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Abstract
Due to the oil depletion as well as air pollution, new and renewable energies are a highly considered
subject in studies and experiments of few recent decades. Among various renewable energy sources, are
most noticed due to led environmental pollution and high efficiency. Clearly, the optimal performance
of the system depends on the type of the applied controller. This study reviews control techniques used
for fuel cell systems. The results of applying different controllers on the system are studied then better
control techniques are introduced. The problems involved in fuel cell systems as well as the advantages
and disadvantages of different applied control techniques are specified.
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1. Introduction
Fossil fuels are non-renewable energy sources and
it is essential to find a proper, cheap and clean
alternative for it. The energy crisis between 1973
and 1991 and the increasing environmental
pollution persuaded the industrial countries to
substantially invest on environment-friendly and
high efficiency systems.
Due to the high efficiency, being renewable, lower
emissions thus less polluting the environment as
well as using methanol, hydrogen and so on as fuel,
fuel cells are specifically considered in recent
researches on renewable energies [1]. The fuel cell
converts chemical energy into electrical energy so
that the cell components including cathode, anode
and electrolyte are not consumed. This conversion
is a reaction reverse to electrolysis of water; in
other words, the reaction between hydrogen and
oxygen produces water, heat and electricity. Fuel
cell is like a battery; however, unlike the battery, it

does not need charging and the system will work as
long as the required air and fuel are supplied for the
cell.
There are several types of fuel cell systems. Here,
the PEM (Proton Exchange Membrane) fuel cell is
studied. In PEM fuel cell, hydrogen is used as the
anode fuel.
Depending on the type and arrangement of the
system, the electrical efficiency of the fuel cell
ranges from 36% to 60% than can increase to 85%
employing common heat recovery equipment. PEM
fuel cell performance depends on a variety of
factors including: hydrogen and oxygen partial
pressure, stack temperature, and humidity of the
membrane.
Fuel cells will play an important role in reducing
environmental pollution and due to having few
mechanical parts, no noise is generated. In addition,
the fuel cell system efficiency is relatively high
compared to internal combustion engines [2], has
no noise and vibration, and needs low maintenance.
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These make fuel cell suitable for use in the city and
suburbs.
2. Results and Discussion
2.1 Fuel cell problems
2.1.1 Oxygen starvation
In the fuel cell, if reactant are consumed faster than
they can be supplied, the fuel starvation
phenomenon will occur [3]. Hydrogen and oxygen
partial pressure deficiency during pulling the stack
current causes a severe drop in stack-voltage then
resulting in high current density. Lack of reactive
will lead to fuel or oxygen starvation that destroys
the fuel cell materials. Due to non-uniform
distribution of current density within the cell, spot
(local) burn occurs, causing damage to the
membrane and the catalyst layers. This causes a hot
spot on the membrane. If the reactant in the fuel cell
is consumed faster than they can be supplied, the
fuel starvation phenomenon will occur. This
phenomenon occurs in transient state and is major
causes of depreciation and obsolescence of fuel
cells.
2.1.2 The uncertainty of parameters, the error
caused by modeling and the uncertainty in the
modeling
Having a structure with parametric uncertainties
and external disturbances as well as a highly nonlinear nature, the system is required to have a
suitable for controller ensuring a wide range of
performances. Linear control techniques and
linearization around several operating point are
not appropriate for such systems.
2.1.3 The actuator slow dynamics
This prevents rapid adjustment of the air
stoichiometric ratio to avoid oxygen starvation. In
air flow control, stoichiometry must be controlled
quickly, efficiently, stable and consistently [4-8]. In
fuel cell system control, the slow dynamics of
actuators (electric motor or PMSM (Permanent
Magnet Synchronous Motor) with compressor)
avoid quickly regulating the stoichiometry of
oxygen (λo2) to prevent oxygen starvation.
Especially during rapid changes in current, in risk
of starvation increases. Therefore, λo2 regulation is
a critical issue.
2.1.4 Stack current as measurable disturbances
enters the control system
Stack current (Ist) enters a disturbance into the
system which has a direct and immediate impact on
the performance of the fuel cell and makes an
instantaneous and intense drop in λo2. On the other
hand, the compressor voltage (Vcm) indirectly
affects λo2. Indeed, the high rate of λo2 increases the
oxygen partial pressure and improves the stack

