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State-Space Modeling of Proton Exchange
Membrane Fuel Cell

Sachin V. Puranik, Member, IEEE, Ali Keyhani, Fellow, IEEE,
and Farshad Khorrami, Senior Member, IEEE

Abstract—In this paper, a nonlinear state-space model of the
500-W proton exchange membrane (PEM) fuel cell is developed.
The open-circuit output voltage of the PEM fuel cell, mass balance,
and thermodynamic energy balance inside the PEM fuel cell, volt-
age losses in the PEM fuel cell, along with the formation of a double
layer charge in the PEM fuel cell system are modeled. The model is
simulated in MATLAB/Simulink, and the transient response of the
PEM fuel cell model over short and long time periods is analyzed.
Also, the behavior of the model under the resistive load is studied,
and the results are shown.

Index Terms—Fuel cells, modeling, state-space methods.

NOMENCLATURE

AS Area of a single cell (m2).
a, b Constants in Tafel equation (V/K).
a0 Constant in Tafel equation (V).
C Capacitance due to the charge double layer

(F).
Cfc Specific heat capacity of the PEM fuel cell

stack [J/ (mol · K)].
Dw Diffusion coefficient (m2/s).
EA

0 Standard reference potential of the anode(V).
EC

0 Standard reference potential of the cathode
(V).

ECell Reversible cell potential (V).
ECell

0 Reference potential at standard operating con-
ditions (V).

e Number of participating electrons
F Faraday’s constant (C/mol).
∆G Change in a Gibb’s free energy (J/mol).
∆G0 Change in a Gibb’s free energy at standard

operating conditions (J/mol).
hS Convective heat transfer coefficient

[W/(m2 · K)].
I Stack current (A).
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Id Current density (A/m2).
IL Limiting current (A).
KI Constant in computation of R0 (Ω/A).
KT Constant in computation of R0(Ω/A).
Mfc Total mass of PEM fuel cell stack (kg).
(mH2 )in Inlet flow rate of hydrogen (mol/s).
(mH2 )out Outlet flow rate of hydrogen (mol/s).
(mH2 )net Net mole flow rate of hydrogen(mol/s).
(mH2 O)net Net mole flow rate of water (mol/s).
(mO2 )in Inlet flow rate of oxygen(mol/s).
(mO2 )out Outlet flow rate of oxygen (mol/s).
(mO2 )net Net mole flow rate of oxygen (mol/s).
(mH2 O)a

in Mole flow rate of water at anode (mol/s).
(mH2 O)c

in Mole flow rate of water at cathode (mol/s).
Mv Moles of vapor (mol).
(mv )M Vapor transfer rate (mol/s).
nd Electro-osmotic Coefficient.
nS Number of PEM fuel cell stacks.
PH2 Partial pressure of hydrogen (atm).
PO2 Partial pressure of oxygen (atm).
PH2 O Partial pressure of water(atm).
(PH2 O)a

in Partial pressure of water at anode (atm).
(PH2 O)c

in Partial pressure of water at cathode (atm).
P Sat

H2 O Saturated vapor pressure of water (atm).
QC Heat generated due to electrochemical reaction

(J).
QE Heat generated due to electricity (J).
QL Heat loss by air convection (J).
R Universal gas constant [J/ (mol · K)].
RA Resistance of the anode (Ω).
RAct Equivalent resistance corresponding to activa-

tion voltage loss (Ω).
RC Resistance of the cathode (Ω).
RConc Equivalent resistance corresponding to con-

centration voltage loss (Ω).
RO Ohmic resistance (Ω).
RO

c Constant in computation of R0(Ω).
RM Resistance of membrane (Ω).
T Stack temperature (K).
tm Membrane thickness (m).
uP A

Channel pressure of hydrogen (atm).
uP C

Channel pressure of oxygen (atm).
uTR

Room temperature (K).
Va Volume of anode (m3).
Vc Volume of cathode (m3).
VC Voltage across the capacitor C (V).
Vfc Output voltage of the PEM fuel cell (V).
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VO,F C Open-circuit output voltage(V).
V Act Activation voltage loss (V).
V O Ohmic voltage loss (V).
V Conc Concentration voltage loss (V).
λA Flow delay at anode (s).
λC Flow delay at cathode (s).
φa Relative humidity at anode.
φc Relative humidity at cathode.

