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A Simple Sliding Mode Controller of a Fifth-Order
Nonlinear PEM Fuel Cell Model

Gunhyung Park, Student Member, IEEE, and Zoran Gajic, Senior Member, IEEE

Abstract—This paper presents a nonlinear control strategy for
the well-known nonlinear fifth-order model of a proton exchange
membrane (PEM, also known as polymer electrolyte membrane)
fuel cell (PEMFC). We propose a simple sliding mode technique
for this nonlinear model to keep pressures of hydrogen and oxygen
at the desired values despite of changes of the fuel cell current. It
is known that large deviations between hydrogen and oxygen par-
tial pressures can damage the fuel cell membrane. The controller
keeps the pressure difference between hydrogen and oxygen as
small as possible after reaching steady s[t)ate.t ince the fuel cell
current is considered as a disturbance, wer%pp )r'] 9 sliding mode
control technique that copes well with external disturbances and
uncertainties. Moreover, the proposed controller outperforms the
controller previously proposed for this fuel cell model.

Index Terms—Nonlinear control, PEM fuel cell, sliding mode
control.

1. INTRODUCTION

UEL cells are electrochemical energy devices that con-
F vert chemical energy into electricity, heat, and water with-
out generating carbon dioxide. Fuel cells are one of the most
promising clean energy technologies among renewable energy
sources since they have high efficiency and low environmental
pollution. Among various fuel cells, proton exchange membrane
fuel cells (PEMFCs) are the most developed and popular type
of fuel cells. They use hydrogen as the fuel and have good
features such as solid electrolyte (which reduces corrosion and
electrolyte management problems), low temperature, and quick
start-up. The schematic of PEMFCs is shown in Fig. 1. The
hydrogen fed to the anode side produces H' ions (protons) and
electrons with a help of a catalyst. Since the membrane allows
only H' ions to pass through, the electrons reach the cathode
side through an outside electrical circuit. In the cathode side, the
diffusing H" and electrons combine with the supplied oxygen
and form water. Applications of fuel cells include automobile,
mobile devices, residential power generation, and backup gener-
ators. From the system theory point of view, PEMFCs represent
nonlinear, multiple-input multiple-output dynamic systems [1].

From the modeling and control view point, several models
have been proposed. Third-order linear model of PEMFC was
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Fig. 1. Schematic of PEMFCs.
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Fig. 2. Gas flows of PEMFC’s model in [5].

developed in [2] and a third-order bilinear model of PEMFC was
derived in [3]. Chiu et al. [4] considered the third-order nonlin-
ear model, and Na and Gou established a fifth-order nonlinear
model in [5]. Chiu and his coworkers [4] indicated a need for
using a higher order dimensional model that includes dynam-
ics of anode water needed for membrane humidification and
cathode nitrogen (that comes from pumped air), see Fig. 2. A
nonlinear ninth-order model of PEMFC was derived in [6] and
its simplified fourth- and sixth-order variants were presented
in [7] and [8].

In the last few years, several control strategies for PEMFC
are proposed including a sliding mode control technique that is
robust against disturbances [7]-[13]. A sliding mode controller
is designed for the model of [7] using for the sliding variable the
difference between the actual and nominal angular air compres-
sor speeds. Kunusch and his coworkers [8] have considered a
second-order sliding mode controller for the breathing subsys-
tem of a PEMFC stack focusing on the chattering phenomenon
based on the model of Pukrushpan et al. [6]. In [9], a second-
order sliding mode controller (“twisting algorithm™) is also used
for the nonlinear model developed by the authors utilizing the
results of [6] and [7]. In [10], an oxygen flow problem with
real-time implementation of a sliding mode controller has been
considered. The hybrid controller composed of an internal mode
control based PID (proportional-integral-derivative) control and
an adaptive sliding mode controller has been designed in [11].
The first controller is used for the hydrogen reformer and the
second controller is used for the PEMFC model based on the
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work of El-Sharkh et al. [2]. In [12], a rapid-convergent sliding
mode controller for the temperature control system of PEMFC
stack has been presented. The sliding mode control design for
the linearized model of [5] was presented in [13]. Sliding mode
control designs for the fuel cell connection to an electric grid
have been presented in [14]-[17].

