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ABSTRACT The efficiency and durability of a Proton Exchange Membrane Fuel Cell (PEMFC) can
be improved with proper controller design to regulate the flow of reactants, cell stack temperature and
humidity of the membrane. In this paper, sliding mode controllers (SMC) are proposed for a polymer
electrolyte membrane fuel cell PEMFC. In particular, first order SMC and second order SMC based on super
twisting algorithm are designed and investigated. The actual process has been formulated in simulation by
Pukurushpan’s ninth order model. Performance of both control laws has been compared in simulation in
MATLAB/Simulink environment in terms of oxygen excess ratio, net power generated, stack voltage/power
produced and compressor motor voltage. Simulation results dictate that second order SMC demonstrates
superior performance in terms of set-point tracking and disturbance rejection. The designed controller makes
the interaction of various subsystems in a smooth manner and consequently improves the overall efficiency
of the system and prolongs the stack life of the fuel cells.

INDEX TERMS Efficiency improvement, oxygen excess ratio, PEM fuel cell, sliding mode control, super

twisting algorithm.

I. INTRODUCTION

Energy demand is increasing with the passage of time [1].
With exponential population growth, the demand of energy
is also increasing exponentially. Nowadays, almost each and
every aspect of human life is partially or completely depen-
dent on energy. Unlike other living organisms, humans have
been successful in discovering and developing different kinds
of fuels to fulfil their energy needs [2]. Energy crisis is the
greatest threat that can ever be faced by human civilization.
Also the rapid advancements in technology and industry is
anticipated to lead to energy crisis.

Fossil fuels are the main source of energy which meet
up-to 80% of our total energy requirements. The expansion
of population and economies of most nations in the past
century has been facilitated by increase in the use of fos-
sil fuels [3]. About 70% of electrical energy requirements
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around the world is produced from fossil fuels, also majority
of transportation systems use internal combustion engines.
With increasing population, the consumption of fossil fuels
has also increased exponentially over time, thereby deplet-
ing them rapidly. The combustion of fossil fuels produces
carbon dioxide, carbon monoxide and nitrogen oxide and a
lot of energy is dissipated in the form of heat. These oxides
and un-burned hydrocarbons are a major health hazard for
human being and also cause an overall negative impact on
our environment. Moreover, animals and plants are facing
new challenges for their survival due to emission of these
gases [4]. Melting glaciers, rising water levels in seas, heavy
rains in some areas and intense droughts and heat waves in
some other areas are the penalties of global warming and
climatic changes [5]. Unburned hydrocarbons and different
oxides of Nitrogen emitted by the combustion engines are
the main causes of smog formation, ozone layer damage
and acid rains [6]. It is reported in [7] that 37 billion tons
of carbon dioxide is emitted worldwide in year 2019 due
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FIGURE 1. World’s energy consumption trend.

to burning of coal, oil and other fossil fuels. The demand
of fossil fuels is increasing since past 30 years as depicted
in figure 1. This demand is expected to increase even more
with the passage of time [8] and if this trend of fossil fuel con-
sumption continues, then over next 35 to 37 years, the earth
is going to run out of stock [9]. In order to cope with receding
fossil fuels and their impact on our environment and health,
various strategies are being considered. For example, algal
fuels concept is a way of producing ‘carbon neutral’ fuel from
renewable energy resources. The concept is 50 years old,
however its commercialization has not been achieved due to
economical challenges [10]. Alternatively, other renewable
energy resources like solar cells and wind turbines produce
fluctuating energy and efforts are being made for their smooth
energy production [11]. There are limitations like e.g. wind
is not blowing at equal speeds all the times and the sun does
not shine with the uniform intensity throughout the day [12].
Hydroelectric power generation is also a good renewable
source of energy production. Recently, studies have been
conducted on Archimedes screw generator, which were his-
torically used as pumps, to improve the efficiency of power
production [13]. However, hydroelectric energy production
is location dependent and is not suitable to be used in trans-
portation or in portable applications.

