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a b s t r a c t

A simple and novel dynamic circuit model for a proton exchange membrane (PEM) fuel cell suitable
for the analysis and design of power systems is presented. The model takes into account phenomena
like activation polarization, ohmic polarization, and mass transport effect present in a PEM fuel cell.
vailable online 5 February 2009
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The proposed circuit model includes three resistors to approach adequately these phenomena; however,
since for the PEM dynamic performance connection or disconnection of an additional load is of crucial
importance, the proposed model uses two saturable inductors accompanied by an ideal transformer to
simulate the double layer charging effect during load step changes. To evaluate the effectiveness of the
proposed model its dynamic performance under load step changes is simulated. Experimental results
coming from a commercial PEM fuel cell module that uses hydrogen from a pressurized cylinder at the

xygen
anode and atmospheric o

. Introduction

Fuel cells are expected to play an important role in the power
eneration field by virtue of their inherently clean, efficient and
eliable service. Their use is spreading widely and promising appli-
ations that include portable power, transportation, residential
ower and distributed power for utilities. Fuel cells are electro-
hemical devices that directly convert chemical energy in fuels into
lectrical energy. They promise power generation with high effi-
iency and low environmental impact with respect to most of the
onventional power generators that use intermediate steps with
eat production and conversion into mechanical work [1,2]. There-

ore, the drawback of heat engines such as the thermodynamic
imitation of the “Carnot” efficiency as well as the residues of com-
ustion is avoided. On the other hand a main drawback of fuel cells
hat is hydrogen availability, it is currently solved by ‘reforming’ nat-
ral gas in hydrogen. However, for further deployment, fuel cells are
equired to become more competitive in terms of cost and hydrogen
vailability.

Among the various fuel cell types, the proton exchange mem-
rane (PEM) fuel cell is drawing more attention due to its low
perating temperature, ease of start-up and shut-down and com-

actness. Furthermore, the PEM fuel cell is being investigated as an
lternate power generation system especially for distributed gen-
ration and transportation. The PEM fuel cell is providing reliable
ower at steady state; however, it is not able to respond promptly to

∗ Corresponding author. Tel.: +30 2610996893.
E-mail address: a.t.alexandridis@ece.upatras.gr (A.T. Alexandridis).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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at the cathode, clearly verify the simulation results.
© 2009 Elsevier B.V. All rights reserved.

a load step change. Since the fuel cell is an electrochemical energy
conversion device that converts fuel into electricity, its dynamic
behavior depends both on chemical and thermodynamic processes.

To obtain an efficient model for a PEM fuel cell for various appli-
cations is of paramount importance [3]. Various attempts have been
made to model the proton exchange membrane fuel cell stack (PEM-
FCS) [4–8]. Many of the models proposed consist of mathematical
equations which however are not adequately practical in power
converter/system simulations. Although some of them are very
accurate they are based on sophisticated geometries [9–13] that
need millions of computational cells and tremendous CPU time for
numerical simulations. Such large scale simulations could be con-
ducted using only the parallel computing techniques and are far
from the aim of the dynamic analysis needed for power systems
applications. Circuit models are also used to represent the abstract
dynamic behavior of a PEM fuel cell. The existing models however,
among others need a parallel capacitor with extremely large val-
ues of about 3 F [14–16]. This may also lead to simulation failures
depending on the dynamic situation; for example the time delay
during the connection of an additional load is usually less than that
during the disconnection. Recently, some other empirical models
have been proposed [17,18]. Particularly in [17] a control-oriented
model is presented that also needs a specific simulator software. In
[18] a dynamic experimental model is developed by splitting the
behavior into a nonlinear static and a linear dynamic subsystem, a
so-called Uryson-Model.
In the current study, the merits of the most appropriate electric
circuit models for power system analysis are considered. A novel
and simple electric circuit model is proposed; the model includes
simple electrical components that can be easily implemented in a
circuit form. To simulate the proposed model, the Alternative Tran-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:a.t.alexandridis@ece.upatras.gr
dx.doi.org/10.1016/j.jpowsour.2009.01.065
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Nomenclature

act activation
a, b constant terms in Tafel equation (V K−1)
E reversible potential of each cell (V)
E0 reference potential (V)
E0

