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Abstract—Fuel cell power generation technology is gaining
importance on its own way as it has many advantages like less
environmental pollution, high efficiency, cleanliness and safe
operation with the present global scenario of electricity generation,
distribution and meeting the consumer demand. Several research
works have been done in this area of power generation. In this paper,
a dynamic model of a Proton Exchange Membrane (PEM) Fuel Cell
(FC) has been developed and the dynamic behavior is studied.
PEMFC has been chosen due to its low operating temperature and
little start-up time that are suitable for stationary applications like
residential and transportation uses. This model is used to simulate
and emulate dynamic behavior of FC System (FCS) by using a DC—
DC converter, the FC Emulator (FCE) must be able to reproduce the
nonlinear output voltage — current (V-I) characteristic of a real FC
considering auxiliaries devices.
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L INTRODUCTION

Fuel cell stack systems are under intensive developm&

for mobile and stationary power applications [1]. In particu

Proton Exchange Membrane (PEM) Fuel Cells (also knggn as

Polymer Electrolyte Membrane Fuel Cells) are S e

relatively more mature stage for automotive applicgiid ]
The fuel cell is an open reactor wheye @ gen (or

reformed gas) and oxygen (or air) are fed

fuel cell stack depending on the electricge , and the by-

product is evacuated at the outlet of stack. The heat
generated from the entropy variatj ing the electro-
chemical reaction and the associa %ersible heat sources
is also evacuated by a cooling s In some conditions, the
inlet gas should be heated ai umidified before entering
the stack, which requires 1 of water and heat from the
outlet of the fuel ce@. All these requirements are
achieved by devic d fuel cell auxiliaries. These
auxiliaries are onegQ power factors for the efficiency and
the durability ofe cell system [2]. The auxiliaries design
and the conty ategies should be adapted to the fuel cell
stack ogfraNgWCharacteristics and, also validated by tests
perform

the fuel cell stack [2].
Even th®ugh, there are important needs of a real fuel cell
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stack for fuel cell system auxiliaries performa@‘sts and
validations, the utilization of a fuel cell stack in a system
validation process still impose some drawbg€kg: #he cost of the
tests are expensive (e g., hydrogen con ), the lifetime
of a fuel cell stack is still limited, t ell stack can be
damaged during the tests if iliaries are not well
designed, and so on [2]. A \ 169 way to reproduce the
behavior of a renewable sourc se electrical characteristic
(V-I) is nonlinear (as in tl of a Fuel Cell), is to use a

DC/DC converter to de a realistic V-I output
characteristic and elec transient dynamics. All these

considerations gy #hat any renewable source should be
replaced by system capable of copying its behavior
accurately. rdware system is called emulator. The

advantag sing a fuel cell stack emulator to test
auxiliari% obvious: the emulated fuel cell stack power can
be cogfi d to different values using the same emulator,
g on the spemﬁed fuel cell stack to be emulated; the
peratmg scenarios, such as stack short circuits, stack
rheats, can be emulated during the tests without damagmg
real fuel cell stack [2], [3].

In this paper we are interested to the simulation and the
emulation a PEM Fuel Cell (PEMFC). First, we present a
model of the fuel cell system taking into account the auxiliary
components such as compressor, humidifier, valve, supply and
return manifolds. Based on this model, a simulation of the
PEMFC shows that the oxygen excess ratio needs a regulation
at an optimal value. This has been performed by means of a
simple Proportional-Integral (PI) controller. After, the entire
model of the FC system including the FC stack and its
auxiliaries, as well as the control system of the dc—dc
converter, has been implemented on the DSP320F2812 board
in the laboratory and the results compared to the simulations.
Finally we give a conclusion in which the results and further
works are discussed.

