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Abstract: Over the last two decades, polymer electrolyte membrane fuel cell technology has been increasing its share in power generation
systems. In this work, the basic polymer electrolyte membrane fuel cell (PEMFC) system operation is presented first. Some most controloriented modeling approaches are reviewed as the model is essential for further control. Optimal control of such a system can improve
efficiency and hence reduce the cost of ownership. The objective of this work is to present the concept of control and depict some of the
possible applications of PEMFC systems.
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MEA and it represents the heart of the fuel cell [7]. The MEA is
inserted between the bipolar plates, which support the whole
structure and provide the pathways for the flow of the reactant.

Introduction

A PEMFC system with nearly zero emissions and high energy
conversion efficiency has received worldwide attention in recent
years. PEMFCs use hydrogen and oxygen to produce electrical
energy, as shown in Грешка! Източникът на препратката не е
намерен.. Byproducts of this conversion are water and heat which
may be further used in auxiliary sub-systems like humidifiers. In
that way, the energy loss is reduced and the system efficiency is
increased. Furthermore, the direct conversion does not include any
moving parts, so the maintenance costs are very low. Their
noteworthy features also include low operating temperature, high
power density, and easy scale-up, which make PEMFCs a
promising candidate as the next generation of power source for
transport, stationary and portable applications [1].

Figure 2. PEM fuel cell construction [5].

Inside a PEMFC a few processes are carried out as shown in
Грешка! Източникът на препратката не е намерен., with the
following order: gasses flow through the channels (1), gas diffusion
through the porous media (2), electrochemical reactions (3), proton
transport through proton conductive polymer membrane (4),
electron conduction through electrically conductive cell components
(5), water transport through polymer membrane due to
electroosmotic drag and back diffusion (6), water transport through
porous catalyst and gas diffusion layers (7), two-phase flow of
unused gas carrying water droplets (8), heat transfer including both
conductions through solid parts of the cell and convection to
reactant gases and coolant medium (9).

Figure 1. Concept of a PEMFC.

To provide a sense of history Sir William Robert Grove
demonstrated the very first fuel cell in 1893 by showing that the
electrochemical dissociation of water was almost reversible using
Platinum (Pt) electrodes in sulfuric acid [2]. Another breakthrough
was the first practical fuel cell developed by General Electric
Company for the Gemini space mission in 1962 [3]. In the next few
decades, many improvements were made for the construction parts
used in the membrane electrode assembly (MEA). Fuel cells have
become more efficient and also cheaper by reducing the Pt load and
introducing new materials like Nafion [4]. Despite advancements
and rising market deployment, several challenges remain such as
reducing cost, maximizing efficiency, and improving durability.

2
2.1

The PEM fuel cells system
Fuel cell

This study focuses on PEMFCs operation and control. A
PEMFC consists of a polymer electrolyte membrane, catalyst layers
(CLs), gas diffusion layers (GDLs), and bipolar plates, also known
as collector plates. Figure 2 shows the structure of a PEMFC. The
core component of a fuel cell is the membrane, which is
impermeable to gases but it conducts protons. On both sides of the
membrane, there are two porous electrodes which are electrically
conductive and typically made of carbon cloth or carbon paper [6].
At the interfaces between the polymer membrane and porous
electrodes are the CLs which are covered with catalyst particles,
usually platinum supported on carbon. GDLs are then placed next to
the electrodes. Their purpose is to spread the gas and conduct the
produced water. The membrane, the CLs, and the GDLs form an

Figure 3. Cell components and processes.

The electrochemical reactions take place simultaneously at the
surfaces of the catalyst layers. In general, an electrochemical
reaction involves either oxidation or reduction of the gases.
Hydrogen that is fed on the anode side of the fuel cell diffuses to the
catalyst layer on the anode side, where it splits into its primary
constituent protons and electrons:
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boosting the voltage using a battery, supercapacitor, or both.
Stacking multiple fuel cells also produces a larger heat reaction area
which increases the cell temperature so the heat must be removed.
By producing larger currents, water is also produced by the
electrochemical reaction and should be removed to avoid membrane
flooding. The flooding phenomena influences in reducing the fuel
cell stack performance. Furthermore, starting-up the fuel cell after
shutting-down for long period may require purging the anode to
remove the leftover oxygen and hydrogen, but in many
configurations anode purging is done sequentially.