◦ standard reference potential (V)
F Faraday’s constant
H2 hydrogen
H2O water
I, i current (A)
Ilimit limitation current (A)
kRI empirical constant in calculating Rohmic (� A−1)
kRT empirical constant in calculating Rohmic (� K−1)
n ideal transformer ratio (n = 1)
n0 temperature invariant part of Vact (V)
ohm ohmic
O2 oxygen
pi partial pressure of species (Pa)
R gas constant
Ri resistance of type I (�)
T temperature (K)
V terminal voltage (V)
V voltage drop of type (V)
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losses, which are also called polarization, originate primarily from
three sources: (a) activation polarization, (b) ohmic polarization,
and (c) concentration (mass transport) polarization. Each of these
is associated with a voltage drop and is dominant in a particular
region of current density (low, medium, or high). Fig. 2 illustrates
i
z number of electrons participating
* effective value

ients Program–Electromagnetic Transients Program (ATP–EMTP)
s used. It is implemented by lumped elements: one dc source and
hree resistors are needed to simulate the steady state behavior
hile one ideal transformer, two ideal diodes, and two nonlinear

nductors is series with small resistors are used instead of large
apacitors to simulate in detail the dynamic behavior. In order
o accurately adjust the nonlinear characteristic of the inductors
ppeared in the proposed model, experimental data have been
sed.

Thus, the dynamic performance of a fuel cell is effec-
ively approached through a simple circuit model although this
erformance is caused by a process of electrochemical and ther-
odynamic nature. Furthermore, the use of the two nonlinear

nductors in the proposed model, overcomes the main problem
f the existing circuit based model approaches, i.e. the different
ynamic behavior of the fuel cell between a connection and a dis-
onnection of a load. The main contribution of our work is that the
roposed model can be used as an accurate, effective and easily
pplied tool in any circuit based analysis and design. Therefore the
cientific and industrial benefits such as reduced CPU effort and
irect implementation in any electric circuit simulation program
ecome evident.

The paper is organized as follows. In Sections 2 and 3, all the
teady state and dynamic characteristics of a fuel cell that we take
nto consideration in our model development, are analyzed. The
evelopment of the proposed model is presented in Section 4 while

n Section 5, it is evaluated through simulation and experimental
esults. Both the worst dynamic conditions of a power load connec-
ion and disconnection are addressed. Finally, some conclusions are
iven in Section 6.

. Steady state characteristics of a PEM fuel cell
The PEM fuel cell is very simple and uses a polymer (membrane)
s the solid electrolyte and a platinum catalyst. The hydrogen from a
ressurized cylinder enters the anode of the fuel cell and the atmo-
pheric oxygen enters the cathode (Fig. 1). Protons and electrons
Fig. 1. Schematic diagram of a PEM fuel cell and voltage drops across it (redrawn
from [13]).

are separated from hydrogen on the anode side. In a basic PEM cell,
the protons are transported to the cathode side through the poly-
mer and the electrons are conducted through the load outside the
electrode [5]. A fuel cell stack is composed of several fuel cells con-
nected in series separated by bipolar plates [4] and provides fairly
large power at higher voltage and current levels.

Proton exchange membrane fuel cells combine hydrogen and
oxygen over a platinum catalyst to produce electrochemical energy
with water as the end-product. The steady state of an individual cell
voltage is determined by the maximum cell voltage (or EMF) and the
various voltage drops (losses) [19]. The ideal EMF is the maximum
voltage that each cell in the stack can produce at a given tempera-
ture and a defined partial pressure of reactants and products. The
Fig. 2. V–I characteristic of a single PEM fuel cell (redrawn from [8]).
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he different regions and the corresponding polarization effects of
typical single cell operating at room temperature and typical air
ressure [19].

.1. Electrochemical reaction and maximum fuel cell output
oltage (EMF)

The electrochemical reaction in a PEM fuel cell can be simply
ritten as

2 + 1
2 O2 = H2O(l) (1)

The fuel is humidified H2 and the oxidant is humidified air. It
s assumed that the effective anode water vapor pressure is 50%
f the saturated vapor pressure while the effective cathode water
ressure is 100%.