II.  FUEL CELL MODEL SYSTEM

The fuel cell system used in this study is based on the
control oriented model explained in [4],[5] which is developed
based on physical mass and energy conservations along with
electrochemical, thermodynamic and fluid flow principles. A
simplified scheme of the system is given in Fig.1.
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Figure 1. Simplified scheme of the fuel cell system

The model represents a system with 75 kW PEM fuel cell
stack composed of 381 cells with a current capability of 310
A. The fuel cell stack represented by anode and cathode flow,
membrane hydration and polarization curve models, is
augmented with the model of auxiliary components including:
compressor, humidifier, valve, supply and return manifolds.
Two main assumptions are used in the FCS simulation [4], [5].
First, the stack humidity and temperature are considered

thus influence the char the pressure inside the supply

manifold throu%a{l energy conservation laws
-

6 d:m = “’cp ~ Wom out (2)

The compressor air %@ows into the supply manifold

perfectly regulated to the desired levels and thus the effect of 0 dpsm — Ra (W T W T ) 3)
temperature and humidity fluctuations are not considered. This Vo, F ke Toneem

assumption follows the fact that the humidity and temperature §

dynamics are much slower than FCS flow and power ErEL (kg) 5 e s, . el e S

dynamics. Second, the fuel supply is considered instantane
and provided by pure hydrogen. The hydrogen flow confs ol

these assumptlons the control problem is
subsystem of air management [4], [5]. &
A. Cathode Flowsystem Q
The complete equations and ¢ pl@ s can be found in
[5]. The compressor supplies flow following the
command to its motor. The su ifold, cathode channels
and return manifold all act as torage volume. The end of

the return manifold ¢ to atmosphere through an
actuator valve. The c of dynamics related to its inertia

dtp = (T(:m - Tcp) (1)

Where @nﬁ) is the compressor inertia, @, (rad/s) is the
compressorvspeed; 7, (Nm) and 7, (Nm) are compressor
motor torque and compressor load torque, respectively. The
compressor speed computed by integrating Eq. (1), and the
downstream pressure, i.e. supply manifold pressure, p, (atm),
influence different air flow rates through the compressor. 7,

(kg/s).
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Wemoutkg/s) 1s the air flow out of the supply manifold into the
stack cathode volume which is a function of the supply
manifold pressure. ¥V, (m3) is the supply manifold volume. R,
(N.n/K) is the gas constant of air and y is the ratio of the
specific heat capacities, which in case of air is 1.4 [S].
Tpou(K) and T, (K) are the temperature of the air at
compressor outlet and that of the air inside the supply
manifold respectively.

The change in supply manifold pressure affects the rate of
air entering the stack cathode through the linear nozzle Eq.
(4). where kg os(kg.atm/s) is the supply manifold nozzle
constant

W,

sm.out — ksm,out O’sm ~Peca ) (4)

The air flow rate into the cathode (W, 0) then affects the
oxygen level in the cathode, and therefore affects the stack
voltage and the stack power output. The dynamic of the
oxygen level in the cathode is governed by the mass
conservation law. There are three states in the cathode volume
model, namely the oxygen mass mgp;.,. the nitrogen mass
TNz cq and the vapor mass m,,.,; their state equations are
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dmOZ,ca _ w

dt —"02,cain — 02, ca, out — " 02,ca,reacted
dm

N2ca _

dt = WNZ,ca,in - WNZ,ca,out (5)
dm

wea _ _

dt - Wv,ca,in Wv,ca,ouz‘ Wv,ca,reucted

Where, Woz caim (kg/s) and Woj o on (kg/s) are the mass flow
rates of oxygen gas entering and leaving the cathode, Wy, ca.in
(kg/s) and Wy coou (kg/s) are the mass flow rates of nitrogen
gas entering and leaving the cathode, W, ..., (kg/s) and W, .4 ou
(kg/s) are the mass flow rates of vapor entering and leaving
the cathode, W, qqen (kg/s) is rate of vapor generated in the
fuel cell reaction, W ., .. (kg/s) is rate of liquid water leaving
the cathode and W, emsr (kg/s) is flow rate of water transfer
across the membrane. The oxygen partial pressure which
affects the stack voltage can be calculated from these states
using the ideal gas law. The mass flow rates with subscript
‘in” are calculated from W, ,, and the air thermodynamic
properties. The amount of oxygen reacted or used in the
reaction, Wo; e (kg/s), is a function of stack current, /5. (A),
which is considered in this work as a disturbance input

nife

-M
24k

(6)