I. INTRODUCTION

I T HAS been hypothesized that fuel cells are well-poised to
meet power requirements of various applications of the 21st

century ranging from portable electronics, electric vehicles to
distributed generation power plants. Unlike conventional energy
sources, fuel cell is a clean energy source with significantly low
emissions and low noise [1]. These attractive features of fuel
cells have engendered the interest in dc power generation using
fuel cells, and their subsequent commercialization for various
applications. Among the available fuel cells, proton-exchange
membrane or polymer electrolyte membrane (PEM) fuel cell is
standing up the ladder because of its features, such as high power
density, solid electrolyte, low operating temperature (50 ◦C–100
◦C), fast start-up, low sensitivity to orientation, favorable power-
to-weight ratio, long cell and stack life, and low corrosion [2].
Hence, it has now been well conceived that the PEM fuel cell is
the primary choice for developing distributed generation power
systems, hybrid electric vehicles, and for many other emerging
applications of fuel cells. It is, therefore, important that the
dynamic behavior of the PEM fuel cell is well understood for
its successful use in these applications.

In the literature, research work in [3]–[5] attempts to develop
electrochemistry-based models of the PEM fuel cell. The work
reported in [6]–[11] is aimed at developing dynamic models of
the PEM fuel cell. In [12], the dynamic model and design of
combined fuel cell and ultra-capacitor system for stand-alone
residential applications are developed. Although these models
reported in the literature provide certain understanding of the
PEM fuel cell, they cannot be used to perform control algo-
rithm development for the PEM fuel cell system. To develop
sophisticated control strategies for the PEM fuel cell system, a
state-space model of the PEM fuel cell is needed.

In this paper, a nonlinear state-space model of the 500-W
PEM fuel cell is developed. The open-circuit output voltage of
the PEM fuel cell, mass balance and thermodynamic energy bal-
ance, irreversible voltage losses, and the formation of the charge
double layer in the PEM fuel cell are modeled. The model is val-
idated, and subsequently, used to study the dynamic behavior of
the PEM fuel cell. Polarization curves of the model are obtained
for different values of input variables. The transient response of
the model over short and long time periods is analyzed. Finally,
the behavior of the model under the resistive load is studied.

The paper is organized as follows. In Section II, the nonlinear
state-space model of the 500-W PEM fuel cell is developed,
Section III presents the model validation and simulation results,
and Section IV depicts the conclusion of this paper.

Fig. 1. Working of the PEM fuel cell.

II. PEM FUEL CELL MODELING AND PROBLEM FORMULATION

A. Open-Circuit Output Voltage of the PEM Fuel Cell

The PEM fuel cell consists of a proton exchange membrane
placed between two electrodes that are coated with platinum
catalyst [14]. The hydrogen gas is supplied at the anode. Air,
a source of oxygen, is supplied at the cathode. At the anode,
hydrogen gas, in the presence of the platinum catalyst, is ionized
into positively charged hydrogen ions and negatively charged
electrons. The oxidation reaction at the anode is as follows [14]:

2H2 → 4H+ + 4e−. (1)

The proton exchange membrane only permits positively
charged hydrogen ions to flow from the anode to the cathode, as
shown in Fig. 1 [15]. The negatively charged electrons from the
anode reach the cathode via external circuit. This process leads
to generation of the electric current. At the cathode, electrons
and protons combine with oxygen from air to form water that
flows out of the fuel cell. The reduction reaction at the cathode
is as follows [14]:

O2 + 4e− + 4H+ → 2H2O. (2)

The reversible electric potential of one cell can be calculated
from change in the Gibb’s free energy as follows [14], [16]:

ECell = −∆G

2F
. (3)