The thermodynamic potential of the reaction (1) is defined by
he Nernst equation [20,21]:

= E◦ − RT

nF
ln[p∗

H2

√
(p∗

O2
)] (2)

here E◦ represents a reference potential at unit activity, and the
artial pressure terms correspond to oxygen and hydrogen con-
entrations. The standard state defines a standard state reference
otential E0

◦ (equal to 1.229 V at 298.15 K and 1 atm), and E◦ will
ary from the standard state reference in accordance with temper-
ture [21]

◦ = E◦
0 + (T − T0)

(
�S◦

nF

)
(3)

here T0 is the standard state temperature (298.15 K). The entropy
hange of a given reaction is approximately constant (the variation
n specific heat with the expected changes in temperature is mini-

al) and can be set to the standard state value. Thus the reference
otential varies directly with temperature [21] via the form

◦ = ˇ1 + ˇ2T where (4)

1 = 1.229 V − 298.15�S◦
0

nF
(5)

2 = �S◦
0

nF
(6)

Using literature values for the standard-state entropy change,
he value of ˇ2 in this equation can be calculated to be
0.85 × 10−3 V K−1 [21]. Eq. (2) can now be written as

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

nF
ln[p∗

H2

√
(p∗

O2
)] (7)

Further expansion of this equation yields

= 1.229 − 0.85 × 10−3(T − 298.15)

− 4.3085 × 10−3T[ln(p∗
H2

) 1
2 ln(p∗

O2
)] (8)

This voltage corresponds to one cell.

.2. Polarization of a PEM fuel cell
activation-ohmic-concentration losses)

.2.1. Activation polarization drop
The activation polarization loss (dominant at low current den-

ity) is present when the rate of the electrochemical reaction at the
lectrode surface is controlled by sluggish electrode kinetics [19].

ctivation losses increase as the current increases. The activation

osses can be obtained by Tafel equation.

act = RT

azF
ln

(
i

i0

)
= T[a + b ln(I)] (9)
ources 190 (2009) 380–386

On the other hand, an empirical equation for Vact is given in [9],
where a constant (n0) is added to (9) as follows:

Vact = n0 + (T − 298)a + Tb ln(I) = Vact1 + Vact2 (10)

where Vact1 = n0 + (T − 298)a is the voltage drop affected only by the
fuel cell internal temperature, while Vact2 = Tb ln(I) is both current
and temperature dependent.

The equivalent resistance of activation corresponding to Vact2 is
defined as:

Ract = Vact2

I
= Tb ln(I)

I
(11)

2.2.2. Ohmic polarization (loss)
The ohmic loss is associated with the resistance of the polymer

electrolyte membrane to the ions and the resistance of imperfect
electrodes. The loss (voltage drop) in the fuel cell is approximately
linear in this region and can be expressed as:

Vohm = Vohm,a + Vohm,membrane + Vohm,c = IRohm (12)

where Rohm is also a function of current and temperature [9]

Rohm = Rohm0 + kRII + kRT T (13)

where Rohm0 is the constant part of the Rohm.

2.2.3. Concentration polarization (mass transportation losses)
The concentration polarization is related to the change in con-

centration of the reactants at the surface of the electrodes as the fuel
(hydrogen) is depleted. The fuel and oxidant concentrations are less
at the areas of the fuel gas channels compared to the inlet portion of
the stack. This loss becomes significant at higher currents when the
fuel and oxidant are depleted at higher rates and the concentration
in the gas channel is at a minimum.

In general, the mass transportation (transfer) losses are given by
[1,22]:

Vconc = −RT

zF
ln

(
1 − I

Ilimit

)
(14)

The equivalent resistance for the concentration loss is:

Rconc = Vconc

I
= − RT

zFI
ln

(
1 − I

Ilimit

)
(15)

For the PEMFC that operates on pure hydrogen and atmospheric
air the ideal voltage can be calculated based on Gibbs free energy
and is equal to 1.2 V at 25 ◦C and atmospheric pressure for a single
fuel cell [19]. A higher output voltage is obtained by connecting
several cells in series. The area of the cell determines the output
current.