power Pst. However, λo2 increment is consistent
with the high power demand of compressor and
increases the losses. Therefore, regulation of the air
flowing in the cathode during current fluctuations
helps achieving control objectives.
In applications associated with power systems,
vehicles, and unmanned aerial vehicles, the fuel cell
are usually installed close to the stack and often
experience periodic and large disturbances due to
the continuous changes in stack [2, 9]. Thus, it is
essential to provide a suitable nonlinear controller
ensuring a more stable performance against large
disturbances and in a wide range of conditions.
Parametric uncertainties, external disturbances,
and the nonlinear nature of the system require a
suitable controller to be designed to ensure a good
transient performance under stack changes and
parametric uncertainties. High cost, low reliability
and short lifetime are still fuel cell limits in in
industrial applications. Therefore, an improved
control system for costs reduction, rapid dynamic
response, long life and energy efficiency is
essential. Therefore, a control objective is a good
interaction between the two following objectives:
1. Avoiding
fuel
starvation
phenomenon,
regulated stoichiometry of oxygen and increased
stack life-time;
2. Minimizing (optimizing) the compressor power
consumption.
2.1.5 Control techniques applied on fuel cell systems
and the objectives
In recent years, many control strategies have been
suggested for controlling the performance of PEM
fuel cells that each follows specific objective.
Objectives may be controlling the pressure
difference, compressor engine, the net output
power, stoichiometric air ratio, and reducing the
number of sensors [10]. Among control strategies
we can mention the feedback linearization [11, 12],
the robust control strategy [13], feedforward
control [6] and predictive control model [14, 15],
neural networks [16], and various sliding mode
control [4, 7, 17]. The feedback linearization
method converts the nonlinear dynamics to the
linear one and employs the linear control method
(error tracking) to design an optimal controller.
Although this method can improve the transient
response of the system as well as the fast response
to changes in stack current, it requires a detailed
knowledge on some parameters. On the other hand,
if there is parametric uncertainty or un-modeled
dynamics, this method does not guarantee the

robustness. In feedback-based feedforward control,

due to unexpected disturbances, the stability of the
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system cannot be guaranteed. Although, the
technique reduces the sensitivity of the system to
the parametric uncertainty. Bordon predictive
control model [14, 15, 18] tries to achieve various
operational objectives. Bordon considered three
different control measures including tracking the
target output voltage, avoiding fuel starvation, and
maximizing the fuel efficiency. To fulfill these
objectives, the GPC (Generalized Predictive
Control) algorithm was employed. Recently, a
limited MPC strategy has been applied on a real fuel
cell [18]. The results obtained from the NN-based
techniques [16] indicates the practical advantage of
this technique compared to the conventional PID. In
particular, the desired results of optimized NNbased techniques include automatic adjustment,
control objective selection, excellent adaptability,
flexibility, good consistency and stability.
2.2 Sliding-mode-based control techniques
2.2.1 Sliding mode control
The best technique to control the fuel cell system is
the sliding mode control. Sliding mode control
technique is adapted from variable-structure
control system. This type of controller is applicable
for a wide class of systems with high nonlinearity,
modeling errors, disturbances, uncertainties and
time-varying system. Due to the complex dynamics
and highly nonlinear model, fuel cell control is
considered as a great challenge. Hydrogen-air fuel
cell system is a high-order nonlinear model.
Therefore, to have an effective controller, it is
essential to apply techniques copping with internal
and external disturbances as well as uncertainties
in the fuel cell system. Sliding mode control is a
control technique suitable for changing-structure
systems. It is a robust method for controlling
uncertainties, and internal and external
disturbances. Sliding mode is movement on a
discontinuous set of a dynamical system so that the
control signal is a signal with infinite switching
frequency. Sliding mode control defines a timevarying level S(t) in the state space. The sliding level
is considered as s = 0. After applying the highfrequency control signal, states can be guided to
then kept at the sliding level. Thus, the system is
consistent against uncertainties and disturbances.
The standard sliding mode (1st order) uses the sign
function for control signal making the signal
nonlinear and discontinuous and causing the
control signal swing near the sliding level. This
makes the control signal having a high switching
frequency causing vibration effects that leads to
problems consequently. In the fuel cell, highfrequency switching leads to degradation
actuators. To fix the problems involved in the
sliding mode, a new technique called high-order
sliding mode is recently introduced. This control
signal at a high switching frequency and vibration