Intensive studies have been done on PEMFCs to demon-
strate that they are eco-friendly and efficient energy source for
stationary as well as portable applications [14]. The PEMs is
the key component of PEMFC and involves protons transfer
from anode to cathode. The reactant gas is blocked and elec-
trons are generated [15]. Hydrogen acts as the primary fuel
and thus the hydrogen production is the key process for the
fuel cell to produce energy. There are three types of electroly-
sis classified by ion transfer Acidic (PEM) electrolysers, alka-
line (AEL) and solid oxide electrolysers(SOEC) [16]. The
membranes of PEM fuel cells have various drawbacks includ-
ing low glass transition heat, poor thermal and mechanical
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FIGURE 2. Block diagram of a fuel cell.

properties above 80 °C, rigorous fuel cross-over distortions
and higher price tag. Research community is putting sus-
tained efforts to overcome these issues [17]-[22]. Energy is
produced as a result of a chemical reaction in fuel cell and
since no moving parts are involved, the peak efficiency is
not limited by Carnot cycle. Unlike dry or acid batteries, fuel
cells keep on producing electricity unless or until supply of
fuel is not halted. Thus, fuel cells are a source of eco-friendly
energy.

In fuel cells, clean and efficient high density electric energy
is produced by means of a chemical reaction. Fuel cells are
thought to be future of renewable energy source replacing
the fossil fuels. Hydrogen in its molecular state provides the
highest energy of 143 MJKg~! among all the known gaseous
fuels and is therefore used as a fuel [23]. There are multiple
subsystems in a fuel cell which are interconnected with one
another so that, the whole system can operate in a smooth
manner. The four main subsystems of a PEMFC are listed as
follows:

o Fuel supply management system
« Heat management system

o Humidity management system

« Power management system

Fault analysis for humidity management is presented
in [24]. During random variations in load requirements in
real time scenarios, the demand of reactants increases or
decreases. If this demand for the reactants does not meet
the actual requirements, then there is a danger of fuel or
oxygen starvation or excess can damage the cell stack conse-
quently reducing the life span of the system. Control design
is proposed to maintain the desired value of oxygen excess
ratio of 2 in order to ensure smooth power delivery and
to maintain a constant stack voltage for the desired cir-
cumstances. Detailed block diagram of PEMFC is shown
in Figure 2. Oxygen excess ratio of the fuel cell stack must
be kept constant because if it fluctuates above or below the
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reference value, it degrades the overall system performance
and can cause damage to the stack. Non-linear control tech-
niques have the potential to stabilize the oxygen excess ratio
of the system and to regulate fuel cell power and stack volt-
age. Also, there is an effect of ambient temperature which
plays a vital role in the system performance and control
techniques can be applied to minimize the effect of ambient
temperature on oxygen excess ratio in order to ensure smooth
power delivery. A robust control solution using second order
SMC for a laboratory based fuel cell test station has been
presented in [25] to solve air delivery problem. Also observer
based second order SMC with adaptive gain has been imple-
mented to control the air feed system of a PEM fuel cell with
Lipschitz non-linearities in [26].

The remaining paper is organized as follows: The nine state
model developed by Pukrushpan is discussed in section II.
The control objective of maintaining the oxygen excess ratio
Ao, at a certain threshold is explained in section III. First
order Sliding Mode Controller (SMC) and second order SMC
are derived in IV and the comparative performance analysis
is discussed in section V. Finally the conclusion is presented
in section V1.

Il. MATHEMATICAL MODEL

The PEM fuel cell is a standard 9th order non-linear system
developed by Pukrushpan [27]. The state variables involved
in the state equations are as follows:

x1 is the mass of oxygen inside the fuel cell stack.
It is function of oxygen exiting the cathode, utilized in
fuel cell.

X7 is the mass of nitrogen gas in the fuel cell stack, which
is a function of nitrogen entering into the cathode and coming
out of cathode.

x3 is the mass of hydrogen in anode. It is also a function of
hydrogen entering at anode, exiting from anode and hydrogen
reacted at cathode.

x4 is the speed of compressors motor that supplies air to
the fuel cell stack through supply manifold.

x5 is the pressure at supply manifold. It is a function of
partial pressure of gases present in the air. x¢ is the mass of air
present in the supply manifold, which is the sum of oxygen,
nitrogen and water in the form of vapors present in air.

x7 is the mass of water at anode. Hydrogen gas is
passed through a humidifier to control the embrace humid-
ity. The membrane must be properly humidified such
that the stack doesn’t either dry out or become flooded
by water.

xg is the mass of water at cathode. Air is also passed
through a humidifier to control the stack’s humidity. Water is
also produced at cathode due to chemical reaction occurring
there. This state shows the dynamic behavior of water at
cathode.

