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Abstract— This paper proposes a predictive nonlinear PID neural voltage-
tracking controller design for Proton Exchange Membrane Fuel Cell (PEMFC)
Model with an on-line auto-tuning intelligent algorithm. The purpose of the
proposed robust feedback nonlinear PID neural predictive voltage controller is
to find the optimal value of the hydrogen partial pressure action in order to
control the stack terminal voltage of the (PEMFC) model for one-step-ahead
prediction. The Chaotic Particle Swarm Optimization (CPSO) is utilized as a
stable and intelligent robust on-line auto-tuning algorithm to obtain the near-
optimal weights for the proposed controller so as to improve the performance
index of the system as well as to minimize the energy consumption. The
Simulation results demonstrated the effectiveness of the proposed controller
compared with the linear PID neural controller.

Index Terms— Chaotic Particle Swarm Optimization, Fuel Cell, Nonlinear PID Neural
Controller.

I. INTRODUCTION

In recent years, fuel cells have been widely used due to their electrochemical nature, where the fuel
cells generate the electric power as a result of a chemical reaction in which oxygen and hydrogen are
used. Fuel cells get their chemical compounds to interact from nature, and this distinguishes them from
other sources of the electricity power generation (such as batteries and internal combustion engines). In
addition, there are many advantages of fuel cells such as; they are considered as a clean source of
energy, they cause less emission, which approaches to zero, and they work quietly. The fuel cells are
made up from two sides, the left side and the right side, where the left side is the entrance to the
hydrogen gas known as the anode side and the other side is known as the cathode, which is an input of
the oxygen gas. These sides are known as electrodes. The other content of fuel cells is the electrolyte.
The catalyst material covers the electrodes [1]. The power generated from each single cell is less or
equal to one volt; therefore, a group of cells is connected either sequentially or in a parallel form to
generate the required power, and in this case, the group of fuel cells is called the stack. According to
the type of electrolyte, the fuel cells are classified into many types such as: direct methanol fuel cell,
alkaline fuel cell, phosphoric acid fuel cells, molten carbonate fuel cell, solid oxide fuel cell, reversible
fuel cell and proton exchange membrane fuel cells [2]. The PEMFC is very interesting because it has
many qualifications such as, the PEMFC can be operated at room temperature, it requires low pressures,
and it has speedy start-up, quiet operation, small size and high efficiency [3], [4]. There are many factors
that affect the work of fuel cells in the production of electric power. Therefore, in order to ensure the
generation of the greatest energy, several researchers suggested various control methods to track the
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output voltage of the fuel cell stack when the load current is variable, including fuzzy logic controller

[5], optimal PEMFC based hybrid learning [6], cascade control [7], robust neural network adaptive

control [8], support vector machine (SVM) [9], traditional sliding mode controller [10], hybrid Taguchi

method and genetic algorithm neural networks [11], backtracking search algorithm combined with

Burger's chaotic map (BSABCM) [12], second order sliding mode [13], etc. To understand the

implicated phenomena of fuel cells, many kinds of intelligent algorithms are used, such as Salp Swarm

Optimizer (SSO) [14], particle swarm optimization [15], genetic algorithm [16], Bio-Inspired Proton

Systems based Optimization Algorithm (BIPOA) [17], and grey wolf optimization [18].

The motivation of this paper is to focus on the dynamic response of the PEM fuel cell stack and to
stabilize the power output, especially when it uses different loads in mobile applications. Furthermore,
the modeling representation of the PEMFC system and controlling the output voltage are still
challenging issues.

The main contributions of this paper are to:
¢ Study and analyze the PEM fuel cell operating system in terms of the effect of each variable input-

output such as hydrogen partial pressure, temperature and load current.

o Design of a feedback nonlinear PID neural controller with a prediction algorithm for one-step ahead
to stabilize and track the desired output voltage of the fuel cell system in the transient state as well
as to get the optimal or near optimal value of the hydrogen partial pressure control effort.

o Improve and stabilize the output voltage performance of the PEMFC system using an on-line
performance index evaluation.

This paper is arranged as follows: Section 2 explains the modeling of the PEMFC system. Section 3

illustrates the predictive nonlinear PID neural network controller. Section 4 discusses the numerical

results of the simulation for the proposed controller. Section 5 gives the conclusions of the proposed
controller.

Il. MODELING OF THE PEM FUEL CELLS

Due to the important role of fuel cells in many applications, they must be manufactured carefully.
Hence, this type of fuel cells is considered expensive because both the membrane and the electrode
are made up from platinum [6]. This type of fuel cells is one of the important and eco-friendly sources
of future power generation [6]. The main operation concept for this type of fuel cells can be explained
as illustrated in Fig. 1. In particular, when the H; gas inters the PEM fuel cell from the left side, which
is called the anode, it decays into two compounds, hamely positive chemical compounds, which are
called the protons, and negative chemical compounds, which are called the electrons, because of the
presence of the platinum catalyst. Only the positive compounds pass from the left to the right side [6],
[18].

The chemical reaction at the left side is given by:

2H, - 4H" + 4e” Q)

Negative chemical compounds (electrons) transport through the external electrical circuit to
generate the electric signal. Positive and negative compounds react with oxygen from the air to
produce water and energy as a result of the chemical reaction [6], [8].