3. Dynamic response of a PEM fuel cell

The dynamic response of fuel cells to load change is important
for cell start-up and automotive applications. Three major tran-
sient processes are responsible for the dynamic characteristic of a
PEM fuel cell, namely, (i) reactant gas transport in the channel and
porous media, (ii) membrane hydration and dehydration, and (iii)
formation and discharging of the charge double layer [23]. The time
constant for a reactant gas to transport through gas diffusion layer
(GDL) can be estimated simply by its diffusion time, i.e. ı2

GDL/Dg.
This gives a time constant between 0.1 and 1 s. The slowest process,
however, is membrane hydration, the time constant of which can
be estimated by [23]
(�ım��)/(EW)
I/(2F)

(16)

� is the membrane hydration, � the density, Dg the diffusion coeffi-
cient, ım the membrane thickness, ıGDL the GDL thickness, EW the
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ig. 3. Sketch graph of voltage against time for a fuel cell after a current interrupt.

quivalent weight, and F is the Faraday’s constant. This is to assume
hat a dry membrane is hydrated by production water generated
t the current density, I. For Nafion 112 and a reference current
ensity of 1 A cm−2, this is about 25 s! Therefore, for low humidity
ells where the membrane undergoes water content changes, the
ater accumulation term is essential for transient analyses [23,24].
etailed transient models are also developed to study the response
f a single cell to dynamic load change. Um et al. [9] were one of
he first to study this response of a PEFC to a voltage step change.
ue to the fully humidified gas feed on the anode and cathode, the
embrane hydration process no longer contributed to the cell tran-

ients; as such, it was sufficient to include gas-transport transients
nder these fully humidified conditions.

The formation and discharging of the charge double layer
ccording to [14] is a complex and interesting electrode phe-
omenon, and whole books have been written on the topic [25].

.1. The double layer charging effect

In this paper the novel proposed electric model is based at the
charge double layer’ phenomenon, which is important in under-
tanding the dynamic electrical behavior of fuel cells. In a PEM fuel
ell, the two electrodes are separated by a solid membrane (Fig. 2)

+
hich only allows the H ions to pass, but blocks the electron flow
1,14]. The electrons will flow from the anode through the external
oad and gather at the surface of the cathode, to which the protons
f hydrogen will be attracted at the same time. Thus, two charged
ayers of opposite polarity are formed across the boundary between

ig. 4. Experimental results. (a) Average time needed for the fuel cell to stabilize its outpu
ell to stabilize its output voltage during the disconnection of a load [18] (current interrup
ources 190 (2009) 380–386 383

the porous cathode and the membrane [14,26]. The layers, known as
electrochemical double layer, can store electrical energy and behave
like a super capacitor. Generally speaking, the effect of this capac-
itance, resulting from the charge double layer, gives the fuel cell a
smooth dynamic response in the sense that the voltage reaches the
new value in response to a change in current demand.

The current interrupt technique [14] can be used to give accurate
quantitative results. It can be performed using standard low-cost
electronic equipment. Suppose a cell is providing a current at
which the concentration (or mass transport) overvoltage is neg-
ligible. The ohmic losses and the activation overvoltage will in
this case cause the voltage drop. Suppose now that the current is
suddenly cut off. The charge double layer will take some time to
disperse (The time constant of double layer discharging is between
micro- and milliseconds.), and so will the associated overvoltage.
However, the ohmic losses will immediately reduce to zero. We
would therefore expect the voltage to change as in Fig. 3 [14] if
the load was suddenly disconnected from the cell. Fuel cell’s per-
formance during the connection of a load is almost the same. Fuel
cell produces additional delays which are available during the field
measurements.

3.2. In the field measurements

Experimental data were obtained from a Nexa® power mod-
ule 1.2 kW [27], manufactured by Ballard Power. The test set-up
included the fuel cell, a compressed pure hydrogen tank, a Tektronix
DPO4104 oscilloscope and a load resistant rated from 0 to 100 �.
The test arrangement is fully controlled by personal computer and
connected to the Internet for distant handling.

The module is a fully integrated system that produces unregu-
lated dc power from a supply of hydrogen (fixed pressure of 72 psi)
and air. It has a rated power of 1200 W. The output voltage varies
from 43 V dc at open circuit to about 26 V dc at rated current (46 A).
The load current was varied from a small value to a maximum of
70 A. To validate the proposed model, several experiments were
conducted on the commercial fuel cell module.