X9 is pressure at return manifold. It consists of partial
pressures of gases present in the air that did not take part
in chemical reaction. The control input to the system is the
voltage given to the compressor motor.
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After using some approximations the simplified plant is
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TABLE 1. Coefficients defined in the fuel cell.
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The variables involved in the state space equations are as
follows, also the constants involved in state equations are
defined in Table. 1,where the values of used constants can
be seen in [28].

0.043 + 17.81a; — 39.85a12 + 36ai2 0<ag <1
144 1.4(a;—1) l<a; <3

m =

and also,

1
2 2 y=1
Wrm,out = aszzxg <palm) |:_V [1 - (paﬂ)yy :Ii|
X9 y—1 X9

for Paim > (—2 )ﬁ
X9 y+1

=

and

v+l
1 2 2r=D 2 4
Wim,out = 032x9)/2< ) for Damm =< (_>V :
y+1 X9

Ill. CONTROL OBJECTIVES

From control perspective, there are several subsystems in a
fuel cell that need proper management including fuel sup-
ply subsystem, air flow subsystem, temperature and humidity
management systems. In the present work, the temperature of
the fuel cell is assumed to be precisely controlled by a perfect
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cooling system. It is also assumed that the cell stack is always
fully humidified by a perfect humidifier.

The fuel supply subsystem requires that the pressure at
anode and cathode are same. This pressure is controlled by
a valve. In our model, proportional feedback control ensures
that the anode pressure follows the minor changes in cathode
pressure. The air supply subsystem also needs special atten-
tion to improve the efficiency and to increase the life span
of a fuel cell. Decreased air flow leads to oxygen starvation
which in-turn results in reduced power and decreased life of
the fuel cell. On the other hand, increased air flow causes
too much vapor production and the cells can get flooded and
the membrane may be damaged. The desired air pressure is
maintained by controlling the compressor air flow. A nonlin-
ear control strategy is required to control the air flow of the
system. The block diagram for air delivery system is shown
in figure 3. The overall control objective is to design the motor
compressor voltage to maintain the oxygen excess ratio (1o, )
at the desired level. It can be defined as

Wo, ,,

== (10)
WOZ,react

Ao,
To meet the power demand of a fuel cell, oxygen excess ratio
must be maintained at Ag, = 2 [28]. The control objective
can be described as follows;

X = f(x,u,w)

X = [mOz my, mg, Wcp Psm Mgm My, My, DPrm]
u= Ve

w=lIy (11

The outputs of the system include the compressor flow, pres-
sure at supply manifold and stack voltage, i.e.

y= [ch DPsm Vil (12)

The performance variables are net power and oxygen excess
ratio.

Z=[Ppes )\02 Vil (13)

IV. CONTROL DESIGN
First order SMC and second order SMC with super twisting
algorithm have been designed to maintain the oxygen excess
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ratio at the desired level. Oxygen excess can be controlled
by regulating the oxygen inlet flow which is not directly
measureable, so compressor speed (a)cp), is used instead to
control the oxygen excess ratio.

The objective can be achieved by defining a sliding surface
as 14

S(x, 1) = ch - ch,ref (14)

where mass flow reference (W, r) can be found from oxy-
gen flow reference at cathode(Wo, cq,rer ). The required mass
flow of dry air (Wy;y, o) can be given as
1 1 nlg

Wd}y,ref = )TOZWOZ,Ca,ref = X_OZ)LOZ"WFMOzE (15)
where x, is the mass fraction of oxygen, n is the number of
cells in the stack, F is the Faradays constant, I is the stack
current, and Mo, is the molar mass of oxygen. Considering
the relative humidity of air, the required flow rate of air can
be given as

1 l’llst
ch,ref =1+ wamb)a)\Oz,meOZE (16)
So, the sliding surface can be defined as follows
1 n[st
s(x, 1) = b1 (1 —d))x — (1 + wamb))r.z)‘oz,refMOZE
(7

where by is a constant and its value is 0.005139, d(x) is
a function of x; and wg,p is the water vapour constant for
ambient conditions.