(2.1)

The reaction is called hydrogen oxidation. Each hydrogen atom
consists of one electron and one proton. Protons travel through the
proton conductive membrane whereas electrons travel through
electron conductive electrodes, current collector plates, and to the
outside circuit where they perform useful work. While moving
through the membrane protons attach onto water molecules forming
hydronium complexes H3O+ that move through the membrane from
the anode to the cathode. This process is called electro-osmotic
drag. When they arrive at the other side of the membrane, more
precisely at the cathode catalyst surface, the protons
electrochemically combine with the electrons and the supplied
oxygen:
2𝐻 + + 2𝑒 + 12𝑂2 → 𝐻2 𝑂

The fuel cell system consists of PEMFC stack and Balance of
Plant (BOP), which refers to all the peripherals needed for stack
functioning, in particular, air blowers, control strategy, valves,
water, and thermal management sub-systems, humidifiers, cooling
units, insulation, sensors, and power conditioning. Four major
components of BOP include fuel delivery, air delivery,
humidification, and thermal management sub-systems.

(2.2)

The reaction on the cathode side is called oxygen reduction.
Water that is created in this electrochemical reaction is partly
pushed out of the cell with the excess oxygen. Also, water travels
from the cathode to the anode due to a large concentration gradient
across the membrane and is called back-diffusion water transport.
The overall reaction is presented as follows:
𝐻2 + 12𝑂2 → 𝐻2 𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 + ℎ𝑒𝑎𝑡

(2.3)

The net result of these simultaneous reactions is a flow of
electrons through an external circuit. Theoretically, a single fuel cell
produces the potential of 1.23 V in open circuit, but when
connected to a load, it decreases as the load draws current from the
cell and the usual operating voltage ranges from 0.6 to 0.7 V. The
voltage loss is caused by several factors: activation polarization,
ohmic polarization, and concentration polarization. Activation
polarization is caused by slow electrochemical reactions at both
anode and cathode, ohmic polarization losses happen because of
hydrogen crossover or electron short circuit through the membrane,
while concentration polarization is caused by hydrogen and oxygen
concentration gradients at both electrodes when both reactants are
consumed rapidly and ohmic losses caused by the internal
resistance of the cell.
2.2

Figure 5. PEMFC control schematic diagram [10].

2.3

BOP control in PEM fuel cell

The control strategy of the PEMFC system is to handle the
supply of reactant gases and their exhausts, take care of waste heat
and maintain the stack temperature, regulate and condition power
output, monitor the stack vital parameters and control the startup
operation and shutdown of the stack and system components [6].
Generally, the PEMFC system can be broken down into at least 4
subsystems as shown in Грешка! Източникът на препратката
не е намерен.. The dynamical response of these systems has a
wide range of time constants varying from very fast electric
response to slow temperature variations and between. For this
reason, the control strategy usually consists of multiple controllers
for every subsystem. These controllers are often referred to as lowlevel controllers. Another important problem is finding the optimal
operating point for the fuel cell under different conditions [11][12].
As the fuel cell ages, the transport properties in the fuel cell
components change, and so does the optimal operating point. An
adaptive controller that can find the optimal operating point during
operation is referred to as high-level control [13]. This control can
improve the overall system efficiency and life span.

Fuel cell stack

Most applications of the PEMFC system require higher power
than can be delivered by a single fuel cell. Hence to obtain a system
higher power, multiple PEMFCs must be stacked together to form a
PEMFC stack, by attaching the cells in series to obtain a higher
total voltage, and in parallel to obtain a larger total current [8]. A
PEMFC stack consists of a multitude of single cells stacked up so
that the cathode of one cell is electrically connected to the anode of
the adjacent cell. The electrical circuit is closed, with both electron
current passing through solid parts of the stack and ionic current
passing through the electrolyte, with the electrochemical reactions
at their interfaces, c.f. Грешка! Източникът на препратката не
е намерен..

2.3.1

Flow subsystem

In the flow subsystem reactants, hydrogen and air are supplied
to the PEMFC stack at a certain stoichiometric ratio. In most cases,
the air is supplied to the cathode instead of pure oxygen. Pure
oxygen is only used in applications where the air is not available.
Depending on the stack power, the air is supplied on the cathode
side of the PEMFC using either blower or compressor. To achieve
the required stoichiometric ratio, inlet air pressure is controlled by a
pressure regulator, as illustrated in Грешка! Източникът на
препратката не е намерен..

Figure 4. Schematic plot of the PEMFC stack [9].

By stacking the fuel cells, the polarization phenomenon reduces
the voltage that can be delivered by the system whenever more
current is drawn. This may affect the performance of the appliances
that require fixed voltage. Hence, the output voltage must be
controlled by manipulating hydrogen and airflow rates or by

Figure 6. Oxygen supply system [6].
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models created only for control purposes which are often called
zero-order models [15]. Modeling of PEMFCs can be achieved
with: numerical equations that describe the internal processes, in
semi-empirical fashion with curve fitting techniques or only with
data using machine learning algorithms [16][17].

