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Abstract

In this paper, the nonlinear model of polymer exchange membrane (PEM) fuel cell system is first extracted and
then tested and evaluated for various temperatures and pressures. With the severe nonlinear characteristics of the
PEM fuel cell system, using the proportional-integral-derivative (PID) controller for the linear model of the PEM
fuel cell system could not guarantee robust control under parametric uncertainty and severe load fluctuations. The
use of a linear model-based controller increases the pressure in both the anode and cathode areas, which in turn
induces a high pressure difference across the polymer membrane, thus reducing the lifespan of the fuel cell. The
proposed method uses the particle swarm optimization (PSO) algorithm, taking into account practical parameters,
to design a PID controller for a nonlinear model of the fuel cell. Comparison of the results obtained from the
conventional PID controller and the proposed PID-PSO structure shows that PID-PSO can desirably guarantee the
specifications of overshoot, transient time, and settling time for a defined pressure difference across the anode and
cathode plates.

Keywords: Fuel cell, polymer membrane, practical parameters, particle swarm optimization

1. INTRODUCTION

In recent years, the fuel cell system has received increasing attention as one of the sources of electric power
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generation. A fuel cell is a type of electrochemical cell that directly converts energy from a chemical reaction
to electrical energy. Various types of fuel cells exist, capable of generating from few milliwatts up to several
megawatts of electric power. This electric power generator has many applications in portable electrical
devices, transportation vehicles, distributed generation supply systems, etc. The polymer membrane fuel cell
is a popular type of fuel cell, which, due to its solid membrane and moderate working temperature, can
provide more flexibility over the other types" . Due to the complexity and extremely nonlinear structure of
fuel cell systems, the problem of controlling a “fuel cell” is considered a challenge and provides many
research opportunities for researchers'.

In a fuel cell system, the load current is regarded as external and measurable turbulence. Therefore, the use
of a feed-forward controller is the first step in designing a fuel cell controller. Such controller is designed
either as a lookup table in the case of a static feed-forward controller or as a transfer function in the case of
the dynamic feed-forward control approach. Due to the presence of uncertainties in the measurements of
peripheral sensors such as stack temperature, cathode volume, atmosphere pressure, and electric resistance
of the motor, as well as the existence of unknown input turbulence, the sensitivity of the system is
considered unity across all frequencies”. Among other types of feedback controllers, state-feedback
controllers and linear quadratic regulators can be mentioned, which are utilized to maintain air
stoichiometry and avoid fuel starvation. The system designed using state feedback guarantees tracking of the
reference input, such that the effect of turbulence and the closed-loop response modeling error is
damped". The classic approaches exercised by researchers™® involve linear design methods and require
either detailed information about system parameters or an estimate of the model uncertainties'”.
Conventional controllers often lack the satisfactory capability of functioning against large changes in system
and load parameters, that is, they are prone to become unstable at points other than the operating point.
Because of the highly nonlinear characteristics of the polymer exchange membrane (PEM) system, there are
unknown uncertainties due to the modeling error and the parametric (fatigue in fuel cell components and
changes in ambient conditions) uncertainties”’. Thus, the implementations of the nonlinear controllers
in™®"" solve these problems as low reliability and short lifespan. Therefore, it is necessary to improve the fuel
cell peripheral systems by utilizing proper stack materials and innovative control systems to reduce costs
while achieving faster dynamic responses, long durability, and energy optimization. One of the main issues
in developing a strategy for robust control of a fuel cell is how to tackle internal and external turbulences
and uncertainties. Nonlinear controllers built around feedback linearization enjoy such characteristics as
dynamical range boosting and transient behavior improvement in the fuel cell system controller.
Nevertheless, the controller should be designed in a way that can provide adequate performance against a
wide range of severe system nonlinearities.