WO 2,react

Where 7 is the number of cells of the stack, My, is the molar
mass of oxygen (kg/mol) and F is the Faraday’s number
(C/mol). The mass flows with subscript ‘out’ are functions of
the states (m02,cq, My2,ca and m,, ;) and the cathode outlet flow,
which is a function of the pressure downstream, i.e. return
Eq. (7) is in the same form as Eq. (4), where k., o (kg.atm/siN

the return manifold nozzle constant and p., (atm) jg the
pressure of the cathode &

ca,out = kta Lout pcu prm

The dynamic of the return manifold p

dprm ll rm Q
= b m1 out (8)
@re of the gas in the return

retum manifold volume. The
 Wimouw (Kg/s), is calculated by a

ure 1S

Where T, (K) is the ¢e
manifold and V,,, (m3

return manifold out
nonlinear nozzle e

B. Anode Fl

Si cathode flow model, we determine hydrogen
partial p e and anode flow humidity by balancing the
mass flow JT hydrogen my; .., and water m,, ,, in the anode

dm
H2,an _
dt - WHZ,an,in - WHZ, an, out - WHZ,cu,reacted
. ©)
mVV' an
dt = I/Vv,tm,in - Wv,un,out - VVv,membr
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In this model, it is assumed that pure hydrogen gas is
supplied to the anode by the hydrogen tank and the anode inlet
flow rate is instantaneously adjusted by a valve to maintain
minimum pressure difference across the membrane. This can
be achieved by using a high gain proportional controller of
hydrogen flow rate such that the anode pressure p,, tracks the
cathode pressure p.,. The inlet hydrogen flow is assumed to
have 100% relative humidity. The anode outlet flow represents
the hydrogen purge and is currently assumed to be zero. The
temperature of the flow is assumed to be equal to the stack
temperature. The rate of hydrogen consumed in the reaction,
Wi reactea» 15 @ function of both of the stack current /;, and the

hydrogen molar mass My, [4]-[6]
\Q (10)

C. Membrane Hydration Model

The mass flow of vapor th membrane W, membr 18
calculated us1ng mass translp& ificiples and membrane

properties given in [4] accor

IO ¢ ) (i

*

MHZ

WH 2,reacted —

Ay is the ac \a of the FC, i is the FC current density
(current p area, Iy/Ay.) and ¢, is membrane thickness.
The elec motic coefficient n, is function of ¢, ., and @, ..

T@gon coefficient D,, is function of @, .4, @4, and Ty,.

uel cell voltage

manifold pressure, p,,, (atm). The function in the linear nozzlg F&Proton exchange membrane fuel cells (PEMFC) combine

hydrogen and oxygen over a platinum catalyst to produce
electrochemical energy with water as the byproduct. Figure 2
shows the (v.-i) characteristic of a typical single cell operating
at Tfc=80 °C and different air pressure [5], [6]. The variation
of individual cell voltage is found from the maximum cell
voltage and the various voltage losses. Multiple factors
contribute to the irreversible losses (voltage drop) in real fuel
cell that cause the cell voltage to be less than its ideal potential
[5]-[7]. The losses, which are also called polarization,
irreversibility, or over voltage, over potential, 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 they are dominant in different regions of current density.
Figure 2 shows the different regions and the corresponding
polarization effects. The ideal voltage is the maximum voltage
that each cell in the stack can produce at a given temperature
with the partial pressure of the reactants and products known.
The output voltage of a single cell v can be given by [5]-[8]

(12)

vf"c =E- Vact = Vohm ~ Veone

Where E is the thermodynamic potential of the cell, it
represents the no-load reversible voltage, v, is the activation
overpotential, v,;, is the ohmic overpotential and v,,,. is the
concentration overpotential.
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Figure 2. Fuel cell polarnization curve fitting results at 80 C

A higher voltage is obtained by connecting # cells in series
Vg =MV (13)

1) Cell reversible voltage: The reversible voltage E is
computed from a modified version of Nernst equations,
considering the variations of temperature from the standard
value of 25 °C.