Hydrogen is supplied on the anode side using a fuel processor
or directly from a high pressurized hydrogen tank. The outlet
pressure of the anode is controlled by a backpressure regulator to
deliver the required hydrogen flow at certain stoichiometric ration
as demonstrated in Грешка! Източникът на препратката не е
намерен.. In most cases, hydrogen is recirculated back to the anode
inlet because releasing unused hydrogen affects the fuel cell in the
context of cost-efficiency.

3.1

Accurate modeling of PEMFC requires detailed knowledge of
physics of the electrochemical processes as well as knowledge of
the specific parameters such as, membrane thickness, resistance,
thermal coefficients, etc., which may be either unknown or only
known to the manufacturer. The need for a wide knowledge of all
processes and parameters is one of the disadvantages of this type of
modeling, unlike data-driven modeling.
The PEMFC model usually comprises of an electrochemical
model, cathode flow model, anode flow model, and membrane
model [16]. Modeling the macroscopic dynamics will result in a
very complex and computationally expensive model, so
assumptions are often made to simplify the model. It is very
important to understand the assumptions to understand the model's
limitations and accurately interpret its results. Common
assumptions used in fuel cell modeling are ideal gas properties,
ideal gas mixture, incompressible flow, isotropic and homogeneous
membrane, and electrode structures.

Figure 7. Controlled hydrogen supply system [6].

Determination of hydrogen and oxygen flow rate is a very
complicated process because by increasing their flowrate the power
density and partially the fuel cell efficiency increases but the net
power is decreased because of higher parasitic power requirements
[8]. Optimal control of these processes is necessary to achieve high
efficiency.
2.3.2

Water and heat management subsystem

In addition to supplying the reactants to the fuel cell stack, the
system balance of plant (BOP) also must take care of the reaction
byproducts, water, and heat. Water plays an important role in fuel
cell operation. It is essential for proton transport across the polymer
membrane. For that reason, both cathode and anode reactants must
be humidified before entering the cell as shown in Грешка!
Източникът на препратката не е намерен. and Грешка!
Източникът на препратката не е намерен.. In a closed-loop
configuration, the PEMFC system is always producing water that
can be cooled down and used as a coolant through the stack. The
temperature of the coolant water leaving the stack is appropriate for
the humidification process and often is used as supply water for
humidifiers or it is recirculating in the cooling system.

The electrochemical model is mostly a static model that outputs
the fuel cell voltage, defined as follows.
𝑉𝐹𝐶 = 𝑉𝑂 − 𝑉𝑎𝑐𝑡 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛𝑐

Voltage-current dependence is often called the polarization
curve, shown in Грешка! Източникът на препратката не е
намерен.. The polarization curve characterizes the performance of
the fuel cell and yields information on performance losses in the
cell, as activation voltage 𝑉𝑎𝑐𝑡 , ohmic voltage 𝑉𝑜ℎ𝑚 , and
concentration voltage 𝑉𝑐𝑜𝑛𝑐 , whereas 𝑉0 is cell open-circuit voltage,
as presented in Eq. (3.1).

Power management subsystem

Power management subsystems are used to control the flow of
electric power from unstable power sources as PEMFCs. They use
electronic power devices that process, filter, and deliver the
electricity efficiently and smoothly. Many different control
strategies have been implemented in the power management
subsystem of PEMFC systems to improve their performance.
Voltage regulators, DC/DC converters, and chopper circuits are
often used to regulate the stack voltage at fixed values higher or
lower than the stack operating voltage.

3

(3.1)

The right-side voltages in Eq. (3.1) depend on reactant partial
pressures, cell temperature, current, and membrane water content.

At higher temperatures, PEMFC systems perform better but if
the temperature is too high it can cause membrane dehydration
which may result in voltage drop or even electrode flooding.
Thermal management subsystems deserve attention because they
play a crucial role in optimum PEMFC operation and prolonging its
service time. Maintaining the temperature in the proper temperature
range for stacks up to 1.5kW can be done by forced convection
where a fan may be used to supply the cooling airflow [14]. Higher
power stacks have to be controlled by a closed water-cooling
system with a radiator that is capable of handling higher heat loads.
Non-uniform temperature distributions may cause variations in the
electrochemical reaction rates and may affect the evaporation and
condensation of water in the reactant gases.
2.3.3

Theoretical modeling

Figure 8. PEMFC polarization curve [18].