The feedback linearization method has been used as a nonlinear control design approach for the
investigated fuel cell system. In this strategy, the nonlinear dynamic is estimated by a linear dynamic, and a
linear controller (error tracking) is subsequently utilized to design the suitable controller. Some studies
employ the multi-input multi-output model to minimize pressure difference AP. In these methods, a
nonlinear controller is design by linearization of feedback®. The control goal of these models is to induce a
slight pressure on the anode side as well as a slight pressure on the cathode side, to prevent damage to the
catalyzer and the membrane electrode assembly (MEA), and thereupon to increase the stack lifetime. The
controller is developed based on linear control theory and using the pole placement technique. The main
drawback of the above methods is that they require detailed knowledge about some system parameters. In
situations with parametric uncertainties or non-modeled dynamics, there is no guarantee of robustness.
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In Refs.'", sliding mode nonlinear control methods are utilized to maintain and control the gas pressure
in the fuel cell system. The downside of these sliding mode methods is the chattering and variations in set
point, which cannot be completely eliminated but can be reduced by applying some techniques. The
chattering effect in fuel cell pressure control causes damage to MEA and actuators.

The popularity of the sliding mode control method is because of its applicability to a class of nonlinear
systems in the global sense and the issues of performance and stability robustness to modeling uncertainties
and disturbances. The major advantage of sliding mode is low sensitivity to plant parameter uncertainties
and external/internal disturbances, which eliminates the necessity of exact modeling"*"*.. However, the
discontinuous control in sliding mode control causes high-frequency switching. Therefore, high-frequency
vibrations or “chattering” in the output damage actuators. One of the most beneficial techniques for
decreasing chatter is higher-order sliding mode control, which has been developed to decline this
phenomenon and maintain robustness and the finite-time convergence properties of the classical sliding
mode under load variations and parametric uncertainties. However, the conventional sliding mode
technique induces an undesirable chattering effect in control signals due to the sign function. This
phenomenon leads to system instability or actuator damage.

Recently, the direct current (DC) microgrid system for electric vehicles with energy-consuming homes was
proposed by Savrun et al."". In this system, a hybrid fuel cell/battery system with DC/DC converter is used.
The designed system has a fuel cell and a battery that supply an electric vehicle as energy units to manage
electrical energy for the vehicle-to-home concept.

inci"” proposed an energy management system for the economical and optimum operation of grid-
integrated renewable energy systems. A control strategy is proposed based on perturbing and observing
maximum power point tracking, and it is purposed to improve the system efficiency under the grid-
connection and grid-failure modes of the fuel cell system. Optimum energy generation for local loads under
grid-failure mode and enhancement of electrical energy quality at the load-side are advantages of the
proposed method.

inci et al." suggested a modified energy management method based on the photovoltaic/fuel cell system to
support balancing in grid connection. For this aim, a control strategy is proposed to improve the grid
quality under unbalanced loading conditions.

Rakhtala™ proposed an intelligent controller as a self-tuning fuzzy logic proportional-integral-derivative
(PID) controller. The self-tuning fuzzy logic PID controller to control the excess oxygen ratio is proposed.
This closed-loop system adjusts the airflow rate in the cathode input, and the control aim is to keep the
oxygen ratio in its operating range by a compressor.

In 2015, Swain and Jena® used a PID controller to regulate anode/cathode pressure, which requires
linearization to near the operation point, is not at all robust to the load turbulence and variations, and is
responsive to the system tracking in the operation point only. The results of our simulations indicate that
there exist practical limitations when using these control coefficients, since the applied control coefficients
unveil shortcomings and limitations during practical implementation. The selected control coefficients only
consider control and maintaining the voltage at a fixed reference. In other words, such practical limitations
as oxygen pressure control (P,,), hydrogen pressure control (Py,), and the pressure difference across
membrane (AP) are not considered.
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Simulations results indicate very high pressure (beyond membrane tolerance) during the action, which in
turn points out the big drawback of using the mentioned control technique. Hence, regulation of the output
voltage requires a control methodology that incorporates such considerations as Py, and P,;, pressure
controlling as well as AP pressure difference within a particular range that satisfy practical limitations. In
this study, we made efforts to regulate PID controller coefficients for the PEM fuel cell system using the
particle swarm optimization (PSO) algorithm and defining a suitable cost function based on practical
considerations.