The change in the Gibb’s free energy can be given as follows
[14]:

∆G = ∆G0 − RT ln
[
PH2 (PO2 )

0.5

PH2 O

]
. (4)
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By substituting (4) in (3), we have

ECell =
(
−∆G0

2F

)
+

RT

2F
ln

[
PH2 (PO2 )

0.5

PH2 O

]

∴ ECell = ECell
0 +

RT

2F
ln

[
PH2 (PO2 )

0.5

PH2 O

]
. (5)

It should be noted that, in (4) and (5), partial pressures must
either be expressed in “atmosphere” or in “bars.” ECell

0 can be
obtained from standard electrode potential table of electrochem-
ical cell [16]

ECell
0 = EA

0 + EC
0 . (6)

ECell is the individual open-circuit output voltage of one cell.
It can be assumed that parameters of an individual cell can be
lumped together to form the PEM fuel cell stack [14]. Hence,
the open-circuit output voltage of the PEM fuel cell can be given
as follows:

VO,F C = nS ECell

∴ VO,F C = nS ECell
0 +

nS RT

2F
ln

[
PH2 (PO2 )

0.5

PH2 O

]
. (7)

B. Irreversible Voltage Losses in the PEM Fuel Cell

The actual output voltage of the PEM fuel cell at normal op-
erating conditions is determined by irreversible voltage losses,
also known as polarization, which exist within the PEM fuel
cell [14]. Three types of voltage losses exist: activation losses,
ohmic losses, and concentration losses.

1) Activation Losses: The governance of sluggish electrode
kinetics by the rate of electrochemical reaction at an electrode
surface gives rise to activation losses in the PEM fuel cell [14].
These losses are dominant at the low current density (i.e., at the
beginning of the V–I characteristic curve of the PEM fuel cell).
The activation losses for a single PEM fuel cell stack can be
modeled based on the Tafel equation and empirical equation as
follows [3], [8], [14]:

V Act =
RT

2F
ln

(
I

Id

)
= a0 + T [a + b ln(I)]. (8)

The term (a0 + aT ) represents temperature-dependent volt-
age loss, and the term [Tb ln(I)] represents activation voltage
loss based on both current and temperature. The equivalent ac-
tivation resistance RAct corresponding to the activation voltage
loss can be found by dividing the term [Tb ln(I)] in (8) by I .

2) Ohmic Losses: The ohmic losses are due to the ohmic re-
sistance of the PEM fuel cell that includes the resistance of the
anode and cathode due to imperfections in electrode manufac-
turing, and the resistance of the PEM to movement of ions [17].
The ohmic resistance of the PEM fuel cell can be given as
follows:

RO = RA + RC + RM . (9)

The ohmic voltage loss for a single PEM fuel cell stack can
be given as follows [8]:

V O = IRO = V O
A + V O

C + V O
M . (10)

The electrode resistances depend on the stack current and
temperature. Hence, the ohmic resistance of the PEM fuel cell
can also be calculated as follows [8]:

RO = RO
c + KI I + KT T. (11)

3) Concentration Losses: The concentration losses exist due
to the formation of concentration gradient of reactants at the
surface of the electrodes [17]. The consumption of more fuel
reduces the concentration of hydrogen and oxygen at various
points in the PEM fuel cell gas channel, and increases concen-
tration of these reactants at the input of the stack. The concen-
tration losses for a single PEM fuel cell stack can be given as
follows [16]:

V Conc = −RT

eF
ln

(
1 − I

IL

)
. (12)

The equivalent resistance RConc corresponding to the con-
centration voltage loss can be calculated by dividing (12) by I .
Also, the limiting current of the PEM fuel cell is determined by
the rate of consumption of fuel and rate of fuel supply. Hence,
concentration losses grow significantly at higher currents when
fuel is consumed at a higher rate (i.e., at the end of the V–I
characteristics of the PEM fuel cell).