Cathode and anode flow models usually consist of material
balance equations. They represent the mass flow of input reactants
and the mass flow of reactants used in the reaction and excess
reactant exiting the cell. The ratio between the actual flow rate of
reactant and the consumption rate of reactant is called the
stoichiometric ratio.
PEMFC membrane or hydration model normally contains
equations for membrane water content, proton transport, and water
transport due to electro-osmotic drag and back-diffusion, as shown
in Грешка! Източникът на препратката не е намерен. with
process number (4) and (6).

PEM fuel cell modeling for control

PEMFC models are of great importance for developing modelbased controllers. They also provide a great framework for
analyzing the performance of a PEMFC under different
circumstances. PEMFC models can be divided based on the purpose
of their use. Some of them, such as 1D, 2D, or 3D models tend to
describe the inner dynamics in a very detailed way, unlike the

In [18], a dynamic model is developed using theoretical
methods for the 1.2kW Ballard stack which can be considered as a
benchmark as it is widely used by research groups worldwide. The
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model is capable of predicting both steady and transient response,
flooding, cathode purges, etc., under the varying operating
conditions and can be used for control and optimization purposes. A
more detailed model is presented in [19]. The model can be used to
predict enhanced performance owing to, for instance, improved
electrode materials, and related changes in the measured
performance to internal changes affecting influential physical
parameters. This model also performs very well at high currents,
which is not the case with every model in the literature. In [20], a
high power PEMFC model is described which may be used for
stationary power applications. Some models are focused on
investigating individual phenomena like changing temperature
effects on fuel cell performance [14]. The analysis presented in [14]
shows that an increase in the temperature influences the activation
losses the most, significantly increasing their value. On the
contrary, ohmic losses are reduced which in turn causes an increase
of nominal power output of the stack.
3.2

A variety of control strategies have been implemented in
PEMFC systems to avoid hydrogen and oxygen starvation. These
strategies include classical feedback and feed-forward control using
a proportional-integrative-derivative (PID) controller, adaptive
control, model predictive control, neural network, and fuzzy logic
control.
Classical feed-forward or feedback control using PID
controllers is the most common type of control used to obtain better
fuel cell performance [26]. Large deviations in pressure between
anode and cathode can cause severe membrane damages in the fuel
cell, so a conventional PID controller can be used to regulate the
pressure change for hydrogen and oxygen at the desired value
despite the change in the fuel cell current [10]. Speaking of
nonlinear systems as the PEMFC systems are, the conventional PID
controller cannot keep the system at a relatively steady state
because the inner parameters of the nonlinear system always vary
with the operating state. Thus, a self-adaptive fuzzy PID (SFPID)
controller is developed for controlling the nonlinear system in realtime [27]. It has adaptive characteristics compared to the
conventional PID controller which means the parameters of the PID
controller can be adjusted by using the on-line fuzzy logic system,
as shown in [28] and [29]. Fuzzy PID controllers are widely used
for controlling other variables as well. In [27], fuzzy PID controller
is used for controlling the triggering circuitry of the inverter. In
[30], it is used as a voltage regulator for controlling the output
voltage level of a power system. Грешка! Източникът на
препратката не е намерен. shows system responses for oxygen
excess ratio during a step current/load change. The different colors
present different control strategies, as explained in the right corner
of the picture.

Data-driven modeling

Data-driven modeling, unlike theoretical modeling, does not
require a complete understanding of the processes in the PEMFC. A
basic understanding is still needed, so the engineer will be able to
include the variables that are most critical to system performance.
Data needed for modeling can be gathered experimentally through
shifting the system in different operating conditions or through
theoretical equations as in [17]. The purpose of the second approach
is to reduce the existing model complexity and the required
computational time.
A data-driven modeling approach for PEMFCs is very popular
in the last decade. There are a lot of studies that compare these
techniques with conventional ones [15]. Most of the reviewed
studies include artificial neural networks (ANN) which are a type of
artificial intelligence technique that mimic the behavior of the
human brain. They can approximate a nonlinear relationship
between input and output variables of a nonlinear, complex system
without requiring explicit mathematical representation. In [21] the
authors compare the performance of two neural networks in
predicting the fuel cell voltage and current based on information
about fuel cell operating conditions. In [22] a neural network
solution for voltage prediction is proposed. The data set consists of
information about current and past values of current and past
voltage values. This paper shows an interesting connection between
the past values of current and present values of voltage. They use
the Levenberg-Marquardt training algorithm which can be
transferred in the Gauss-Newton method with only one parameter
change. This method can be used for optimization purposes. Other
algorithms are also used as support vector machines (SVMs) in
[23]. The occurring phenomena cannot be analyzed with the models
created in this fashion so they are usually considered as a black-box.
Still, the black-box model can be used in control applications but
also for optimization of the operating point, because of their high
accuracy [23]. From experimental data, it can be concluded that
data-driven models have a very low error which is about 2% as
shown in [15]. Nevertheless, the main drawbacks of this modeling
approach are the huge number of experimental tests that are
required to perform a well-suited model.