The experiments contain the current interrupt technique and
the connection of a load. The measured time is the average essen-

tial time for the fuel cell, to stabilize its output voltage, after the
change of the load. Aim of the experiments is to estimate the tran-
sient behavior of the fuel cell module after the change of its load.
The experimental results are shown in Fig. 4. In order to be under-
standable the time delay � is fitted to typical curves with respect to

t voltage during the connection of a load [17]. (b) Average time needed for the fuel
t technique).
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Table 1
Constant and variable parameters’ ranges.

E0
◦ 1.229 V at 298.15 K and 1 atm or

T 298.15–368.15 K
T0 298.15 K
F 96487 C mol−1

R 8.3143 J (mol K)−1

p∗
O2

2.2 psig for air oxidant

p∗
H2

5.0 psig
ˇ1 1.482 V
ˇ2 −0.85 × 10−3 V K−1

Vact1 1.2581I − 1.6777 × 10−6I6 + 1.2232 × 10−4I5 − 3.4 × 10−3I4 +
0.04545I3 − 0.3116I2

Vact2 0.00112 × (T − 298)I
Rohm0 0.2793 �
kRI 0.001872
k
R
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module. For the simulation of the proposed model Alternative Tran-
RT −0.0023712 + 0.7066/T
conc 0.080312 + 5.2211 × 10−8I6 − 3.4578 × 10−6I5

+ 8.6437 × 10−5I4 − 0.010089I3 + 0.005554I2 − 0.010542I

he load changes r, as follows

(t) = 0.00909e−(r/5.77048) + 0.02763e−(r/0.21061) + 0.3291 (17)

(t) = 0.0208e−(r/1.06614) + 3331.3088e−(r/1.3661×106)

− 3330.89077 (18)

According to Fig. 4 and Eqs. (17) and (18) the time delay is clearly
ifferent during the connection or disconnection of an additional

oad.
Table 1 presents the constants and parameters introduced in

ections 2 and 3.

. Model development

In this section, the proposed circuit based model is devel-
ped. To this end, all the steady state and dynamic assump-
ions presented in the previous two sections are taken into
ccount.

Particularly, for the steady state performance, activation loss,
hmic resistance voltage drop, and concentration overpotential are
oltage drops across the fuel cell (see Fig. 2 and Ref. [1]). Therefore:

cell = Ecell − Vact,cell − Vohm,cell − Vconc,cell (19)

Because parameters for individual cells can be lumped together
o represent a fuel-cell stack, the output voltage of the fuel cell stack
an be obtained as:
out = NcellVcell = E − Vact − Vohm − Vconc

= E − (Ract + Rohm + Rconc)I (20)

Fig. 5. The fuel cell equivalent circuit model proposed at this paper.
Fig. 6. 1.2 kW Nexa power module.

The E is calculated from Eq. (8). The Ract is calculated from Eq.
(11) while the Rohmic and the Rconc are calculated from the Eqs. (13)
and (15), respectively.

In the case where the fuel cell operates at a definite operation
point, one can obviously assume

R∗ = Rconc + Ract + Rohmic = ct (21)

For the dynamic performance, it is well known that the existing
circuit methods for the simulation of a fuel cell, use capacitors with
extremely large values, about 3 F, connected in parallel to the model
[15,16]. These models cannot simulate the time differences between
the disconnection (current interrupt technique [14]) and the con-
nection of a load. At this paper is presented an alternative technique
that uses two saturable inductors to overcome this problem. The
saturable inductors introduce the suitable delays appeared. The
diodes drive the current to the inductor Lc or Ld properly during
the connection or the disconnection of an additional load. There-
fore, the differences appeared during connection and disconnection
of a load can be accurately represented. The resistors beside the
saturable inductor are very small and are used to further adjust
the dynamic behavior of the model with that obtained experimen-
tally.

For every operational point the two current/flux characteristic
for the nonlinear inductors are derived from (17) and (18).

Fig. 5 shows the proposed circuit model of a commercial PEMFC
sients Program – Electromagnetic Transients Program is used. The
complete circuit is developed by modeling the different operat-
ing regions using elements from the ATP–EMTP simulation library.