The remainder of this paper is organized as follows. In Section 2, the dynamic model of PEM fuel cell is
presented. In Section 3, the PSO as an intelligent optimization method used in our study is presented and
explored. The proposed controller called PID-PSO PEM, which meets the practical considerations of a fuel
cell, is introduced in Section 4, with the results appearing in Section 5. The paper ends in Section 6 with the
conclusions.

2. DYNAMIC MODELLING OF PEM

A fuel cell is a type of electrochemical cell, in which the energy resulting from the chemical reaction is
directly converted into electrical energy. In the fuel cell, hydrogen and oxygen are fed to the anode and
cathode, respectively. Each hydrogen atom is made from a proton and an electron, and giving away that
electron leaves a single proton (H+) and makes it capable of passing through the electrolyte. As a result, the
H+ ions move across the electrolyte, and the electrons arrive at the cathode via an external connection.
Reaching the cathode, these electrons ionize the oxygen atoms generating anions in the electrolyte, which in
turn combine hydrogen protons and produce water molecules that leave the system. Considering the
sensitivity of the polymer membrane to the pressure change variation, among the most important goals in
the fuel cell control procedure are maximizing the lifespan of the stack and avoiding damaging the
membrane. Therefore, partial control of hydrogen and oxygen pressures as the key system parameters is
among the most important control targets, aiming to prevent deterioration of the polymer membrane. In
this system, the control goal is minimizing the pressure difference AP between partial pressure on the anode
side and partial pressure on the cathode side. The main objective of keeping AP at a very small changing
value is to prevent damaging the membrane, thus increasing the lifespan of the fuel cell system"**". Since
large deviation (about 500 millibars) in partial pressures of hydrogen and oxygen can damage the
membrane of the fuel cell, it is necessary to design a suitable controller for the elimination of such
deviations occurring during times when the load is changed, or turbulences emerge"”"*”\. It should also be
noted that, as the voltage of fuel cell is a function of pressure, the precise and proper control of
anode/cathode side pressures is needed in a way that detrimental voltage drop of the fuel cell is avoided.
Under standard conditions of 25 °C and one atmospheric pressure, the ideal standard potential of 1/229 V is
obtained from a hydrogen/oxygen fuel cell system by producing water. Because of the irreversible voltage
drops occurring in fuel cell systems, the actual voltage of a fuel cell is normally less than the ideal voltage
value. That is, due to irreversible losses, the consumable voltage of fuel cell falls below the ideal equilibrium
point.

VFC Nernst ~ Vacr - Vconc - Vohmic (l)

In addition, the instantaneous Nernst voltage (Ey,,,) is written as below!*'>2**%;

Nernst.
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Eyena = 5[4G - 4S. (T~ T + RT. (In Py, + 111 Py )] )

1
Enorns = 1.229-0.85 107, (T-298.15) +4.3085 x 107, T. (lnPH2+ ElnPoz)

The PEM fuel cell voltage is defined as the sum of three thermodynamic potential terms of activation losses,
ohmic losses, and concentration losses. The voltage-current polarization curve of a fuel cell is depicted in
Figure 1, representing these losses.

In the following sections, the above-mentioned losses are presented separately in more detail.

2.1 Activation voltage loss

Activation voltage loss is dependent upon the electrochemical reaction occurring on the surface of electrode
since, in the case of any reaction, the reactor needs to overcome an existing activation potential barrier. In
other words, the activation voltage loss is related to the rate of chemical reaction occurring on the electrode
surface, which in turn requires the consumption of some energy to create bounds between hydrogen and
oxygen atoms. The formula for the activation voltage loss is given as:

N, =-9.514+0.00312 % T-0.000187 x Tx [In (i) + 7.4 x 10° x Tx InCpy]  (3)

According to Henry’s law, the concentration of oxygen dissolved on the gas-liquid interface is written
[20,25,26]
as

£
H P02

CO:

5.08 « 10° exp("'—is) )

In addition, the relation between internal resistance of the fuel cell and activation voltage loss is:
R,=-n,/i (5)