4

Figure 9. Oxygen excess ration for different control methods [28].

Although conventional feed-forward and feedback control were
often used to prevent oxygen starvation, the nonlinear, complex,
and slow PEMFC dynamics associated with fuel starvation require
control strategies that can provide a faster and more accurate
response. Sliding mode control (SMC) is such a technique where
recovery of oxygen stoichiometry towards the desired reference
under step load change is moderately improved. This type of
controller can not only regulate the oxygen excess ratio of the fuel
cell system but improve the system robustness as well [31]. It is
also capable of dealing with disturbances and uncertainties [32]. In
[33], nonlinear cascade SMC that regulates the oxygen excess ratio
for optimizing PEMFC is presented. The cascade controller consists
of two loops. An external loop has been designed to control the
oxygen excess ratio by providing compressor speed reference,
considered as a fictive loop. Hence an internal loop has been
applied to force the compressor speed to follow the compressor
speed reference. The sliding mode control structure gives the
possibility of swiftly tracking different loads without increasing the
computational effort. It also allows the delivery of a solution to the
control problem within the fast sampling time required by this kind
of system. The load demand which is proportional to stack current
in most of the control strategies is presented as a disturbance
directly affecting the PEMFC performance. Since the current
demand can be measured, it is feasible to consider a static or
dynamic feed-forward scheme to compensate for its effects, and
therefore improve the system performance. Only if there is an
analytical model of the process available, it can be used for building
a dynamic feedforward controller which perform better than a static

Classes of control problems and solutions: A
discussion

As mentioned before, the temperature subsystem in a PEMFC
has a very slow dynamic and is not hard to be controlled.
Temperature regulation controllers are also well developed in the
past and can be implemented in the fuel cell systems from thirdparty companies. For this reason, temperature regulation will not be
considered in this review, as well as humidification and power
control subsystems. The main focus of this section is to present
control strategies for hydrogen and oxygen starvation avoidance
[24][25]. These processes are major contributors to fuel cell
performance degradation, damage of electrode surface, and shorter
catalyst life.
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one. This type of controller is often considered as a disturbance
cancelation controller because it nullifies the changes in the output
caused by current variations. Pukrushpan et al. [34] present a
comparison between static and dynamic feed-forward controller
performance.

7

The first author, Stefan Borkovski, would like to acknowledge
the financial support of The Public Scholarship, Development,
Disability, and Maintenance Fund of the Republic of Slovenia via
Ad Futura Scholarship.

Whenever a well-validated model is available, it can be used to
predict future system outputs and to update the control action for
current demand in model predictive control (MPC) configuration,
by comparing the actual and predicted output current [24]. This
comparison reduces the control error, limits the oxygen
stoichiometric ratio above starvation, and achieves optimality [35].
MPC is considered as the most popular advanced control technique,
due to its ability to operate the process in such a way that multiple
and changing operational criteria can be fulfilled in the presence of
changes in process characteristics [36]. In the literature, there are
many types of MPC. In [37], three MPC-based strategies are
experimentally demonstrated for the PEMFC unit. The third
approach is a combination of two approaches, which are combined
in a unified control framework to take advantage of both synergistic
benefits.

8

Figure 10. NN predictive model [38].

Further work

A further step of this research is to develop a robust predictive
controller that will perform better than classical control techniques.
Model order reduction techniques (MOR) may be considered to
determine the dependency between model complexity, execution
time, and control accuracy. Optimal model complexity may be used
to achieve sufficient accuracy and to minimize the execution time.
Optimization algorithms such as gradient descent, Lagrange
multiplier, and Newton’s method may also be tested and developed
to fit the problem.