A. FIRST ORDER SMC

Sliding mode control is a nonlinear control technique and
has a remarkable performance against uncertainties [29]. The
main objective of SMC is to let the output variable track a
desired trajectory [30]. First of all we define a sliding mode
function as in (18)

S = ce(t) + e(t) (18)

where e is the tracking error and ¢ is a tuning parameter
which must satisfy the Hurwitz condition, ¢ > 0. In this
particular case, the relative degree is 1 so we define s = e(¢).
The continuous control part is obtained by taking the first
order time derivative of the sliding function [31]. With the
assumption that atmospheric pressure and temperature are
kept constant. So

S =au®+bu+c 19)

where
a3 X5
xfg(m)az“*l)*lg 2a22a23
a = [a22 —ane 4 @

Patm
423 X5
B () H=D=p 5 _,
X e 4 x5x4
423 (X5 ya
B yma-1)—p _
—2apayes """ X Heaxy ! (20)
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a23 X5
B (2P
b = —ax[axn — ape ™

2az;a73
a4
Patm

93 (55 _yapa _1)—
X% ((l7atm)24 -8

X e x53x4_2 — 2axans
4923 (X5 ya
S (G2 -1)—-8 _
xe " X7 1)
a X
% (( paf,,, Y24-D-8  2ara
c= —[022 —anpes —p’”“
atm

923 (X5 _yapg _1)—
x% ((Patm)24 1) }3 3

X e x3xy? — 2axans
B ()=
2 par ) X5
xe' X, Jazal(——=)"* — 1]
Patm
B () =D~

x [azxs — axxale

B ()M =1=B
(02202311246 K X

TR

a4
atm

I x
x (asganmall + — (e )
cp Patm

93 (X5 _yap4 _1)—
B (a4 =D=p

23 (X5 Nayq _1y_—
B (g =1

- (o —1)

Nep Patm
X5
- azox—ﬁ[xs —agx1 — ax; — ava,ca]) —-2.8
dl;
x 1072¢ =2 (22)
dt

Using quadratic formula, the continuous part of the control
input can be given as

—b + /b — dac
Ueg(1,2) = T (23)
The discontinuous control part can be written as
ugis = —KSign(s) (24)
The overall first order SMC based law can be given as
U = Upg + Ugis (25)

B. EXISTENCE OF SLIDING MODE
The existence of SMC can be proved by evaluating lyapunov
stability [32] as follows;

1

V=5

. 2-

V=SS =S(au2+bu+c)

where,
—b+ b2 —4
- % — KSign(S)
a

After substituting the values, we get
V = S[0 — KSign(S)]
V < S(—K|S|)
V < —KS?

A

It shows that V. < 0, V K > 0 which proves asymptotic
stability ensuring the existence of SMC.
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C. SECOND ORDER SMC

In the second order SMC, the sliding surface S does not
directly depend upon control input u. However u appears in
the first derivative of S showing the relative degree of system
as lie.

9
§(x, 1) = a_: + Lys + Lysu (26)

Since Lgs(x,t) # 0 and also, the vector field f & g are
smooth. Since the relative degree of the sliding variable
is 1 wrt. u. A conventional first order SMC can easily
be implemented. However this controller will not achieve
the desired results in case of a fuel cell, because It would
affect the net output power of the system which has relative
degree O w.r.t. u. Thus, Second order SMC based law provides
an alternative to this problem since it has the potential to
achieve smooth output thus preventing the net output power
loss of the system [33]. Differentiating the sliding variable
twice gives the following expression

() =@t x, u) + y(t, x, uyi(t) 27
where
y(t,x,u) = Lgs(x, t) (28)
and
o, x,u) = Lys(x, 1) + Lgd(x, 1) (29)

These functions y(f,x,u) & @(t,x,u) can be globally
bounded as follows

O0<Ty <yl xu<Ty 30)
lp(t, x,u)| < @ (3D

Considering s, = 5¢~*, after complex mathematical compu-
tations, following bounds on y (¢, x, u) & ¢(¢, x, u) have been
determined

I,=05 TIy=09, &=0.0I

Knowing the bounds, the stabilization problem of a fuel cell
system with MIMO dynamics can be resolved by solving
the given differential equation by application of second order
SMC.

5 € [-0.01,0.01] + [0.5, 0.9]i (32)

Using these global bounds on functions y(¢,x,u) and
o(t, x, u), the control parameters can be defined easily.