Fig. 7. Simulated and measured results compared for a certain operational point.
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ig. 8. Characteristics of the saturated inductors. (a) For the induction Lc operating
isconnection of additional load.

TP–EMTP is a universal commercial program for digital sim-
lation of transient phenomena of electromagnetic as well as
lectromechanical nature. With this digital program, complex net-
orks and control systems of arbitrary structure can be simulated.
TP–EMTP has extensive modeling capabilities and additional

mportant features besides the computation of transients. It has
een continuously developed through international contributions
ver the past 20 years. ATP-Draw is the ATP–EMTP’s graphic user
nterface. In this environment the proposed model was formu-
ated by one dc type 11 source, five resistors, one ideal transformer,
wo ideal diodes, and two nonlinear type 93 inductors. The trans-
ormer’s ratio was selected to be one (n = 1). As it is shown in Fig. 3
uring connection or disconnection the nonlinear inductors should
e initially approximately zero and progressively take their final
alues. The matching of the nonlinear characteristics of the induc-
ors used is based on the experimental results. In this frame, the
roposed model was created to be a part of an integrated platform
eployed to optimize the installation of distributed generation at
edium voltage networks [29,30].

. Results and discussion

In order to validate the proposed model, simulated and exper-
mental results are obtained and compared. To this end, Nexa®

ower module 1.2 kW, manufactured by Ballard Power is used as
hown in Fig. 6.

The module is a fully integrated system that produces unregu-
ated dc power from a supply of hydrogen (fixed pressure of 72 psi)
nd air. It has a rated power of 1200 W. The output voltage varies
rom 43 V dc at open circuit to about 26 V dc at rated current (46 A).
he load current was varied from several amperes to a maximum of
0 A. The automated operation is maintained by an embedded con-
roller board. Some tests were performed by electrically isolating
he PEM stack from the controller board to obtain pure stack data.
n according to the manufacture’s procedure, after starting the fuel
ell system if any of the start-up criteria is not met during the star-
ng period, the system fails and stops. To make the fuel cell stack
eady for the experiment in order to achieve pure results, power
solation is accomplished by connecting the controller board to an
xternal power supply.
To validate the proposed model, several experiments were con-
ucted on the commercial fuel cell module. The experiments
ontain the current interrupt technique and the connection of a
oad. The measured time is the average essential time for the fuel
ell, to stabilize its output voltage, after the change of the load. Aim
g the connection of additional load. (b) For the induction Ld operating during the

of the experiments is to estimate the transient behavior of the fuel
cell module after the change of its load. Once the stack finished its
operation, it was cooled down close to room temperature in about
20 min with no external load. This is an acceptable condition for
the Nexa power module to be shut off. The supply pressures to the
stack were 5.0 psig for hydrogen fuel and 2.2 psig for air oxidant.
The fuel cell system was air cooled and had an attached humidity
exchanger using exhaust water as a humidity resource [27,28].

In Fig. 7, one can see that at the time-instant t = 0.5 s a load
Rl = 20 � is connected. This caused a time delay is td = 0.28 s for the
fuel cell. At the time-instant t = 1.5 s this load is disconnected. This
caused a time delay is td = 0.32 s. For the selected inductors Lc, Ld
characteristics, presented in Fig. 8, one can clearly observe that the
simulated response is almost the same as the experimental one.

At this point we note that the proposed electric circuit model can
effectively simulate any other type of fuel cell under appropriate
adjustment of the values of its electric circuit components.

6. Conclusions

A novel circuit model for the PEM fuel cell stack is presented.
The main contribution of this work is that the proposed model uses
simple lumped electric circuit elements, i.e. resistors and saturable
inductors. Especially, the two saturable nonlinear induction com-
ponents, each used for the case of connection or the disconnection
of an additional load, can guarantee the development of an accurate
dynamic model that can be easily used in power system analysis and
design. Although simple, the model can effectively represent the
dynamic behavior of a PEM fuel cell that appears to have an initially
rapid response following by a time delaying response. Experimen-
tal results obtained on a commercial fuel cell module verify the
simulation results obtained by the proposed model.
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