6

References

[1] A. P. Vega-Leal, F. R. Palomo, F. Barragán, C. García,
and J. J. Brey, Design of control systems for portable PEM fuel
cells, J. Power Sources, vol. 169, no. 1, pp. 194–197, 2007, doi:
10.1016/j.jpowsour.2007.01.055.
[2] J. Wisniak, Historical Notes: Electrochemistry and Fuel
Cells: The Contribution of William Robert Grove, Indian J. Hist.
Sci., vol. 50, no. 4, 2015, doi: 10.16943/ijhs/2015/v50i4/48318.
[3] J. M. Nail, G. Anderson, C. Gerald, and H. C. J., The Role
of the U.S. National Innovation System in the Development of the
PEM Stationary Fuel Cell, NIST Interagency/Internal Report
(NISTIR), 2005.
[4] J. Marquis and M. O. Coppens, Achieving ultra-high
platinum utilization via optimization of PEM fuel cell cathode
catalyst layer microstructure, Chem. Eng. Sci., vol. 102, pp. 151–
162, 2013, doi: 10.1016/j.ces.2013.08.003.
[5] M. L. S. Carnevali, Modelling and Control of PEM Fuel
Cells (Doctoral dissertation, Polytechnic University of Catalonia,
Barcelona, Spain), p. 183, 2017.
[6] F. Barbir, PEM fuel cells : theory and practice. 2nd
edition. Elsevier. 2005.
[7] A. Baroutaji, J. G. Carton, M. Sajjia, and A. G. Olabi,
Materials in PEM Fuel Cells, no. November 2017, Elsevier Ltd.,
2016.
[8] W. R. W. Daud, R. E. Rosli, E. H. Majlan, S. A. A.
Hamid, R. Mohamed, and T. Husaini, PEM fuel cell system control:
A review, Renew. Energy, vol. 113, pp. 620–638, 2017, doi:
10.1016/j.renene.2017.06.027.
[9] P. Lin, P. Zhou, and C. W. Wu, A high efficient assembly
technique for large PEMFC stacks: Part I. Theory, J. Power
Sources, vol. 194, no. 1, pp. 381–390, 2009, doi:
10.1016/j.jpowsour.2009.04.068.
[10] A. M. Niroumand, Integrated Systems, Design and
Technology 2010, Integr. Syst. Des. Technol., no. December 2010,
doi: 10.1007/978-3-642-17384-4.
[11] Z. dan Zhong, H. bo Huo, X. jian Zhu, G. yi Cao, and Y.
Ren, Adaptive maximum power point tracking control of fuel cell
power plants, J. Power Sources, vol. 176, no. 1, pp. 259–269, 2008,
doi: 10.1016/j.jpowsour.2007.10.080.
[12] S. Ahmadi, S. Abdi, and M. Kakavand, Maximum power
point tracking of a proton exchange membrane fuel cell system
using PSO-PID controller, Int. J. Hydrogen Energy, vol. 42, no. 32,
pp. 20430–20443, 2017, doi: 10.1016/j.ijhydene.2017.06.208.
[13] J. A. Salva, A. Iranzo, F. Rosa, E. Tapia, E. Lopez, and F.
Isorna, Optimization of a PEM fuel cell operating conditions:
Obtaining the maximum performance polarization curve, Int. J.
Hydrogen Energy, vol. 41, no. 43, pp. 19713–19723, 2016, doi:
10.1016/j.ijhydene.2016.03.136.
[14] K. Ondrejička, V. Ferencey, and M. Stromko, Modeling
of the air-cooled PEM fuel cell, IFAC-PapersOnLine, vol. 52, no.
27, pp. 98–105, 2019, doi: 10.1016/j.ifacol.2019.12.740.
[15] D. Hissel, C. Turpin, S. Astier, L. Boulon, and a
Bouscayrol, A review of existing modelling methodologies for
PEM fuel cell systems, Journal of fuel cell science and technology,
vol. m, no. October, 2008.
[16] Z. Ural and M. T. Gencoglu, Mathematical Models of
PEM Fuel Cells, 5th Int. Ege Energy Symp. Exhib., no. June, pp.
27–30, 2010.
[17] M. Hatti, M. Tioursi, and W. Nouibat, Static modelling by
neural networks of a PEM fuel cell, IECON Proc. Industrial
Electron. Conf., pp. 2121–2126, Paris, France, 2006, doi:
10.1109/IECON.2006.347589.
[18] A. J. del Real, A. Arce, and C. Bordons, Development and
experimental validation of a PEM fuel cell dynamic model, J.

Instead of expending long computational time to identify the
parameters of a linearized model of the non-linear system, system
output responses to input disturbances can be learned by an ANN.
The neural network can be trained by input-output data which
represents the studied non-linear system. The weights of the neural
network can be determined by the back-propagation algorithm, as in
[38]. To remove the harmful effect of fast pulse currents, authors in
[38] employ a neural network model along with a classical PID
controller Грешка! Източникът на препратката не е
намерен.. Although the neural network predictor is not
computationally expensive since its recall phase involves a simple
algorithm, it is widely used in PEMFC control applications.