In this paper, we propose a nonlinear sliding mode controller
design for the fifth-order nonlinear model of PEMFC developed
in [5], see also the recent book [18]. The purpose of the controller
proposed in this paper is to keep small the difference of hydrogen
and oxygen pressures to prevent the membrane damage. Since
there exist uncertainties (pu, 0, (t), po, (t), and pw, o, (t)) and
a disturbance (I(t)), a sliding mode controller, which is robust
against disturbances and uncertainties, is proposed. It will be
seen from the simulation results that the sliding mode controller
proposed in this paper outperforms the feedback linearization-
based controller proposed in [5].

The state space model of [5] is given as follows:

i (f) = R%Hﬁ (TH2 - M)kaua(ﬁ
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The state variables in this model represent respectively pressures

of hydrogen and water at the anode side and pressures of oxygen,
nitrogen, and water at the cathode side, that is

o(t) = (a1 (t) a2(t) w3(t) @) as5()]"
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The model output variables are
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TABLE I
PARAMETERS OF THE FUEL CELL

Symbol  Parameter Value [Unit]

R Gas constant 8314 T mol~ T K~ 1]

T Operating cell temperature 353 [K]

N Number of cells 35

Va Anode volume 0.005 [m?3]

Vo Cathode volume 0.010 [m3)

ka Anode conversion factor 7.034 x 10~% [mol s—1]

ke Cathode conversion factor 7.036 x 10~% [mol s—1]

A Fuel cell active area 232 x 104 [m?]

F Faraday constant 96,485 [A s mol 1]

Pyg Saturation pressure 32 [kPa]

Yo, 05 reactant fraction 0.2095

TNz N, reactant fraction 0.7808

TH, Hg reactant fraction 0.9999

1 N-A/2F 421 x 1076 [m2 mol A—1 s—1]
Cs 1.2684N - A/F 1.07 x 1072 [m2 mol A—1! s—1]
AH, Hj stoichiometric constant 2

Aair Air stoichiometric constant 2.5

©a Anode humidity constant 0.8

©c Cathode humidity constant 0.9

Inmodel (1), R is the universal gas constant, 7" is temperature,
and Vj, Vo are anode and cathode volumes, C;, Cy are known
constants [5], [18], ¢,, ¢ are the relative humidity constants,
P, is the saturation pressure, A, , Aair are stoichiometric con-
stants, and Ty, = 0.99, To, = 0.21, TNZ = (.79 are reactant
fractions [5], [13], [18]. I(¢) is the cell current, and it is con-
sidered as a disturbance since it changes as V;./Ry,, where Vi,
is the produced fuel cell voltage and Ry, is the load of active
users (sum of their resistances), which changes randomly. v is
the coefficient measured experimentally in [19] for the back-
diffusion of water from the cathode to the anode sides, which is
defined as Ho Oy o = 7H2 Oy Where Ho Oy, is the water
back-diffusion flow rate and H>O,,},, is the membrane water
inlet flow rate [18]. In this model, it is assumed that the water in
the system is perfectly controlled and the back-diffusion is not
considered, which means + is zero. The numeric values of the
defined quantities are presented in Table I. It should be pointed
out that the outlet py, (¢) and po, () are typically lower than
the gas pressure in contact with membrane.

The system control input is wu(t) = [u, (t) u(t)]",

1

Ua(t) = = (Hain (t) + HoOnin (t)) )
1

ue(t) = 7= (O2in(t) + Nown (£) + HaOcun (1) (5)

HQin (t), HQ OAin (t), OQin (t), Ngin (t), and H2 Ocm (t) represent
inlet flow rates of hydrogen, water vapor at the anode side, oxy-
gen, nitrogen, and water vapor at the cathode side, respectively,
k. and k. are known constants.

II. SLIDING MODE CONTROL FOR THE FIFTH-ORDER
PEMFC MODEL

Sliding mode control is a form of variable structure con-
trol [20], where sliding surfaces are designed such that sys-
tems trajectories exhibit desirable properties. A system using
sliding mode control has been considered as a robust system,
which yields to the reduced system sensitivity to uncertainties
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and exogenous disturbances. Sliding mode control systems have
been studied in different setups by many researchers [20]. The
controller is designed in two steps—finding the sliding surface
and reaching the sliding mode. First, a sliding surface is de-
fined which ensures that the system remains on a hyperplane
after reaching it from any initial condition in a finite time.
Second, discontinuous control is designed to render a sliding
mode. Approaches [20]-[23] can be used for linear continuous-
time sliding mode control, which has been recognized as a robust
control approach, that yields rejection of matched disturbances
and system uncertainties.