Hence, the actual output voltage of the PEM fuel cell at nor-
mal operating conditions is given by subtracting voltage losses
from the open-circuit output voltage of the PEM fuel cell as
follows:

Vfc = VO,F C − nS (V Act + V O + V Conc). (13)

C. Humidification in the PEM Fuel Cell

In the PEM fuel cell, conduction of hydrogen ions through
the polymer membrane depends on the membrane humidity.
The ohmic resistance of the membrane (RM )increases as the
membrane dries out [14]. Hence, it is essential that the mem-
brane remains humidified for an efficient operation of the PEM
fuel cell. Therefore, hydrogen gas and air are passed through the
humidifier before reaching electrodes. The relative humidity at
the anode and cathode of the PEM fuel cell can be given as
follows [14]:

φa =
(PH2 O)a

in

P Sat
H2 O

, φc =
(PH2 O)c

in

P Sat
H2 O

.

The total vapor transfer through the polymer membrane can
be given as follows [2]:

(mv )M = MvAS nS

(
ndId

F
− φc − φa

tm

)
. (14)

D. Mass Balance and Thermodynamic Energy Balance in the
PEM Fuel Cell

The net mole flow rate of oxygen at the cathode is the dif-
ference between the mole flow rate of oxygen coming inside
the cell and mole flow rate of oxygen going outside the cell.
The flow of oxygen and hydrogen in the PEM fuel cell cannot
follow changes in the load instantly, and there exists a time lag
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between the change in the load current and the flow of oxygen
and hydrogen [14].

The net mole flow rate of oxygen at the cathode can be given
as follows [8], [14]:

d(mO2 )net

dt
=

1
λC

[
I

4F
− (mO2 )net

]
.

Let x1 = (mO2 )net

⇒ ẋ1 =
(
−1
λC

)
x1 +

(
1

4λC F

)
I. (15)

Similarly, the net mole flow rate of hydrogen at the anode can
be given as follows [8], [14]:

d(mH2 )net

dt
=

1
λA

[
I

2F
− (mH2 )net

]
.

Let x2 = (mH2 )net

⇒ ẋ2 =
(
−1
λA

)
x2 +

(
1

2λAF

)
I. (16)

The material conservation of water can be given by subtract-
ing the rate of net flow of water vapor across the cell from the
rate of generation of water in the cell [14], [19]

d(mH2 O)net

dt
=

1
λC

[
I

2F
− (mH2 O)net

]
.

Let x3 = (mH2 O)net

⇒ ẋ3 =
(
−1
λC

)
x3 +

(
1

2λC F

)
I. (17)

Let x4 = T, x5 = PH2 , x6 = PO2 , and x7 =
PH2 O .

The dynamic equation of the partial pressure of hydrogen can
be written based on the ideal gas law PV = nRT as follows
[8], [19], [20]:

dPH2

dt
=

(
RT

Va

)
(mH2 )in −

(
RT

Va

)
(mH2 )out −

(
RT

Va

)
I

2F
(18a)

where (mH2 )in and (mH2 )out can be expressed in terms of the
channel input pressure of hydrogen as follows [8], [19], [20]:

(mH2 )in =
(mH2 O)a

in

(PH2 O)a
in

uPA
,

(mH2 )out = (mH2 )in
(2x5 − uPA

)
uPA

. (18b)

Substituting into (18a), and solving further, we get

ẋ5 = 2θ1(x4)uPA
− 2θ1(x4)x5 − θ2(x4)I (18c)

where θ1(x4) = [(R(mH2 O)a
inx4)/(Va(PH2 O)a

in)] and
θ2(x4) = [Rx4/2VaF ].

Similarly, the dynamic equation of the partial pressure of
oxygen can be given as follows:

ẋ6 = 2θ3(x4)uPC
− 2θ3(x4)x6 − θ4(x4)I (18d)

where θ3(x4) = [(R(mH2 O)c
inx4)/(Vc(PH2 O)c

in)] and
θ4(x4) = [Rx4/4VcF ].

