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Modeling and Control of Proton Exchange
Membrane Fuel Cell

Ashitha Joy Jayakumar M. and Ushakumari S.

Abstract: This paper presents the modeling and control problem for Proton Exchange Membrane Fuel cell (PEMFC).
Reactant partial pressure, Humidity and Temperature are the main input parameters of the fuel cell system. A static
model based on mathematical equations, for PEMFC is developed and a fifth order nonlinear flow model is presented
in this paper. Sliding mode control is proposed for fuel flow control. By proper control, the fuel starvation or wastage
of fuel is avoided. The effectiveness of the proposed control strategies is checked by using Matlab/Simulink software.
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1. INTRODUCTION

A fuel cell is an efficient energy conversion device which can transform the energy released in chemical
reaction directly into electrical energy along with the production of heat and water. The fuel cell reaction
is as follows:

EHE +02_} EHEG (1)

Hydrogen powered fuel cells are the source of clean energy and their efficiency is twice as the traditional
combustion engines. The main input parameters of FC system are oxygen partial pressure, hydrogen partial
pressure, fuel cell temperature, stack current and membrane humidity. [3] To achieve high efficiency and
a long life cycle of the fuel cell stack, the reactant gas supply and water and heat subsystems need to be
properly controlled. Among these variables, most of the literatures have chosen the reactant flow as the
variable to be controlled [4][5][6]. A proportional controller based on the pressure difference was adopted
in [4]. The input variable used was hydrogen supply. In [1] air flow was used as the input variable. The
control comprises of Humidifier control which was static control based on equations and Hydrogen valve
control. The authors of [1] used two PI controllers to control the hydrogen flow and oxygen flow.

2. SYSTEM MODEL

2.1. Mathematical Model of Fuel Cell

The fuel cell output voltage varies with the current density and depends on some parameters such as
the operating temperature, reactant partial pressure and membrane water content.

The expression for cell reversible voltage is as follows:

RT 2Pag™S
Eo= Eeu” + o In (P22 o

CET, Trivandrum VSSC, Trivandrum CET, Trivandrum
ashithajoy123@gmail.com jkmr1969@yahoo.co.in ushalal2002@gmail.com



1106 Ashitha Joy Jayakumar M. and Ushakumari S.

with the change in reversible voltage at standard pressure and can be expressed as:
Eneo’ = 1.50342 - 9.956% 107*T + 25X 107 (3)

T is operating temperature of the fuel cell [K], P, P, and Py, , are respectively the relative partial
pressure of the hydrogen, oxygen and water. The unit is atmospheric pressure.

As the name indicates, open-circuit voltage (OCV) E,, is the output voltage of a single fuel cell when
there is no electrical load. The value of open circuit voltage is lesser than the cell reversible voltage £y,

The OCV voltage can be expressed such as:

ET HnrpuzD'B RT
Ey= Ep.,”+ —In (22 AL i
o Rew F (P Pia0 ) + anF In (ip)

4)
where © , and a are the exchange current densities and transfer coefficient for oxygen reduction reaction.

A small part of the chemical energy is wasted in the form of heat and the fuel cell reaction is not
reversible in practical. Also, the practical value of cell voltage is lower than the ideal value.

The value of output voltage V,, drops from open-circuit voltage, as the fuel cell delivers the current
which is less than the open-circuit voltage. This is due to the presence of certain losses. They are activation
losses, ohmic losses and concentration losses:

II:'BII = El:l - I"Fac'r - Vnhm - I"T:':lr. (5)

The activation over potential is expressed as:

Ifacr:_(§-1+§2T+'f3 TITECD2+§'4TIHI) 6)

with the parametric coefficients,
F,=—0.948

£, = 0.00286+ 0.0002In 4,y , 43X 107°InCy,
F.=T7.6x10"%
fa=_1.93%107

Henry’s law is used to determine the concentration of hydrogen at the anode-membrane
interface, Cp,, and concentration of the oxygen at cathode- membrane interface, C,, is determined
by

€,y = 1.97 x 1077 B,, exp (498/T)

7
Crz = 9.174 % 107 B, exp (—=77/T) 7

The membrane resistance, R, , electronic resistance of electrodes, and resistance of bipolar plates
and end - connections R, result in ohmic loss. This is expressed as:

Vohm = E;'Fl.r:.vi'z:':rl (8)

The ohmic resistance is a function of membrane water content z,,.
Em

Rr.:-hm — E(g)
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where tmrepresents the thickness of the membrane, and c'_;”"represents the conductivity of membrane which
is related to the membrane’s water content’m. The value of*mlies with in 0 and 14, which indicates a
relative humidity of 0 % to 100 % respectively.

The membrane conductivity is represented as:

C"_.'—ﬂ—'i,-:'l exp (E‘.l (— — ;)) (10)

303

where b, is a constant and b, depends on the membrane water content i.i., and can be
expressed as follow:

by =byidm - baz (11)

where b, and b, are constants, and are empirically calculated.