5

Acknowledgments

Conclusion

The advancement in materials and computational power
enhances the research activity for PEM fuel cells in the last decades.
In this review, various PEM fuel cell control strategies are
presented. The research community for PEM fuel cell system
control aims to develop new strategies that will minimize the
degradation processes and provide high efficiency throughout
optimal control. This study covers the main processes and working
principles of PEM fuel cells. Dividing the whole system into several
subsystems is also explained. The advantages of the control
strategies are briefly introduced, as their drawbacks.

130

YEAR V, ISSUE 3, P.P. 126-131 (2020)

INTERNATIONAL SCIENTIFIC JOURNAL "INDUSTRY 4.0"

WEB ISSN 2534-997X; PRINT ISSN 2534-8582

Power Sources, vol. 173, no. 1, pp. 310–324, 2007, doi:
10.1016/j.jpowsour.2007.04.066.
[19] Z. Abdin, C. J. Webb, and E. M. A. Gray, PEM fuel cell
model and simulation in Matlab–Simulink based on physical
parameters, Energy, vol. 116, pp. 1131–1144, 2016, doi:
10.1016/j.energy.2016.10.033.
[20] A. R.Seyezhai and A. B.L.Mathur, Mathematical
Modeling of Proton Exchange Membrane Fuel Cell, Int. J. Comput.
Appl., vol. 20, no. 5, pp. 1–6, 2011, doi: 10.5120/2433-3272.
[21] A. Saengrung, A. Abtahi, and A. Zilouchian, Neural
network model for a commercial PEM fuel cell system, J. Power
Sources, vol. 172, no. 2, pp. 749–759, 2007, doi:
10.1016/j.jpowsour.2007.05.039.
[22] A. Sari, A. Balikci, S. Taskin, and S. Aydin, A proposed
artificial neural network model for PEM fuel cells, ELECO - 8th
Int. Conf. Electr. Electron. Eng., pp. 205–209, Bursa, Turkey, 2013,
doi: 10.1109/eleco.2013.6713832.
[23] I. S. Han and C. B. Chung, Performance prediction and
analysis of a PEM fuel cell operating on pure oxygen using datadriven models: A comparison of artificial neural network and
support vector machine, Int. J. Hydrogen Energy, vol. 41, no. 24,
pp. 10202–10211, 2016, doi: 10.1016/j.ijhydene.2016.04.247.
[24] J. Golbert and D. R. Lewin, Model-based control of fuel
cells: (1) Regulatory control, J. Power Sources, vol. 135, no. 1–2,
pp. 135–151, 2004, doi: 10.1016/j.jpowsour.2004.04.008.
[25] M. Li, J. Lu, Y. Hu, and J. Gao, Oxygen Excess Ratio
Controller Design of PEM Fuel Cell, IFAC-PapersOnLine, vol. 51,
no. 31, pp. 493–498, 2018, doi: 10.1016/j.ifacol.2018.10.108.
[26] M. Raceanu, A. Marinoiu, M. Culcer, M. Varlam, and N.
Bizon, Preventing reactant starvation of a 5 kW PEM fuel cell stack
during sudden load change, 6th Int. Conf. Electron. Comput. Artif.
Intell. ECAI, pp. 55–60, Prague, Czech Republic, 2014, doi:
10.1109/ECAI.2014.7090147.
[27] V. Khubchandani, K. Pandey, V. K. Tayal, and S. K.
Sinha, PEM Fuel Cell integration with using Fuzzy PID technique,
1st IEEE Int. Conf. Power Electron. Intell. Control Energy Syst.
ICPEICES,
pp.
3–6,
Delhi,
India,
2016,
doi:
10.1109/ICPEICES.2016.7853450.
[28] Z. Fan, X. Yu, M. Yan, and C. Hong, Oxygen Excess
Ratio Control of PEM Fuel Cell Based on Self-adaptive Fuzzy PID,
IFAC-PapersOnLine, vol. 51, no. 31, pp. 15–20, 2018, doi:
10.1016/j.ifacol.2018.10.004.
[29] Z. Baroud, M. Benmiloud, and A. Benalia, Fuzzy selftuning PID controller for air supply on a PEM fuel cell system, 4th
Int. Conf. Electr. Eng. ICEE, pp. 3–6, Aswan, Egypt, 2015, doi:
10.1109/INTEE.2015.7416690.
[30] I. M. Safwat, X. Wu, X. Zhao, and W. Li, Adaptive fuzzy
logic control of boost converter fed by stand-alone PEM fuel cell
stack, IEEE Transp. Electrif. Conf. Expo, Asia-Pacific, Harbin,
China, 2017, doi: 10.1109/ITEC-AP.2017.8080956.
[31] W. Garcia-Gabin, F. Dorado, and C. Bordons, Real-time
implementation of a sliding mode controller for air supply on a
PEM fuel cell, J. Process Control, vol. 20, no. 3, pp. 325–336,
2010, doi: 10.1016/j.jprocont.2009.11.006.
[32] H. Deng, Q. Li, W. Chen, and Y. Cui, Robust control of
PEM fuel cell air-feed system using an improved sliding mode
strategy, Chinese Autom. Congr, pp. 1466–1471, Jinan, China,
2017, doi: 10.1109/CAC.2017.8242998.
[33] I. Matraji, S. Laghrouche, S. Jemei, and M. Wack, Robust
control of the PEM fuel cell air-feed system via sub-optimal second
order sliding mode, Appl. Energy, vol. 104, pp. 945–957, 2013, doi:
10.1016/j.apenergy.2012.12.012.
[34] A. G. S. Jay T. Pukrushpan and and H. Peng, Control of
Fuel Cell Power Systems. Springer. 2011.
[35] J. Golbert and D. R. Lewin, Model-based control of fuel
cells (2): Optimal efficiency, J. Power Sources, vol. 173, no. 1, pp.
298–309, 2007, doi: 10.1016/j.jpowsour.2007.04.062.
[36] A. Arce, D. R. Ramirez, A. J. del Real and C. Bordons,
"Constrained explicit predictive control strategies for PEM fuel cell
systems," 46th IEEE Conference on Decision and Control, New
Orleans, LA, 2007, pp. 6088-6093.