The rate of change of the partial pressure of water depends on
the net flow rate of water across the cell and the rate of generation
of water during the reaction at the cathode [8], [19], [20]. It can
be given in the state-space form as follows:

ẋ7 = 2θ5(x7)x4 + 2θ4(x4)I (19)

where θ5(x7) =
[
(R(mH2 O)c

in(P in
H2 O − x7))/(Vc(PH2 O)c

in)
]
.

As the electrochemical reaction takes place in the PEM fuel
cell, temperature of the PEM fuel cell assembly increases [18].
The net increase in temperature of the PEM fuel cell assembly
can be given by (20) as follows [18]:

Let x8 = QC , x9 = QE , and x10 = QL

∴ ẋ4 =
1

MfcCfc
(ẋ8 − ẋ9 − ẋ10) . (20)

The generation of heat during the electrochemical reaction is
a function of the change in the Gibbs’s free energy and the rate of
consumption of molar mass of hydrogen during the reaction [18]

∴ ẋ8 = ∆G

(
nS I

2F

)
⇒ ẋ8 = θ6(x4 , x5 , x6 , x7)I (21)

where θ6(x4 , x5 , x6 , x7) = [(nS ∆G0
/
2F ) −

(nS Rx4/2F ) ln(x5x
0.5
6

/
x7)].

The generation of heat due to the electrical output power in
the PEM fuel cell depends on the output voltage and the stack
current of the PEM fuel cell [18]

∴ ẋ9 = [Vfc ]I ⇒ ẋ9 = θ7(x4 , x5 , x6 , x7)I (22)

where θ7(x4 , x5 , x6 , x7) = nS [ECell
0 +

(Rx4/2F ) ln(x5x
0.5
6

/
x7) − V Act − V Conc − V O ].

The heat loss due to the air convection can be given by (23)
as follows [18]:

dQL

dt
= (T − uTR

)hS nS AS

∴ ẋ10 = [hS nS AS ]x4 − [hS nS AS ]uTR
. (23)

By substituting (21)–(23) into (20), we can write

ẋ4 =
[
−hS nS AS

MfcCfc

]
x4 − θ8(x4 , x5 , x6 , x7)I

+
[
hS nS AS

MfcCfc

]
uTR

(24)

where

θ8(x4 , x5 , x6 , x7) = nS

[
(2ECell

0
/
MfcCfc)

+ (Rx4/FMfcCfc) ln(x5x
0.5
6

/
x7) − V Act − V Conc − V O

]
.

E. Formation of Charge Double Layer in the PEM Fuel Cell

In the PEM fuel cell, due to the presence of the polymer
membrane, electrons (e−) from the anode flow toward the cath-
ode via external circuit. The positive hydrogen ions (H+) reach
the cathode through the polymer membrane. As a result, two
charged layers of opposite polarities are formed at the cathode.
This charge double layer can store the electrical charge and be-
haves like a capacitor [14]. Hence, the voltage formed due to
this charge double layer takes some time to respond to sudden
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Fig. 2. Formation of charge double layer in the PEM fuel cell.

change in the current. Therefore, in the PEM fuel cell, when the
current is increased by sudden increase in the load, the output
voltage shows an immediate drop due to the drop across RO of
the PEM fuel cell, but then, the voltage reaches its new value
in an exponential manner due to the capacitance of the charge
double layer [8], [14]. The electric charge formed at the cathode
can be modeled by the capacitor, as shown in Fig. 2 [14].

The capacitance due to the double-layer charge effect is a
function of the surface area of the cathodeAS , the distance of
between two charge layers dl, and the electrical permittivity ε.
The value of the capacitance is given as follows [14]:

C = e

(
AS

dl

)
. (25)

The voltage across the capacitor is given as follows [14]:

VC =
(

I − C
dVC

dt

)(
RAct + RConc) .

Let

x11 = VC ⇒ ẋ11 =
[

−1
C (RAct + RConc)

]
x11 +

[
1
C

]
I.