E=1229-0.85x107(T;, —298.15)+4.3085

. y 14)
10T fc[m(pH2)+Em(P02 )J

Ty is the fuel cell temperature in (K), py, and pp; are the
hydrogen and oxygen partial pressures in (atm) respectively.

Vact 18 expressed by [4], [5]

wopcg 5 govre Ol
Vact“o""a(l e l)

o&)

Where, vy (V) is the voltage drop at zero cu&&;ensity. The
values of the constant parameters v, ). N¢; and their
dependency on the oxygen partial pres@aﬂd temperature
can be determined from a nonline 'r@ n of experimental
data using the basis function in E

ic voltage drop (Vopm) 1S

irough the collecting plates
y the protons transfer through
ressed by

(@) o (16)
Where,%ﬂ.cmz) is the internal resistance. It depends
o

strongly e membrane humidity and the cell temperature
[5]. [6]. It can be written as a function of the membrane
thickness 7, and conductivity c;, (Q.cm)™! as follows

3) Ohmic voltage drop:
caused by the electrons tr:
and the carbon electrode
the solid membrane. Jis

Rom =2 an
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The conductivity o, is a function of the membrane water
content 4, and fuel cell temperature. For 4,, between 0 and 14
corresponds to the relative humidity between 0% and 100%
[5]. Its variation with humidity and temperature is [5]-[7]

O = (By1 —bll)exp[bz[T;—TLN (18)
. Ie

The coefficients b;;. by and b, are usually determined
empirically [S]-[7].

4) Concentration overpotential: To define this voltage
drop term, a maximum current density iy, d, with
which the cell works at the same rate of the maXNghm supply
speed. On this basis, the concentration ove:@lﬂal (Veone) €an

be expressed by @
(S
Veonc =1 626 (19)

Where ¢;. ¢3 and i
temperature an
determined exgps
density that C

e constants depending on the
scactant partial pressure and can
. The parameter i, is the current
recipitous voltage drop.

E. Air igement control

$centrolled variable is the oxygen excess ratio Ao,

s W .
/{02 L 02.in (20)

2) Activation overpotential: The activation overpoten@

Where Wo; i, is the supplied oxygen and Wp; et 1s the oxygen
consumed in the reaction. A low value of /o, means excessive
depletion of oxygen in the cathode (oxygen starvation) which
results in the decrease of the stack voltage and delivered
power as well as shortening the life of the FC stack. For
simplicity reasons /g, = 2 is considered as an optimal set-up
value [4]-[6]. The main goal of the air management control is
to keep the output at the level (1p, = 2). regardless of the
current demanded by the load. which is considered as an input
disturbance. The input variable of the FC system is the
compressor motor voltage v.,. This can be done by using
various types of controllers [4]. [5]: in this work we propose
the use of simply a Proportional-Integral (PI) controller.

III. SIMULATION OF THE FCS WITH REGULATED /o,

The air management has to comply with the requirement
that Ap,= 2. For this purpose, a constant (/1'02 =2) is given to
the system as a reference variable, a simple solution is the use
of a PI controller of the air flow rate, which would guarantee
zero steady-state error of the system as well as its stability. For
calculating the parameters of PI controller, the nonlinear
model of the simplified system needs to be linearized [4].
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Figure 4 shows the implemented control scheme of Ap;.
The output v, of the PI controller is the reference voltage of
the compressor motor. It should be remarked that the
coefficient Ap; is not a measured variable, but is inferred by
the nonlinear model of the FC system, which would then act
as an observer of the real value. In our application it is
assumed that the fed-back Ao; coincides with the real value.