1) SUPER TWISTING ALGORITHM

This algorithm has been specially designed for systems with
relative degree as 1. Its prominent feature is that it does not
need any information about § during operation. It consists of
two terms; First one is the integral of a discontinuous function
and the second one is the continuous function of s. The control
input, as defined by A. Levant in [34] can be written as

u(t) = ur(t) + uz (1)
i (r) = —ysign(s)
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FIGURE 4. Stack current created from step functions.

up(t) = —Alsol”sign(s) (33)

where A, p and y in the control equation are the design
parameters. The bounds on these parameters are given by

D
> —
14 T,
)»2 > 4_? Cy(y + @)
I Ty — @)
0<p<05 (34)

These control parameters must be designed by keeping in
view the overall behavior of a fuel cell that includes output
power and oxygen excess ratio. After fine tuning, following
parameters are obtained

)/:2, )L=2,,0=0.5

V. RESULTS AND DISCUSSION

Simulations on ninth order plant model are conducted in
MATLAB/Simulink environment running on a laptop hav-
ing Intel core i5 processor. The objective is to analyze the
performance of the designed first order SMC and second
order SMC with super twisting algorithm and to observe con-
trollers’ behavior for oxygen excess ratio, stack voltage and
the generated power in the presence of model uncertainties
and disturbances along variety of power demands. A distur-
bance current ranging from 60A to 300A shown in Figure 4
is considered as disturbance input which is demanded by
the fuel cell. Sudden variations in current demand act as a
disturbance and compressor motor voltage has to be adjusted
accordingly to ensure that smooth power delivery.

A. SIMULATION RESULTS

The reference value for oxygen excess ratio is taken as 2 and
sudden variations in input current are applied in simulation.
Results indicate that smooth power delivery can be achieved
by keeping the oxygen excess ratio constant while ensur-
ing tracking. Figure 5 shows the comparative performance
achieved by the two controllers. Results clearly indicate that
super twisting algorithm outperforms the first order SMC.
First order SMC has some chattering in the curve of oxy-
gen excess ratio whereas the results obtained using super
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FIGURE 7. Stack power produced by fuel cell.

twisting algorithm are much smoother. Smooth signal to the
compressor motor ensures a smooth operation of the fuel cell
system. The graph shown in Figure 6 presents the total power
generated by the fuel cell stack. The compressor motor is
acting as a load to the fuel cell, thus the net power is the
difference of the stack power and the power consumed by the
compressor. Result show that transient response of power is
improved with super twisting algorithm as compared to first
order SMC. Similarly, the stack power generated by the fuel
cell is shown in Figure 7. The behavior of the net stack volt-
age produced by the fuel cell is shown in Figure 8. It shows
that first order SMC suffers from chattering in power curve.
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When super twisting algorithm is applied, the problem of
chattering is resolved and smooth voltage curve is obtained.
Thus, it can be concluded that using super twisting algorithm,
a uniform voltage can be provided to a certain load which
is being drived by a fuel cell. The transient time plot of the
sliding surface which is also the error signal in this particular
case indicates that the controller minimizes the difference
between the actual and desired air flows i.e. S(t) = 0. The
sliding surface is shown in Figure 10. The compressor motor
voltage which controls the whole process for maintaining a
balanced oxygen excess ratio and hence ensures a smooth
power delivery is shown in Figure 9. Comparing both the
curves, we can conclude that super twisting algorithm has
less fluctuations which in turn will increase the life span
of the motor. The controller outputs for both the designed
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control laws is compared in Figure 11. The figure clearly
shows that the output signal of the controller using super
twisting algorithm demonstrates less chattering as compared
to first order SMC. Thus, it can be concluded that using super
twisting algorithm, there will be less stress on compressor
motor.

VI. CONCLUSION

This research investigates the strategies to improve the tran-
sient response and steady state behavior of a PEMFC. The
main objective is to present the design and successful appli-
cation of non-linear control on the fuel cell. Two variants
of SMC laws have been developed to control various states
of the fuel cell. The control performance of both control
laws to regulate various parameters has been evaluated in
simulation. Results demonstrate that PEMFC when subjected
to second order SMC exhibits better transient response under
disturbances in comparison with first order SMC. It also
ensures smooth power delivery and offers less chattering in
the signals corresponding to control input and compressor
motor voltage. The comparison of oxygen excess ratio in
both cases indicates that the controller using super twisting
algorithm has no jittering.

A. NOMENCLATURE

c Concentration

F Faradays constant
M Molar mass

i Stack current density
J Inertia

K Restriction constant
A Water content

an Anode

w Water

H, Hydrogen

m Memberane

cp Compressor motor
hum  Humidifier air

net  Total

rm Return manifold
Ny Nitrogen

95830

sm Supply manifold

ref Reference

D Diffusion coefficient

E Nernst voltage of a PEMFC

P Pressure

1 Current

y Specific heat ratio

n Number of fuel cells in stack

ca Cathode

a Air

0, Oxygen

st Stack

out Output / Exiting

v Water vapour

react Consumed in reaction

amb  Ambient

sat Saturation

in Entering / input
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