2.2 Ohmic voltage loss

Ohmic voltage loss occurs due to the resistance against ions’” flow across the electrolyte, as well as the ohmic
resistance of electrodes against electrons. Ohmic voltage loss results from the transfer of electrons through
the separation between collector layers, carbon electrodes, and the resistance imposed on proteins when
passing through the membrane. The internal resistance of fuel cell per ohms and ohmic losses can be
written as'*:

R, . =0.0165-3.5x10°T+8 x 107 (6)

int
Thus, the ohmic induced losses can be obtained from:

iRy (7)

}?ohmic e
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Figure 1. The voltage-current polarization curve of the fuel cell.

2.3 Concentration voltage loss

Once reactants are consumed at the anode and cathode, they need to be replaced by fresh reactants, so that
the reaction continues. Normally, the replacement process has some inertia, meaning it will not occur
immediately. If the fuel cell anode is supplied by the relevant fuel, a partial pressure drop of the fuel will
occur due to its partial consumption in response to the electric current drawn from the fuel cell. This drop
in pressure depends on the current drawn from the cell as well as the physical properties of the fuel feeding
system (speed of the pump). The concentration voltage loss in the fuel cell system is given as'":

Vconc:B]n(l'%) (8)

M

The dynamics of the fuel cell voltage is modeled by a capacitor with a capacitance of C. This capacitor
models the double charge layer and is connected in parallel with activation resistor'*:

1 . dv i dav, i Vv,
Ve==[idt =—Ft=- =—=—__o 9)
C drt C dt C RC
ie=i-i,

2.4 Equivalent circuit model for fuel cell

Based on the above explanations, the equivalent circuit model of Figure 2 can be considered for a fuel cell.
Figure 2 shows an equivalent circuit model of the PEM fuel cell, and voltage fuel cell (V) is the terminal
voltage of the fuel cell. Rohmic, Ract, and Rconc are voltage losses that are shown by resistances. The low
dynamics of the fuel cell voltage is modeled by a capacitor C. E is the Nernst voltage (El.,,..) and open circuit
voltage.

A fuel stack is formed by linking several fuel cells in series to increase the overall output voltage. As a result,
the overall stack voltage is simply calculated by considering the number of fuel cells connected in series, that
is:

Vsmck = Veegp - VCeH (10)
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Figure 2. Equivalent circuit model of the fuel cell.

where N, stands for the number of cells connected in series. Te is the amounts of consumed oxygen and
hydrogen in a fuel cell, which depends on their input flow, output flow, current drawn from the fuel cell,
and the volumes of electrodes. For the anode side, the following relation formulates the anode pressure**”:

Vo dPH, ; i :
RT @ Hw® (sz DA)om T oF (11)

In the above, 71 is the flow of fuel fed into the moisturizer and V, is the volume of fuel intake per m’. A
stands for the channel space, while U quantifies the rate of fuel consumption. Finally, p, F, R, and T
represent the molar concentration, Faraday constant, universal constant of gases, and the temperature of
fuel cell in Kelvins (K), respectively. A similar relation exists as given below, governing pressure changes on
the cathode side!:

. r L )
=0y, (po, UA) -1 (12)

V. dPOz
RT dt

In this relation, V. is the cathode volume for air intake per cubic meter”*”. The model parameters of the
fuel cell are given in Table 1.

3. PARTICLE SWARM OPTIMIZATION

The PSO algorithm is inspired by the swarm behavior of groups of animals such as birds, fishes, and insects
and offers a method of optimization™. PSO involves a group of particles moving in an n-dimensional
space. This n-dimensional space provides a solution space for the optimization problem in hand, whose



Page 8 of 16

Table 1. Specifications and operational parameters of the fuel cel
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Number of cells: n

Open circuit voltage: V,

Anode volume for fuel intake

Cathode volume for fuel intake

System temperature

Universal constant of gases: R

Faraday constant: F

Active membrane area: Afc

Exchange flow density: Jmax

Ohmic resistance of fuel cell stack: Rint

Concentration loss constant: B

37
1.032V
Va=0.005m’
Vc=0.01m’
328 Kelvin

8.314 (J/mol-K)
96485 (C/mole)
232 cm’