As the reaction proceeds, the concentration of reactants varies along the electrode-membrane assembly.
This results in concentration loss, which can be expressed as:

RT I

Hmzﬁln(l _Im) (12)

where Imrepresents the limiting current density of the cell. It denotes the maximum value of current density
that a cell can deliver.

2.2. Fifth Order Nonlinear Gas Flow Model

The assumptions taken in the development of the detailed dynamic nonlinear model for the PEMFC
are given as:

1. The operating temperature of the stack is considered as constant, as the stack temperature has slow
operating characteristics.

Both anode and cathode inputs are well humidified.
Continuous and adequate supply of gases is ensured for the faster response of the FC system.

100% membrane humidity is ensured by proper water management.

A I

The anode input is pure hydrogen (99.99 %) and the input to the cathode is air mixed with oxygen
and nitrogen in a ratio of 21: 79.

The gases are assumed to be ideal and thus ideal gas law and mole conservation rule are used to derive
the flow model. The partial pressures of hydrogen and water on the anode, and the partial pressures of
oxygen, nitrogen, and water on the cathode are defined as state variables of the PEMFC. The state variable,
X (t) is defined as:

X (t) = [Pu, (2) Prgp, (0P, ()P, (0P p (D] =[x, ()2 ) ()2 (D) x5 (817 (13)

The state model is given as:

. _ RTAg_,, ., | RTC,, =,
Xy = (g, ~ 7 .Q.v)kﬁuu-'- » (Jrf._' 2'1)1
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RT Aqgir "y = i3 T RI—{_ :'!:E
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. _ RTAg, &Py 2 - RTC, C, -. ¥, X
XE B Vie \x=+ Ky T X e~ TP B xgt xA_qu)ﬁE“E-'- Y- (f_ Ll N E x.¢+3=)_ 1_ xs_!'x.d"'x:)]:
The model output variables are:
Py, &}] x, ()
_|Po,(8) t
y () ="L": 208 15)
with the control inputs as:
£ 'y
u =" ey (16)
where “a (t) andu, u, (&) andu, (t) are the anode side control input and cathode side control input
respectively.

3. SLIDING MODE CONTROL FOR THE NONLINEAR PEMFC MODEL
In this section the sliding mode surface is designed and a suitable control law for the output y (¢) to track

a desired value, ™ is found. The sliding surface is defined as:

1 (E) :
s(t) = Ez{t}] =e()=y@®-"rr=0(17)

e (?) is the difference between the output y(¢) and Vref .8(#) = 0 indicates that the pressure difference is zero.
The equation for s ( £) contains the expressions for the control inputs. It is shown as:

] . RT'}.,-.,-: P
S[.t) _ Eift}] :}rftj: ti{ﬂ] T xy +x jLl - Rr':' [:xi"'x" - 111 (18)
2 (£) (0 | AT L BT
(Y 2 x3+x +xg e coo [:x3+x4+x I
Note that
1'[3} ngt}
b L0+ 60 0 T R0 @0

It is assumed that, the load changes are bounded to the region:
0<r,.<I®<I,,. (19)

In order to satisfy the Lyapunov stability condition, the sliding mode control laws must satisfy the
following sliding mode condition:

S 41 i(1) <0,i = 1,2. (20)
From (18) - (20),

Gy -2 (1, V, - t(sy(t)) <0 5(t) >0
s [ Tl 10) Sl it <o 1 2l

(1 250 e 10)- ( ot Jramsersi) >0 i@ <o
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RTCL IE 3 - RT}IE‘L?’ IE .
- Ittﬂl _ 2V ( - i+ ox,+ 1-5'] Iil!'i'r.u'! - f[f,lj - Ve (1"91 PR ],.; g,lqﬂ_t( {t':l =0 of s,(t) =0
=gib) = RTC, Iy .\ X Rr‘lmr - ﬂ

2Ve ( I 14_,_15,](%:1 ~19) - Ve (Fﬂﬁ Xy + Xy + x5 ]" geat(s(t)) =0 if s <0
Rl'_l'__ X ETEC. .
-1l = ———""—1<10

Since, ¥4 (¥:t¥= Va xptxg
RTCy xg _ 1}}. _ _Rl'_l'__a_ xat xc [ <0
2':-"'['.‘ (-TE,+.T4+ =4 2|:|.I'I:| xs,'l'x_fl' .

Note that 7 (f) — fmin>0 and fmax— [ (£) >0.