Figure 5 shows the simulation results of the FCS model.
For a variable input disturbance i;; (Fig. 4.a) we see clearly
that Ao, is regulated at the reference value (1°p,=2). (Fig. 4.b).
However, this is accompanied with a variation of the output
voltage (Fig. 4.d) which needs to be regulated for automotive
applications where a DC-DC or DC-AC converter is generally
connected which allows regulating directly the output voltage
of the converter. We see also (Fig. 4.c) that the transient
behavior of the regulated /g, is greater than 2 seconds: thus,
its dynamic needs improvement in further works [4].

Fuel Cell

Vem
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Figure 3. Block diagram of the PI Ao control scheme
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input step change.
IV. FUEL CELL EMULATOR

In this section an equivalent block diagram of the FC system
emulator is implemented in the laboratory and experiments
have been carried out. According to the bloc diagram of Fig. 5
the main elements are the dynamic model block of the FC
system described previously: The inputs of the model are: the
stack temperature 7, the electric current required by the load
Ipc and pressions (Peq. Poz and pyp). We notice that the stack
temperature 7 is assumed to be constant (77 = 80 °C). The
controller output is v,,rthe reference value of the stack voltage.
The first part of this system gives the output voltage of the
PEM according to the parameters characterizing the operating
conditions of fuel cell system (temperature, pressure, etc). The
reference voltage Vg, is obtained by a software
implementation in the DSP board. The second part is formed
by a hardware full bridge DC-DC converter. The resulting
PWM switching signals 8 (Fig. 5) allows the output voltage of
the converter to track the model fuel cell voltage reference [3].
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Figure 5. Block diagram

Figure 6. Experimental setup

V. EXPERIMENTAL RESULTS

A prototype of the FC emulator (Fig. 6) has been built in
the laboratory. The dc-dc IBGT full bridge converter has a
rated power of 150 W, with DC link voltage Vpc =15 V and a
rate current /rcg = 10 A. The system therefore emulates a
PEM-FC with 381 cells. In order to make the experimental
results consistent with those of the model, the output current
of the emulator has been scaled up by the factor 130, so as to
have a current ranging from 0 to 700 A. while the output
voltage of the emulator has been scaled up by the fa%@
381/15 so as to have a voltage ranging about from 0 to 500 V*

Experimental results have been perfo i

model of the FC system, as well as the control s

dc—dc converter has been implemented on ft

board. Figure 8 illustrates the stack characteN® at different
A, (co

tinuous lines)

built in this work

and the experimental results of the emylN
super imposable.

based on the DC-DC converter (pag

: ——pca=lbar
| —pca=2bar
""" ——pea=dbar

Figure 7. Simulation and emulation results of the stack Fuel cell curve fitting
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VI. CONCLUSION

In this paper we are interested to the simulation and the
emulation a PEM Fuel Cell (PEMFC). First, we present a
model of the fuel cell system taking into account the auxiliary
components such as compressor, humidifier, valve, supply and
return manifolds. Based on this model, a simulation of the
PEMFC shows that the oxygen excess ratio needs a regulation
at an optimal value. This has been performed by means of a
simple Proportional-Integral (PI) controller. After, the model
of the FC system, as well as the control system of the de—dc
converter has been implemented on the DSP320F2812 board
in the laboratory and the results compared to the simulations.
The DC/DC converter, suitably driven, can accura describe
the current-voltage characteristic of a Fuel Celk @

&*
PARAMETERS FOR FUEL

APPENDIX

O (0.002 Kg/em®), My ary (1.1 Kg/mg), 1 WQOYZ/S cm), n (381 cells),
Az(280 cm?), J(5.10°kg.mm”), Van (0. ),y (0.02 7). Vi (0.005 mr'),
Cirm (0.0124 m%), Arm (0.002 ou0.3629.10°kg/mol),

K2 0u0.2177.10kg/mol). kAQ. /frad s, k£0.0153 Nm/A).

Rem (0. Tlem (98 %0)
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