0.062 Acm’
2.45x%10"
0.044777

Partial pressure of each gas inside

i Output current density

I Exchange current density
Ma Molar mass of air

MO, Molar mass of oxygen
MN, Molar mass of nitrogen

dimensions may contain possible solutions for the problem. In the search space, every particle has a location
X corresponding to a possible solution for the problem. In addition, each particle has a velocity ¥.
Moreover, each particle stores in some memory the best private location p obtained so far by that particle,
as well as the best global location g obtained so far among all particles. In each iteration, the value of the best
global is shared among all particles, and particles try to move towards the best location found in the search
space. More specifically, the velocities of particles are updated in time steps of t, which in turn are added to
the previous location values so that all particles can move to their new locations. Thus,

X+ D) =X +3¢+ 1) (13)

In the relation above, v, X, and t represent velocity, displacement, and the steps towards optimization,
respectively. In PSO, the newly updated velocity is obtained from a previous velocity using the following
relation:

vIE+D) =y @)+ U0.4)(p@)-x@)+U(0,4,)(g(1)-x () (14)

Where U(a, b) is a random variable of uniform distribution on the interval [a, b]. o is a parameter known as
inertia coefficient”, which controls the contribution of the previous velocity to the determination of new
velocity. In addition, ¢, and ¢, represent the importance of p(t) and g(t), respectively. Moreover, in all
iterations, the velocity vector v(t) of all particles is limited by an upper limit parameter v,,,,. PSO is initiated
by assigning all particles random coordinates from the search space based on a uniform distribution. The
initial particle velocities are also randomly drawn for the interval [-v,,,oVil-

The most important issue to consider when designing optimization algorithms, and intelligent optimization
algorithms in particular, is the determination of a suitable cost function for optimization. The choice of an
inadequate cost function may grant higher priorities throughout the optimization process to the false


a
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a
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a
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a
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solutions and therefore hugely affects obtaining the optimum solution.

4. CONTROLLER DESIGN BASED ON THE PEM FUEL CELL CONSIDERATIONS

PID controllers have been widely used in many applications for output regulation. A block diagram of the
PID controller is shown in Figure 3.

In the figure above, K, K; and K}, are the proportional, integral, and derivative coefficients, respectively. It
should be noted that the improper choice of these coefficients can severely degrade the operation of the
system under control. One of the main limitations in utilizing PID controllers is how one should set these
coefficients to achieve the best controlling state”. Another approach is to use a nonlinear system itself and
directly design a PID controller employing intelligent methods; this is the approach utilized in this work. In
the proposed method, the PSO algorithm is used to find the best PID coefficients. The block diagram
structure of the utilized fuel cell as well the controllers is shown in Figure 4.

As shown in Figure 5, two PID controllers were initially envisaged for the proposed system, which hold,
respectively, the roles of controlling hydrogen and oxygen flows in the fuel cell. Studies indicate that,
considering the physical structure of researched fuel cell, the existence of derivative coefficients within
controllers could provoke system instability””; therefore, by eliminating derivative coefficients, PID
controllers are transformed to PI controllers. Since two coefficients are considered for each controller, the
optimal selection of four integral and derivative coefficients creates a challenging problem. In the proposed
system, this issue is dealt with by the use of the PSO algorithm. The definition of a suitable cost function is
the most important factor for the success of optimization algorithms. In the proposed system, some
constraints and criteria are considered for the building of the cost function, which are presented in the
following.

4.1 Error integral criterion

The error integral criterion is adopted as a suitable measure for the performance evaluation of control
systems. Different versions of this measure are proposed in the literature”. Our proposed system utilizes
one of the most popular versions of the error integral criterion, as defined by the following relation:

ISTE = [ Pe(ry’dt (15)

Since the corresponding system response is of a slow decaying type, the ISTE measure provides the most
adequate choice among various versions of error integral criteria'’.