[37] C. Ziogou, S. Voutetakis, M. C. Georgiadis, and S.
Papadopoulou, Model predictive control (MPC) strategies for PEM
fuel cell systems – A comparative experimental demonstration,
Chem. Eng. Res. Des., vol. 131, pp. 656–670, 2018, doi:
10.1016/j.cherd.2018.01.024.
[38] S. M. Rakhtala Rostami, R. Ghaderi, A. Ranjbar, T.
Fadaeian, and S. A. N. Niaki, PEM fuel cell voltage-tracking using
artificial neural network, IEEE Electr. Power Energy Conf. EPEC,
Montreal, QC, Canada, 2009, doi: 10.1109/EPEC.2009.5420935.
[39] A. Arce, D. R. Ramírez, A. J. Del Real, and C. Bordons,
Constrained explicit predictive control strategies for PEM fuel cell
systems, Proc. IEEE Conf. Decis. Control, pp. 6088–6093, New
Orleans, LA, USA, 2007 doi: 10.1109/CDC.2007.4434556.
[40] E. F. C. and C. Bordons, Model Predictive Control. 2th
edition. Springer. 2007.
[41] M. Rubagotti, P. Patrinos, and A. Bemporad, Stabilizing
linear model predictive control under inexact numerical
optimization, IEEE Trans. Automat. Contr., vol. 59, no. 6, pp.
1660–1666, 2014, doi: 10.1109/TAC.2013.2293451.
[42] B. B. Alagoz, G. Kavuran, A. Ates, and C. Yeroglu,
Reference-shaping adaptive control by using gradient descent
optimizers, PLoS One, vol. 12, no. 11, pp. 1–20, 2017, doi:
10.1371/journal.pone.0188527.
[43] A.
Bemporad,
"A
Multiparametric
Quadratic
Programming Algorithm With Polyhedral Computations Based on
Nonnegative Least Squares," in IEEE Transactions on Automatic
Control, vol. 60, no. 11, pp. 2892-2903, Nov. 2015.
[44] J. K. Gruber, M. Doll, and C. Bordons, Design and
experimental validation of a constrained MPC for the air feed of a
fuel cell, Control Eng. Pract., vol. 17, no. 8, pp. 874–885, 2009,
doi: 10.1016/j.conengprac.2009.02.006.
[45] C. Ziogou, S. Papadopoulou, M. C. Georgiadis, and S.
Voutetakis, On-line nonlinear model predictive control of a PEM
fuel cell system, J. Process Control, vol. 23, no. 4, pp. 483–492,
2013, doi: 10.1016/j.jprocont.2013.01.011.

131

YEAR V, ISSUE 3, P.P. 126-131 (2020)