(26)

The effect of the formation of the charge double layer can be
incorporated in the output voltage of the PEM fuel cell. Hence,
the output voltage equation, given by (13), can be rewritten as
follows:

Vfc =
[
nS ECell

0 +
nS Rx4

2F
ln

(
x5x

0.5
6

x7

)
− nS (a0 + ax4)

− nS x11 −
(
nS RO

)
I

]
. (27)

Based on (15)–(27), the overall state-space model of the PEM
fuel cell system can be given as follows:

ẋ(t) = A(θ)x(t) + B(θ)u(t) + G(θ)w(t)

y(t) = C(θ)x(t) + v(t) (28)

where x(t) represents the system states, y(t)represents the sys-
tem output, u(t) is the control input, w(t) is the disturbance

TABLE I
PARAMETERS OF PEM FUEL CELL MODEL [3], [8], [17]

input, which is the load current, and v(t) is the measurement
noise. The description of vectors x(t), u(t), y(t) along with ma-
trices A,B,C,G and the state-dependent parameter vector θ are
given in the Appendix. The PEM fuel cell model parameters are
given in Table I.

III. SIMULATION RESULTS

A. V–I Characteristics of the PEM Fuel Cell Model

To obtain the V–I characteristics of the PEM fuel cell, the
nonlinear state-space model of the PEM fuel cell is simulated
in MATLAB/Simulink, as shown in Fig. 3.

The model is simulated for 2720 s for the following values
of input variables: uPA

= 2 atm, uP C
= 1 atm, and uTR

= 308
K. The simulation results obtained in Fig. 4 are validated with
the experimental results of the Avista Labs SR-12 PEM fuel cell
stack presented in [8]. Fig. 5 shows the model validation results.
The characteristics shown by the solid line “––” are the response
of the model developed in this paper, while the characteristics
shown by the symbol “++” are the experimental data presented
in [8]. The validation results show close match.

The output voltage response of the PEM fuel cell model is
shown in Fig. 6. The response is obtained by varying the current
from 1 to 25 A, in steps of 0.4 A, every 40 s over a total
simulation period of 2720 s. The output voltage decreases from
about 38 to 23 V.

The temperature response of the PEM fuel cell model is shown
in Fig. 7. As the more current is drawn from the PEM fuel cell
stack, the electron activity at the surface of electrodes increases.
This results in increase in the PEM fuel cell stack temperature.
It can be seen in Fig. 7 that the stack temperature rises from 308
to 320 K, as more current is drawn from the PEM fuel cell.

The power versus current characteristics of the PEM fuel
cell model are shown in Fig. 8. The maximum output power
is obtained at somewhere close to the fuel-cell-rated current
(25 A), but not exactly at the rated current. The PEM fuel cell
goes in the concentration region near the rated current value,
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Fig. 3. Implementation of the PEM fuel cell model in MATLAB/Simulink.

Fig. 4. V–I characteristics of the PEM fuel cell model.

Fig. 5. Validation of the PEM fuel cell model.

wherein the output power decreases with an increase in the load
current due to potential decrease in the PEM fuel cell’s output
voltage [2], [8].

Fig. 6. Output voltage response of the PEM fuel cell model.

Fig. 7. Temperature response of the PEM fuel cell model.

B. Polarization Curves of the PEM Fuel Cell Model for
Different values of Input Variables

The PEM fuel cell model is subjected to different values of
input variables in order to study their effect on the V–I charac-
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Fig. 8. Power versus current characteristics of the PEM fuel cell model.

Fig. 9. V–I characteristics of the PEM fuel cell model for increasing uP A
.

teristics, the output voltage of the PEM fuel cell, and voltage
losses.