4.2 Oxygen and hydrogen pressures (practical parameters)

Oxygen pressure (P,,) and hydrogen pressure (P;;,) are two of the most important parameters existing in
fuel cells and are included as constraints to the optimization stage of this study. The pressures of these gases
are considered in two ways. Initially, for both pressures, a maximum value of 8 bars during the transient
period (first 10% of the response) is considered, followed by a maximum pressure constraint of 6 bars for
the rest of the response. In other words, all of the solutions that do not satisty the given constraints are
eliminated from the body of possible solutions. Besides the maximum pressure constraints, pressure
differences (AP) of these two gases are two more important parameters that should be taken into account. In
fact, some hardware limitations, such as the presence of a membrane between the anode and cathode, make
the negligible difference among oxygen and hydrogen pressures both serious and preferable. The pressure
difference between oxygen and hydrogen AP is incorporated into the cost function in three ways. To this,
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Figure 3. Transfer function of the proportional-integral-derivative controller.
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Figure 4. Controller block diagram for the proposed structure. PID: Proportional-integral-derivative; PSO: particle swarm optimization.

the population of PSO is categorized with respect to AP at three levels of AP > 4, 2 < AP < 4, and AP < 2.
Populations with AP values exceeding 4 bars are assigned with a cost function value of infinity and
eliminated as unfit solutions. In addition, the populations producing values between 2 and 4 bars affect the
cost function directly. Finally, the effects of populations with values below 2 bars are considered as zero in
the cost function. Thus, the overall cost function is formulated as follows:

Cost Function = (z, + z, + z) x ISTE (16)

In the above equation, z, and z, control limitations on the pressures of oxygen and hydrogen gases,
respectively. To eliminate the populations exceeding the maximum pressure constraints, their
corresponding z, and z, parameters are set to infinity. In addition, z, is used to control AP. For APs
exceeding 4 bars and less than 2 bars, their corresponding z,s are set to infinity and zero, respectively.
Finally, for AP € [2,4], we consider z, = AP.
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Figure 5. The polarization curve of the model for various temperatures.

5. SIMULATION AND RESULTS

In this section, we first present the simulation results for the proposed fuel cell model across various
temperatures and pressures to validate the performance and evaluate its polarization curve. The
performance of the designed controller is evaluated in the following.

5.1 The effect of cathode temperature on the performance of fuel cell

A 500-watt fuel cell was considered in the first simulation at a constant pressure condition (1 bars for
cathode and anode), various temperatures, and for currents up to a 25 A. The polarization curve of the fuel
cell is obtained by applying a step current, which is plotted in Figure 5 against different temperatures.

As shown in Figure 5, an increase in temperature elevates the polarization curve; thus, it can be concluded
that temperature increases add to the current and voltage taken from the stack. In addition, the voltage
drops over time is apparent for all temperatures.

5.2 The effect of cathode pressure on the performance of fuel cell

In this section, we present the results of another simulation carried out to evaluate the effect of cathode side
pressure on temperature, while the anode side pressure was maintained at a fixed value. In this simulation, a
1 A current was again applied to the fuel cell. Since our goal was to study the effect of cathode pressure
variations on the output voltage, both anode side pressure and temperature were considered as fixed. The
corresponding polarization curve is depicted in Figure 6.

As shown in Figure 6, an increase in cathode pressure elevates the curves; thus, it can be concluded that the
current flow and output voltage of the stack are increased in response to pressure increase on the cathode
side. In addition, the voltage drops over time is apparent at all pressures. Considering the polarization
curves in Figures 5 and 6, which match to polarization curves of a typical fuel cell, one can conclude that
achieving a constant voltage output from the fuel cell without adopting any controlling operations is not
practically possible.
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Figure 6. The polarization curve of the model for various cathode pressures.

5.3 Simulation of the proposed controller and its results

As mentioned above, the controller parameters of the proposed method are designed by utilizing the
nonlinear model of a fuel cell in combination with the PSO algorithm [Table 2]. A population of 50 particles
and 100 iterations were chosen as the PSO parameters. In addition, K, and K; were chosen within the
intervals [0,10] and [0,1], respectively. Furthermore, the fixed parameters of PSO were selected as w = 0.7
and ¢, = ¢, = 2. The normalized reduction in the PSO cost function with respect to the number of iterations
is shown in Figure 7.