effects that problems will follow. The fuel cell
triggers the switching frequency leads to
destruction. Recently, a new approach to solving
the problem of sliding mode called high-order
sliding mode is provided. Algorithms belonging to
the family of high-order sliding mode (HOSM) are
suitable and attractive choices. They can provide
stability and robustness to nonlinear systems;
converge to the reference in a limited time, thus
avoiding the effects of vibration. HOSM lacks
disadvantages of sliding mode control including
vibration. Since second-order sliding mode (SOSM)
algorithm is a HOSM, it can be an excellent choice
for nonlinear uncertain systems. Since the sliding
variable is a function of the relative degree with the
control factor u(t), the discontinuous control by
SOSM is a time derivation of u ̇ (t) provided for σ =
σ˙ = 0 with a continuous u (t). As a result, the
chattering phenomenon is alleviated. Obviously,
proper performance and efficiency of the system is
closely related to the type of applied control. This
justifies the study on options for improving the
control [19].It is important to invest on reliable
control systems ensuring the consistency and
sustainability against model uncertainties and
external disturbance to succeed in PEMFC [20].
A powerful algorithm in SOSM is super twisting
algorithm (STW) appropriate for systems with
relative degree of one. This continuous control
function directs the sliding (error) level and the
derivatives to zero in a finite time in the presence of
disturbances with limited bandwidth. Since STW
algorithm consists of a discrete function in the
integral, chattering is not totally removed but
weakened. The main drawback in STW control
algorithm is the need to detailed information on the
range of disturbance which cannot easily be
specified in many practical applications. When
designing the STW control principles, disturbance
range should be considered larger than the
required gain control.
A simple comparative-based technique is proposed
to regulate SESM to deal with the uncertainty of the
system. The main advantage of comparative-based
SESM controller is that it does not require a detailed
knowledge on the upper boundary of the system
uncertainty. It is also expected the propose
controller have a better tracking performance even
in the presence of external disturbances with less
efforts.
2.2.2 Application, objectives, advantages and
disadvantages of sliding mode in fuel cell control
Sliding mode control system proposed in [4, 12, 19,
21, 22] to control the stoichiometry of oxygen can
improve system efficiency and prevent irreversible
damage to the polymer membrane due to oxygen
starvation. As a new solution to the problem of
oxygen starvation, air flow nonlinear control was
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introduced and implemented in a laboratory fuel
cell system [22]. Thus, super twisting algorithm
(STA) solved the control problem. Advantages of
the proposed control technique include the
robustness of the system, the convergence to the
sliding level in a finite time, and chattering
alleviation
even
with
uncertainties
and
disturbances. In the research conducted by
Kunusch in 2009, this technique was first applied to
the fuel cell [20]. Kunusch in 2010 [9] employed
SOSM strategy using STA ( Super Twisting
Algorithm) to stabilize the system and prevent
chattering phenomenon. Super twisting controller
have the distinct consistency features of sliding
mode techniques while providing a control signal
smoother than that the standard sliding mode
provides. The main advantages of the method
adopted by Kunusch are as follows:
• Solving the problem of a robust stabilizer for
avoiding the effects of chattering;
• Improving the dynamic properties;
• Robustness to parametric uncertainties and
external disturbances;
• Ensuring a good performance in a wide range
despite the highly nonlinear nature of the
systems;
• Dependence of control principle on two
measurable variables (the stack current and
compressor air flow) thus no needing to state
estimator or monitor.
• Simple algorithm structure thus requiring less
computation.
In addition, important studies have also been
published in recent years. In [8], SOSM control in
cascade configuration is applied to adjust the
oxygen flow rate on a 33 kW fuel cell stack. This
study employed the order reduction model and
changes in the system model to design the
controller. Experiments on named performance
were also presented. Gabin (2010) conducted a
comprehensive study on implementation of sliding
mode on PEM fuel cell. Here, the control principle
includes a feedforward part to compensate for the
effects of the stack current and to enhance the
performance of the dynamic response as well as to
improved transient response to changes in stack
current. Sliding mode control is also used in a
closed loop control. Employing SOSM control,
Laghrouch [1, 3, 21] suggested strategies with
better performance and transient response against
rapidly changing stack. In [1], he proposed a
nonlinear SOSM control principle based on
optimized extreme searching method to reduce
chattering, to provide stability in excess oxygen
rate, and to solve optimization problem for fuel cell
net power. In [3], he suggested a SOSM in Cascode