1) V–I Characteristics of the PEM Fuel Cell Model for
Increasing Values of Anode Channel Pressure (uP A

): Fig. 9
shows the V–I characteristics of the PEM fuel cell model for
increasing values of uPA

. The characteristics are obtained for:
uPA

= 2, 10, 30, and 50 atm. Two other input variables uPC

and uTR
are kept constant at 1 atm and 308 K, respectively. As

uPA
is increased, the partial pressure of hydrogen at the anode

increases. Hence, the output voltage of the PEM fuel cell in-
creases. This increase in output voltage reduces voltage losses
in the PEM fuel cell. Thus, voltage losses in the PEM fuel cell
can be reduced by operating the PEM fuel cell at higher values
of uP A

.
2) V–I Characteristics of the PEM Fuel Cell Model for

Increasing Values of Cathode Channel Pressure (uP C
): Fig. 10

shows the V–I characteristics of the PEM fuel cell model for in-
creasing values of uP C

. Physically, uP C
can be increased by

compressing air or oxygen at the higher pressure before sup-
plying it to the cathode. The characteristics are obtained for:
uP C

= 1, 10, 30, and 50 atm. Two other input variables uPA

and uTR
are kept constant at 2 atm and 308 K, respectively. As

uP C
is increased, the partial pressure of oxygen at the cathode

increases. It increases the output voltage of the PEM fuel cell.
This increase in the output voltage reduces voltage losses, i.e.,
for higher values of uP C

, voltage losses are smaller. Hence, volt-
age losses in the PEM fuel cell can also be reduced by operating
the PEM fuel cell at higher values of uP C

.

Fig. 10. V–I characteristics of the PEM fuel cell model for increasing uP C
.

Fig. 11. Transient response of the PEM fuel cell model over a short time
period.

C. Transient Response of the PEM Fuel Cell Model

1) Transient Response of the PEM Fuel Cell Model Over a
Short Time Period: The transient response of the PEM fuel cell
model over a short period is obtained by simulating the model
for the following values of input variables: uP A

= 5 atm, uP C

= 5 atm, and uTR
= 308 K. The load is changed in steps over

a small time period, and the response of the model is observed.
Fig. 11(a) and (b) shows the plots of the change in the load
current and corresponding change in the output voltage of the
PEM fuel cell model, respectively. It can be seen that as the
load is increased, the output voltage drops and vice versa, but
output voltage does not reach new value instantly. As the load is
increased, the voltage drops to a certain value immediately, but
from there, it reaches to its new value in an exponential manner.
This is due to the capacitance of the charge double layer formed
on the surface of the cathode [8], [13], [14].
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Fig. 12. Transient response of the PEM fuel cell model over a long time
period.

The time constant of the first-order equation (26) can be
given as τ = C

(
RAct + RConc

)
[14]. In the PEM fuel cell,

the surface area of the cathode is far greater than the distance
between two charged layers, and hence, according to (25), the
value of the capacitance C is high. Moreover, values of RAct

and RConc are quite small when the PEM fuel cell works in the
linear region [14]. Therefore, the transient response of the PEM
fuel cell over a short time period depends on the capacitance of
the charge double layer. Higher the value of C, higher will be
τ , and longer it will take for the voltage to reach its new value.

2) Transient Response of the PEM Fuel Cell Model Over
a Long Time Period: The transient response of the PEM fuel
cell model over a long time period is shown in Fig. 12. The
figure shows the output voltage response of the model. It is
observed that as the load current is reduced, the output voltage
increases to a certain value, but from there, it reaches to its
final value in few hundred seconds. When the load current is
increased, the output voltage drops to a certain value, and again
takes few hundred seconds to reach to its final value. This is
due to the higher thermodynamic time constant, as well as due
to air and hydrogen flow delays inside PEM fuel cell [8], [14].
Both can vary from few seconds to even few minutes [2], [8].
As can be seen from Fig. 7, temperature of the stack takes
certain time to reach its asymptotic value, as the electrochemical
reaction proceeds in the PEM fuel cell. The stack temperature
does not rise instantly. Also, hydrogen and air flow to the anode
and cathode cannot instantly follow changes in the load [8].
Therefore, the thermodynamic time constant and flow delays
largely determine the transient response of the PEM fuel cell
over a long time period [2], [8].