In the following, the results obtained from the simulation of fuel cell system and PID controller in two
modes are presented for comparison, that is using the coefficients either suggested in’ or resulting from
our proposed method.

As shown in Figure 8, the proposed system provides the considered output with a maximum overshoot of
10% and a resting time of 3.5 s. In addition, it is shown that the output voltage with the PID controller has
an overshoot of 20% and a risetime of 3.7 s. The variation curves of hydrogen pressure (P,,) and oxygen
pressure (Py,) as well as their pressure difference (AP) are shown in Figures 9 and 10 for further evaluation.

As shown in Figure 10, the anode side (hydrogen) and cathode side (oxygen) pressures converge to the
desired steady state values after a transient period passes. The most significant issue here is the difference
between the anode and cathode side pressures, which, if sustained under 2 bars, can save the polymer
membrane from severe shocks and increase the stack life. The pressure difference between the two sides is
shown in Figure 10.

Figure 10 indicates that the controller designed through the PSO optimization algorithm keeps the pressure
difference for all times within an acceptable range, whereas the controller suggested in*® ignoring the
practical parameters exposes the system to pressure differences up to 10 bars. This, in turn, reduces the
lifespan of the membrane placed between the cathode and anode.
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Table 2. Parameters of the proposed controller

KP1 KI1 KPZ KI2
19884 0.01 19884 0.01
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Figure 7. Normalized reduction in the PSO cost function with respect to iterations. PSO: Particle swarm optimization.
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Figure 8. The output voltage of the fuel cell controlled by the proposed method. PID: Proportional-integral-derivative; PSO: particle
swarm optimization.

6. CONCLUSIONS

With the severe nonlinear characteristics of the PEM fuel cell system, using the PID controller for the linear
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Figure 9. Pressure variation curves for: (A) hydrogen (PH,); and (B) oxygen (PO,). PID: Proportional-integral-derivative; PSO: particle
swarm optimization.
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Figure 10. The pressure difference between the two sides of the membrane. PID: Proportional-integral-derivative; PSO: particle swarm
optimization.

model of the PEM fuel cell system could not guarantee robust control under parametric uncertainty and
severe load fluctuations. The use of a linear model-based controller increases the pressure in both anode and
cathode areas, which in turn induces a high pressure difference across the polymer membrane, thus
reducing the lifespan of the fuel cell. The proposed method uses the PSO algorithm, taking into account
practical parameters, to design a PID controller for a nonlinear model of the fuel cell. Comparison of the
results obtained from the conventional PID controller and the proposed PID-PSO structure shows that
PID-PSO can desirably guarantee the specifications of overshoot, transient time, and settling time for a
defined pressure difference across the anode and cathode plates.

In this paper, the nonlinear model of PEM fuel cell system is first extracted with respect to different
temperatures and pressures and then evaluated for various temperatures and pressures. In addition, it is
shown that the severe nonlinear characteristics complicate controller design for the system. It is illustrated
that a PID controller using a linearized model cannot guarantee the performance of the system in practical
conditions under uncertainties and severe load changings. Increases up to 20 bars in the anode and cathode
side pressures, as well as the very high pressure differences (about 10 bars), reduce the lifespan of the fuel
cell.

Finally, as demonstrated in this study, intelligent optimization methods can be sought as one of the most
suitable methods for PID controller design directly using a nonlinear system. The PSO algorithm is
proposed by taking into account the practical parameters and nonlinearity of the PEM fuel cell model.
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In other words, the accomplished design guarantees satisfactory overshoot, transient time, and settling time
for a close-to-zero pressure difference between the anode and cathode sides. In addition, because this
research would need a test setup with an expensive fuel cell system, it was tested in simulations. In the
future, we plan to do research on a real fuel cell system, which will provide valuable results.
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