In the following, we present the sliding mode control tech-
nique for the fifth-order nonlinear PEMFC model (1)—(3). Our
goal is to design a sliding mode surface and find a control law
such that the output y(¢) tracks a constant reference yqesired-
The sliding manifold is defined as follows (since the relative
degree of the system is one for both inputs [24]):

)} () = [61(75)

S92 (t) €9 (t)

S1 (t

(0= | | =00 = paaiea =0

(6)
ei(t) is the error between the output ¥; (¢) and i, .., - Specif-
ically, s(t) = 0 implies that the pressure error is zero. It can
be shown that expressions for the control inputs appear in the

equation for $(t), that is
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We assume that the current changes are bounded as
0 < Inin < I(t) < Iyax- (10)

The sliding mode control laws have to satisfy the following
sliding mode condition [20]:

si(1)8:(1) <0, i=1,2. (11)

From (7)—(10), we have
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Note that I(t) — Inin > 0 and Iyax — I(t) > 0.

We can design the control laws, satisfying (11), as follows
[following the unit sliding mode control design of [20] taking
into account constraint (10)]:

(13)

. Cl (%*I)Imin o sat(s (t))
s (T, —%)A 1 1
2 2 T I (D Fag (D) ) e
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where 0; > 0, « = 1,2, 3,4 are used for adjusting the speed of
reaching the sliding surfaces. o7 and o3 should provide u, (t) >
0 and w,(t) > 0 since u,(t) and wu,(t) are the flow rates. o9
and o4 should be chosen according to the upper limits of w, (¢)
(ta,,,,) and uc () (ue,,,.)-

The controllers in (14)—(15) use the state variables which
are not known except for x;(t) and x3(t). Instead of us-
ing a nonlinear observer to observe the states, we can de-

zq (t)
< Ky and

liJr|(t)Avr2(f)
— T ()
Ho Tz (D) +2a(0)

sign the controller assuming K7 <

_ z3(t)
T3 () oy (i) tag(l)

w3 (t)
TOZ_1:3(t)+14(1,)+:r5(1)

The simplified control laws can be found from (14) and (15)
as follows:

K3 < < Ky

K, C Imin i i
ua (t) = — S —owsat(si (1)) ifsi(t) >0 (16)
NOE .
_% — ogsat(sy(t)) ifsi(t) <0
o [ (0] ()0
wlt) = ik (17
7% — oysat(sa(t)) if sa(t) <0

These simplified control laws (16) and (17) will be also imple-
mented in our simulation study.
Using formula (16), $; (¢) in (7) can be expressed as
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_ RTh,
Va

X (t)
<TH2 — W) kadzsat(31 (t)) >0

(19)
when s;(t) < 0.

Similarly, condition (11) for s, (¢) can be checked using (17)
and (7). For s5(t) > 0, we have

$5(t)
R;f ( (t) + o 8 o) 1>f ®)
_ Rj;/zair (T N iz Eg v t)>kcagsat(82 (1))
S i
- (1 T+ iigg + a:5(t)>1(t)
_ Rzzair <T02 T iz 8 g ) keossat (s2(t))
<0 0,
and for s, (t) < 0, we obtain
$2(t)
B %ch (T% T a(t) - 223 + s (ﬂ)lmx
R;;S ( (1) + 5 Eii o) 1>f ®)
B Rj;/zair <T02 23 (t) + 2 Eg T zs(h) ) keosat (s2(t))
(- .
- <1 - wy(t) +ZE3 +x5(t)>I t)>
B Rj;/zalr <T02 Coas(t) + ii Eg T (t)>kca4sat(82 (1)
> 0. on

K, Ky, K3, and K, can be found explicitly from simulations
using control laws of (14) and (15).

III. SIMULATION EXAMPLE

The numerical data taken from [5], used in this paper, are
presented in Table I. The objective is to keep the pressure differ-
ences between hydrogen and oxygen in a certain range to protect
membrane damages when control inputs are limited to: 0 slpm'

Islpm stands for the standard liter per minute unit.
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The Pressure of Hydrogen

Pressure [alm]

BO 5 10 15 20 25 30
time [s]
Fig. 3. Pressure of hydrogen for the nonlinear system under controller (14).
The Pressure of Oxygen
5 . . T .
45+ 1
a4t _
35¢+ 1
E
=,
e
g _
w
wv
9 A
o
0 L I L L 1 L
0 5 10 15 20 25 30

time [s]

Fig. 4. Pressure of oxygen for the nonlinear system under controller (15).

