (and associated cur-
ent) changes, there will be some time for the charge or discharge
f the capacitor. This delay affects the activation and concentration
otentials but the ohmic overpotencial is not affected, since it is

inearly related to the current through Ohm’s law. This effect can
e represented by the following equation:

dVd

dt
=

(
1
C

× iFC

)
−

(
1
�

× Vd

)
(12)

here Vd (incorporating Vact and Vcon) corresponds to the dynam-
cal voltage across the equivalent capacitor; C is the electrical
apacitor. The electrical time constant � associated with this delay
an be defined as

= C × Ra = C × (Ract + Rcon) = C ×
(
Vact + Vcon

iFC

)
(13)

here Ra, incorporating Ract and Rcon, is the equivalent internal
esistance for processes in the cell.

.1. Fuel cell performance evaluation and temperature effects

In order to evaluate the dynamic response of the PEM fuel cell
ncluding the effects of the temperature, some experimental mea-
urements were made with the NexaTM PEM. As can be seen in
ig. 13 the stack temperature changes proportionally to the load

TM
ase of the unit and this blows air through vertical cooling chan-
els in the fuel cell stack. So, the temperature increases with the

ncrease of the load level and it is maintained in the 65 ◦C with the
ariation of the speed of the cooling fan. However, the fuel cell stack

� error (%)

k2 (int.) �1 (s) �2 (s)

0.69 1.11 138.47 0.30
0.69 1.03 138.46 0.37
0.63 2.10 131.65 0.53
0.63 2.06 131.65 0.53
0.92 2.63 168.77 0.82
0.92 2.59 168.77 0.80
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Fig. 15. Stack temperature.
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Fig. 14. Output voltage of the stack for three different load levels.

s designed to operate at 65 ◦C and at this operating temperature,
he air exhaust stream temperature can reach 55 ◦C and the cooling
ir stream can reach 17 ◦C above ambient conditions [23].

The explanation of the strategy followed by the authors for the
dentification of the time constants is presented in detail in [24]. The
ontinuous-time transfer function represented by Eq. (14) below
s considered in order to identify and evaluate the electrical and
hermal time constants.

(t) = A× [1 − (k1 × e−(t/�1) + k2 × e−(t/�2))] (14)

here A is the step value of current or input u(t), k1 is the constant
alue, �1 is the electrical time-constant of fuel cell system, k2 is the
onstant value and �2 is the thermal time-constant of the fuel cell
ystem.

In Table 3 the adopted strategy and the values for the variables
nd errors are presented, considering the two methods applied in
his study. The main conclusion about the values presented in the
able is that the error between experimental and estimation time-
onstant is less than 1%.

Fig. 14 shows (for the same data of Fig. 13) that the stack voltage
oes not stabilize until stack temperature stabilizes and decreases
roportionally to the load. Both figures show an initial perturbation
ssociated with the internal control of the system that explains the
elays presented in Fig. 13 and initial oscillations observed in Fig. 14.

The model equations of the PEM fuel cell presented in Section 2
hows that all parameters of the stack are dependent on cell tem-
erature. In normal operation the losses experienced by the fuel
ell are converted into heat, the stack temperature will increase
r decrease, respectively, to the power delivered. This heating can
lso affect the incoming hair and humidity can also be changed.

herefore the temperature needs to be considered a part of the
EM model. Temperature effects were analyzed and are presented
n Figs. 15 and 16.

In Fig. 15 it is clear that the load conditions impose the value of
he stack temperature which increases with the load applied to the

p
v

m
o

able 4
odel performance for different membrane temperature values

xperimental Simulation

ime (s) IFC (A) VFC (V) VFC (310 K) (V) VFC
a (320 K) (V) VFC (330 K) (V)

00 9.62 38.67 38.41 38.02 37.61
00 16.15 36.69 36.71 36.34 35.94
00 24.74 34.77 34.97 34.65 34.28
00 35.11 32.70 33.18 32.92 32.62
000 42.75 31.76 31.86 31.68 31.42
ean value (%)
eviation of the mean value (%)

a Results considering variable temperature.
Fig. 16. Fuel cell stack voltage for different membrane temperature values.

tack. It is also clear that the stack temperature increases with the
ncrease of the power provided by the fuel cell. This phenomenon
an be explained by the isothermal characteristic of the stack.

In order to show that temperature dependencies are correctly
escribed in model formulation, this one is applied to simulate fuel
ell behavior for constant temperature. So, several simulations were
erformed using the optimum set of parameters but with a constant

alue for membrane temperature.

Fig. 16 and Table 4 show the stack voltage at different operating
embrane temperatures. Simulation results using constant values

f 310 K, 320 K and 330 K are compared with results considering

Error

VFC
a (V) VFC (310 K) (%) VFC (320 K) (%) VFC (330 K) (%) VFC

a (%)

38.67 0.67 1.68 2.74 0.00
36.75 0.05 0.95 2.04 0.16
34.77 0.58 0.35 1.41 0.00
32.82 1.47 0.67 0.24 0.37
31.76 0.31 0.25 1.07 0.00

0.62 0.78 1.50 0.11
0.53 0.57 0.95 0.16
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ariable temperature having as reference the experimental data.
bserved model errors considering fixed temperature are signif-

cantly higher than the proposed model that approaches within
t the temperature effects. So it can be concluded that proposed

odelling approach and related model constitute a valuable tool to
andle the effective fuel cell behavior either in performance anal-
sis of fuel cell systems or to design electrical generation systems
ased on them.

. Conclusions

In this paper a mathematical model of the proton exchange
embrane (PEM) fuel cell system is presented. The model is devel-

ped in Matlab/Simulink software and can be used either for
nalysis of the performance of a PEM fuel cell at different oper-
ting conditions for design of electrical generation systems based
n fuel cells. The model is defined by parametrical equations
hat characterize and predict the voltage–current characteristics
f the fuel cell operation without examining in depth all physi-
al/chemical phenomena, but including within the model different
omponents and forms of energy actuating in the generation pro-
ess. Although many models have been reported in the literature,
he issue of extracting parameters has been neglected. Therefore,
he main contribution of this work is the application of SA as
ptimization method. Focused on the extraction of the parame-
ers of the PEM model its performance validation is carried out
y comparing experimental and simulated results and by analyz-
ng objective function’s evolution during the annealing process.
he good agreements between the simulation and the experimen-
al results show that the proposed model provides an accurate

epresentation of the static and dynamic behaviors for the PEM
uel cell. Therefore, the model allows at getting all parameters
ithin analytical formulation of any fuel cell becoming a tool for
esigning electrical circuits which need a electrical model of fuel
ells.
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