configuration with STA to improve the output net
power by maintaining the stoichiometric oxygen
rate between 2 and 4.2 consisting of two outer and
inner loop. The outer control loop controls the
stoichiometric air rate through a SOSM and
feedback linearization. The outer loops control the
compressor voltage. Here, a reduced-order model is
employed to design the controller. There are some
other valuable works about fuel cell control
including the Zenith and Skogestad [23]. This paper
analyzes the output power control when a DC/DC
converter is employed to connect the fuel cell to the
stack. This study mainly focused on fuel cell output
power control and it assumed that the control of
reaction is ensured by controlling sub-systems. In
this paper, the system was composed of a fuel cell,
compressor, valves, and DC/DC converters.
Evangelista in 2010 [19] and 2013 [24] employed
variable-gain sliding mode control to optimize the
conversion of wind energy. He obtained desired
results such as consistency against internal and
external disturbances as well as the uncertainty of
the model, accurate regulation and tracking of
variables while converging in a finite time.
Comparing the proposed method to the standard
sliding mode strategy, he concluded that this
technique reduced mechanical stresses as much as
possible (prevention of mechanical erosion) while
reducing the output chattering. Gonzalez (2012)
[25], proposing a new technique for calculating the
disturbance bounds, implemented variable gain
control technique on a spring-mass system.
Comparing classical STA, first order sliding mode,
and modified STA by apply them to the system, he
concluded that the control first order sliding mode
shows a little chattering which is substantially
decreased by both constant-gain STA and variablegain STA. Compared to classical STA, the variablegain STA to compensate for the larger class of
perturbations and further reduce the chattering
effect.
Due to novelty, this algorithm has few practical
applications; however, it has theoretically notable
progress. Studying the lyapunov stability theory, in
[25-27] the variable-gains were extracted and a
finite time convergence was achieved by the
algorithm. Examining the proposed strategy, we
find that it is valuable to work and research on this
technique for fuel cell system. As the first step,
Evangelista in 2014 introduced the newest control
technique on fuel cells [28] and obtained results are
as follows:
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• Consistency with respect to internal and
external disturbances and uncertainties in the
model of highly nonlinear fuel cell systems;
• Accurate regulation and tracking different types
of variables with finite time convergence;

• Reduced mechanical stresses and chattering
(e.g. high-frequency variables in control
systems) compared with standard sliding mode
strategy considering the continuity of the
applied control signal being.
• Relatively simple control principles, which can
be designed by non-linear models.
• Usefulness of variable-gain sliding mode control
if there is a constraint for sensor delay. Variablegain SOSM shows an acceptable performance
when the sensor measures the flow rate with a
delay.
• Maximum improvement of the transient
response by setting the parameters.
3. Conclusion
As discussed earlier, because of the highly
nonlinear nature of the fuel cell system and
parametric uncertainties, much work must be done
to achieve the desired results. Considering the
mentioned process and according to the obtained
results, high order sliding mode control algorithms
are interesting for researchers for future works.
This technique ensures the robustness against
parametric uncertainties and external disturbances
as well as the optimal performance of the systems
in a wide range despite the highly nonlinear nature
of the system. The control principle is also easier
and depends only on two measurable variables;
therefore, state estimator or monitor is not
required. The algorithm structure is simple thus not
much computation is required. Due to the novelty,
there is a good potential to conduct new researches
on Evangelista technique for fuel cell system
control.
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