< input flow rate of hydrogen or oxygen ([slpm]) < 10 slpm.
We have designed the controller to keep both pressures around
3 atm. We have also required that the controller reduces the
hydrogen and oxygen pressure differences during the transient
state.

The simulation results for hydrogen and oxygen pressures are
presented in Figs. 3 and 4 with the disturbance current waveform
presented in Fig. 5. It can be noticed from Figs. 3 and 4 that
the pressures are kept around 3 atm after reaching the desired
steady-state values after about 19 s despite the abrupt current
changes. The corresponding control laws are presented in Figs. 6
and 7. After entering the sliding mode at about 19 s, the flow
rate changes are needed to make s;(¢) =0, i = 1,2, at some
points as seen in the zoom-in of the plots in Figs. 6 and 7.

Since we only know x4 (¢) and 3 (¢) from the output equation,
using the simplified controllers defined in (16) and (17), the pres-
sures of hydrogen and oxygen can be also regulated. The cor-
responding simulation results obtained for K = 1.0003, Ky =
1.2, K3 = 1.3715, and K4 = 1.3833 are shown in Figs. 8-11.
They indicate that the pressures and control signals have very
similar trajectories of those of Figs. 3, 4, 6, and 7.

Current Changes
200 T T T T T T

180} A

160} 1

0 5 10 15 20 25 30
time [s]

Fig. 5. Current changes.

The Anode Side Control input

018
016}
0141
012F

01p
008F
0.06F 1
004F 1
002F 1

slpm

-0.02

0 5 10 15 20 25 30
time [s]

0.06
0.04
0.02

slpm

VT — T
189 19

Fig. 6.  Control input at the anode side for (14).

It should be emphasized that in the approach of [5], whenever
changes of the stack current happen, the waveform looks like the
one presented in Fig. 12. For the actual simulation results of [5],
see the corresponding Figs. 9 and 10 from that paper. When the
sliding mode control technique of this paper is used, no ripples
appear as evident from Figs. 3, 4, 8, and 9. The sliding mode
controller presented has a good feature to keep hydrogen and
oxygen pressures close to each other despite of the abrupt current
changes given in Fig. 5. The proposed controller outperforms
the feedback linearization-based controller used in [5] for the
same PEM fuel cell model.
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slpm
=

- M W L h D = 0 WO

o

Fig. 7. Control input at the cathode side for (15).
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The Cathode Side Control input
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Fig. 8. Pressure of hydrogen for the nonlinear system under the simplified

controller (16).
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Fig. 9. Pressure of oxygen for the nonlinear system under the

controller (17).
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The Anode Side Control input

018
016
014}
012F

01p
0.08F
0.06F 1
004} 1
0.02F 1

slpm

002 i i i ' I’ i L
0 5 10 15 20 25 30

time [s]

0.06

0.04

002

0
189

2?3 2?4

slpm

Fig. 10.  Control input at the anode side using (16).

The Cathode Side Control input

=
o

slpm

= k3 W I h o~ W0
1

. . . ; [ .
1o 5 10 15 20 25 30
time [s]

Al

183 184 185 222 223 281 282

b3 Lo

slpm

Fig. 11.  Control input at the cathode side using (17).

IV. CONCLUSION AND FUTURE WORK

We have derived the sliding mode strategy for the well-known
nonlinear model of the proton exchange membrane fuel cell. The
corresponding simplified sliding mode controller copes very
well with the cell current changes, and keeps the pressures of
hydrogen and oxygen close to each other and at the desired
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The Pressure of Hydrogen

Pressure [atm]
o - [} ] [45] L
hh = & K Wt B

0 5 10 15 20 25 30
time [s]

(=]

Fig. 12. Example of pressure changes with ripples (using the method of [5]).

values. It outperforms the controller previously used for this
model of PEMFC.

In the future, more accurate models of PEMFCs could be and
should be developed since “the chemical kinetics in PEMFCs is
fast, and the limiting factors in PEMFCs are water and heat trans-
port. And, in the state space modeling in [5], the electrochemical
reactions in the catalysts layers and the species transport in the
membrane electrolyte assembly are not considered.” We believe
that our approach with some modifications will be applicable to
more complex modes of PEMFCs than the one derived in [5].
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