D. Behavior of the PEM Fuel Cell Model Under Resistive (R)
Load

To study the behavior of the PEM fuel cell model under the
resistive load, model is simulated for the following values of
the input variables: uPA

= 5 atm, uP C
= 5 atm, and uT R

=
308 K under no load, one-fourth rated-load current, half rated-
load current, three-fourth rated-load current, and at rated load
(25 A).Figs. 13 and 14 show the output voltage and the stack
temperature response of the model, respectively. It is observed
that, as the load is increased from no-load to full-load condition,
the output voltage is reduced. At no load, the output voltage of

Fig. 13. Output voltage of the PEM fuel cell model under resistive load.

Fig. 14. Stack temperature of the PEM fuel cell model under resistive load.

the PEM fuel cell model is about 40 V, while at the full-load
condition (at rated load current = 25 A), the output voltage
drops to about 25 V. Also, an increase in the stack temperature
with corresponding increase in the load is depicted in Fig. 14.
The maximum stack temperature observed at full load is about
322 K.

IV. CONCLUSION

In this paper, a nonlinear state-space model of the 500-W
PEM fuel cell is developed. The open-circuit output voltage of
the PEM fuel cell, voltage losses in the PEM fuel cell, mass
balance and thermodynamic energy balance inside the PEM
fuel cell, along with the formation of the charge double layer
on the cathode in the PEM fuel cell are modeled. The model
is simulated in MATLAB/Simulink, and simulation results are
validated. The model is then simulated for different values of
input variables, and it is found that by operating the PEM fuel
cell at higher values of input variables, voltage losses in the
PEM fuel cell can be reduced. Further, the transient response of
the model over short and long time periods is analyzed, and it
is found that the transient response of the PEM fuel cell over
a short time period depends on the capacitance of the charge
double layer formed on the surface of the cathode of the PEM
fuel cell, while the transient response of the PEM fuel cell over
a long time period depends on the thermodynamic processes
and flow delays inside the PEM fuel cell. Finally, the behavior
of the model under the resistive load is studied for no-load to
full-load conditions, and corresponding variation in the output
voltage and stack temperature of the PEM fuel cell model are
determined. The state-space model developed in this paper can
be used to design and develop control strategies for the PEM
fuel cell system.
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APPENDIX

x = [(mO2 )net (mH2 )net (mH2 O)net T PH2 PO2 PH2 O QC QE QL VC ]T ,

u = [uPA
uPC

uTR
]T , w = [I]

θ = [ θ1(x4) θ2(x4) θ3(x4) θ4(x4) θ5(x7) θ6(x4 , x5 , x6 , x7) θ7(x4 , x5 , x6 , x7) θ8(x4 , x5 , x6 , x7) ]T

G =
[(

1
4λC F

) (
1

2λAF

) (
1

2λC F

)
−θ8(x4 , x5 , x6 , x7) −θ2(x4) −θ4(x4) 2θ4(x4) θ6(x4 , x5 , x6 , x7)

θ7(x4 , x5 , x6 , x7) 0
1
C

]T

A4∗4 =
[
−hS nS AS

MfcCfc

]
, A11∗11 =

[
−1

C(RAct + RConc)

]
, and y = θ7(x4 , x5 , x6 , x7)

A =




−1
λC

0 0 0 0 0 01∗4 0

0
−1
λA

0 0 0 0 01∗4 0

0 0
−1
λC

0 0 0 01∗4 0

0 0 0 A4∗4 0 0 01∗4 0
0 0 0 0 −2θ1(x4) 0 01∗4 0
0 0 0 0 0 −2θ3(x4) 01∗4 0
0 0 0 2θ5(x7) 0 0 01∗4 0

02∗1 02∗1 02∗1 02∗1 02∗1 02∗1 02∗4 02∗1
0 0 0 (hS nS AS ) 0 0 0 0
0 0 0 0 0 0 01∗4 A11∗11




B =




03∗1 03∗1 03∗1

0 0
(

hS nS AS

MfcCfc

)

2θ1(x4) 0 0
0 2θ3(x4) 0

03∗1 03∗1 03∗1
0 0 (−hS nS AS )
0 0 0
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