The control laws are designed as:

— aysat(s,(t)) if () =0

‘(= "‘Hii’*‘f ke 2)
‘J‘HE(YH:'. i+ x }ka B stat{sl{t}} if s(t)=<0
and
5_+ ,‘4+v }I'I‘I.L‘l .
— - Gasﬂ-t(.g:(t}} l_f 52(3..} =
e ‘-’]-m'[i"ﬂ.‘,_ X, +:5+.,. }kﬂ

(t) = =B 4}1 = (23)

— ‘,il_mvlii’ﬂz "5+:i+ﬂ5}ka - GqSﬂt'[ngt}} if s.(t)<0

where %1>0,i = 1,2,3,4 are used to adjust the speed of reaching the sliding manifold. Sinceuﬂ(t) anduf(t) are
being the flow rates, values of ¢, and o, should give u“(t)) >0 and uf(t) >0.0, and o, are chosen depending

on the upper limits of uﬂ(t) (u“-‘““) and uf(t) (uf-‘“ﬂx),

4. SIMULATION RESULTS

The parameters of the fuel cell system are given in Table 1. The control objective is formulated as to keep
the partial pressure of reactants(hydrogen and oxygen) as desired, in order to ensure proper fuel usage with
control inputs limited to: 0 slpm <input flow rate of hydrogen or air ([slpm]) <10 slpm. The desired value
of the reactant partial pressure is selected as 3 atm for both hydrogen and oxygen.

Figure 1 gives the disturbance current waveform. The simulation results for hydrogen and oxygen
partial pressures are given in Figures 2 and 3. From Figures 2 and 3, it can be seen that the partial pressures
are maintained to the desired value, i.e., 3 atm, even with the abrupt changes in the input current, and it
takes 2.5s to reach the steady-state values. As fuel cell has a slow start, a time delay of 2.5s has an ignorable
impact on fuel cell working.



Ashitha Joy Jayakumar M. and Ushakumari S.

Table 1

Parameters of FC system

Parameter Value
Operating temperature, T 353 [K]
Number of cells, N 35

Anode volume, V, 0.005 [m?]
Cathode volume, V. 0.010 [m3]

Anode conversion factor, £,
Cathode conversion factor, &,
Fuel cell area, A

Saturation pressure, P,

YOZ

YN2

Yin

C,=N.A2F

C,=1.2384 NA2F

Stoichiometric constant for hydrogen, A,
Stoichiometric constant for air, A .
Relative humidity at anode side, Ap,
Relative humidity at cathode side, ¢,

Faraday constant, F

7.034 x 10~* [mol s7!]
7.036 x 1074 [mol s71]

232 x 1074 [m?]

0.3158 [atm]

0.2095

0.7808

0.9999

421 x10°°[m?mol 471 S
1.07 x 1075 [m2 mol 471 571
2

2.5

0.8

0.9

96485 [A s mol ]
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Figure 1: Fuel cells current
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Figure 2: Variation of hydrogen partial pressure: Using sliding mode control.
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Figure 3: Variation of oxygen partial pressure: Using sliding mode control.

5. CONCLUSION

In this paper, a mathematical model is proposed to simulate the steady state and the transient phenomena
in a PEMFC system. A detailed, i.e. fifth order nonlinear flow model is also presented in this paper and
sliding mode control law is used. The chattering phenomenon is fully suppressed and the sudden changes
in fuel cell current have no influence on the reactant partial pressure. The effectiveness of the proposed
control strategy for Proton Exchange Membrane Fuel Cell system was verified through simulations carried
out in the Matlab/Simulink software. The results show that the proposed control provide faster response
ensuring proper usage of fuel.

[1]

2]

[3]

[4]

[5]

[6]

References

Karim Belmokhtar, Mhamed Hammoudi, Mamadou Lamine Doumbia and Kodjo Agbossou, Modelling and Fuel Flow
Dynamic Control of Proton Exchange Membrane Fuel Cell, 4th International Conference on Power Engineering, Energy
and Electrical Drives Istanbul, Turkey, 13-17 May 2013.

J.T. Pukrushpan, Modeling and control of fuel cell systems and fuel processors, PhD thesis, Department of Mechanical
Engineering, University of Michigan, Ann Arbor, Michigan, USA 2003.

Aliasger Zaidi, Pooja Pokharkar, Rajesh Krishnan, Dayaram Sonawane, Dynamic Modeling and Simulation of A PEM
Fuel Cell: MATLAB and LabVIEW Modeling Approach, Proceedings of 2014 1st International Conference on Non
Conventional Energy (ICONCE 2014).

Jeferson M. Correa, Felix A. Farret, Luciane N.Canha,and Marcelo G. Simoes, An Electrochemical-Based Fuel-Cell
Model Suitable for Electrical Engineering Automation Approach IEEE Transactions on Industrial Electronics, Volume
51, Number 5, October 2004, pp. 1103-1112.

Zehra Ural, Muhsin Tunay Gencoglu and Bilal Gumus, Dynamic Simulation of a PEM Fuel Cell System, Proceedings
2nd International Hydrogen Energy Congress and Exhibition IHEC 2007 Istanbul, Turkey,13-15 July 2007.

Supramaniam Srinivasan, Fuel Cells: From Fundamentals to Applications, 2006.