The chemical reaction at the right side is given by:

4e” +4H* + 0, - 2H,0 (2)

The water produced by the chemical reaction must be managed in such a way that maintains the
PEMFC, where the water pool on the cathode side leads to cell flooding and cell loss [3].
Each single cell produces an energy ranging from 0.9 to 1 volts. These are few volts to operate
any system. Therefore, to find a solution for this problem, several studies have proposed linking cells
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in a parallel or sequential group, and hence, the new name for this group is the stack. The operating
temperature of this type of cells is around (50 to 80 C°) [5], [6], [8]. For the purpose of modeling the
system controllers and simulating the power state, the modules use a polarization curve that shows the
relationship between voltage and current (V-I).
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FIG. 1. THE MAIN CONCEPT OF THE PEMFC WORK [18].

The mathematical model of the PEMFC can be calculated by using the equations below [6], [8], [18].

Where: Ve represents the outpu
En: represents the thermodynami

Veell = Vsteady = Viransient (3)
Vsteady = En — Viohm (@)
Viransient = Vact + Veon 5)

t voltage of the fuel cell in volt.
¢ potential in volt.

Vet is @ low voltage due to the interaction between the anode and the cathode (volt).
Vcon: IS the concentration overvoltage in volt.
Vonm: represents the voltage decline resulted from the impedance of the conduction of protons through
the electrolyte and of the electrons through their path in volt.
The important characteristics of the PEMFC are taken from [19], and they are explained in Table I.

TABLE |. THE CHARACTERISTICS OF PEMFC [19].

Parameters Values Units
Neell 32 _—
T 298 Kelvin degree
A 64 cm?
L 178 x 107 cm
PH2 1-5 Atm
PO2 0.2 Atm
Re¢ 0.0003 Q
B 0.0169 \

a, 0.948 --

a, -0.00312 -

as —7.6x 1075 --

ay 1.93 x 1074
J 0.0073 mA/cm?
\]max 0.469 mA/cmZ
) 23 -
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The thermodynamic potential (En) can be calculated by using the equation below [19]:
Ey = 1229 —0.85x 1073 x (T — 298) + 4.3085 x 1075 x T x ((InPH,) + 0.5 x In(P0;)) (6)

Where PH2 is the partial pressure of hydrogen in bar and PO, is the partial pressure of
oxygen in bar.

Activation loss is the voltage falling because of the activity between the anode and the cathode [19].
This type of losses can be calculated as shown below:

Vot =1 +a; XT + a3 XT XIn(CO,) + ay, X T X In(I) (7

Where,

I is the load current in Amper.

CO; is the oxygen concentration dissolved in the surface of the cathode (ohm /cmd).
CO can be calculated using the Henry law, as shown in the equation below [19].

— PO,
€0, = 5.08*106xexp($) (8)

The voltage of the ohmic loss can be determined by using the equation below [19], [20].
Vornm =1 X (Rc + Rpp) 9)

Where,
Rm represents the equivalent resistance of the electron flow in ohm and R represents
the constant value of the proton resistance in ohm.

R, = fnt (10)

Where, pm is the specific resistance of the membrane, and it can be calculated using the equation
below:
1 T \2 I
B 181.6[1+0.03(Z)+0.062(m) x ()2 )

pm - 4.18(T—303)
v-0634-3(5)exp T

The concentration loss can be determined utilizing the equation below [19], [20].

Vion = —B X In(1 ———) (12)

Jmax

Where, B represents the cell type dependence parameter.
J represents the density of the current that passes through the cell (Amper/m?).
Jmax explains the maximum current density that passes through the cell [19], [20], where

Jmax = Im% (13)

The total output voltage of the stack can be determined by the equation below [19], [20].
Vee = Neew X Veen (14)

Where, Ncell symbolizes the number of stack.
The equation below is used to determine the overall output power (in watt) from the stack:

Powerge = I Ve (15)
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I11. THE PREDICTIVE PID NEURAL CONTROLLER DESIGN

The controller proposed in this paper is a combination of the predictive nonlinear neural network
with the PID controller, where the traditional PID control module is characterized by simplicity,
efficiency, but the traditional PID control can not be used in multi-input multi-output nonlinear system,
since this controller with self-tuning parameter techniques is necessary to use such systems to
overcome external disturbances and parameter variations that are impredictable and can not be
accurately modelled. On the other hand, neural networks require a large training time and a large
number of parameter settings [21], [22]. This type of control, which combines the features of the PID
and the Neural Network, leads to high performance and provides strong and adaptive controller. Fig
2 explains the main structure of the predictive nonlinear PID neural network. The structure of the
nonlinear PID neural network consists of two parts, the first part explains tha Nonlinear PID Neural
Nerwork (NPIDNN) and the second part explains the on-line tuning algorithm. Based on the
characteristics of the PEMFC system operation, there are three outputs of the PEMFC system, namely
the Fuel-Cell stack output voltage (VFC), the temperature (T), and the load current (Ip), while the
inputs of the PEMFC system, which control the operation of the Fuel Cell, include the hydrogen partial
pressure (PH,) controlled effort and the oxygen partial pressure (PO2), which is considered as a
constant value in this proposed work.

PO2
Constant

Vdes 4 e (k)
»| NPIDNN PEM 5
A . Fuel Cell Voand |

A
A e(k-1) Power output

kp |ki |kd [ve

T

R CPSO Algorithm

FIG. 2. THE STRUCTURE OF THE PROPOSED PREDICTIVE NONLINEAR PID NEURAL NETWORK.

A. Predictive Nonlinear PID Neural Network (NPIDNN) Controller Structure
Fig 3 explains the construction of the predictive nonlinear PID neural network controller for
the PEM fuel cell.
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F1G. 3. THE PROPOSED NPIDNN CONTROLLER.
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The above structure represents a multi-layer recurrent neural network, which consists of three
layers. The input layer consists of (e(k) and e(k-1)). The number of neurons in the hidden layer is three
representing the proportional, integral, and differential neurons. After kp, ki, and kd gains are
calculated, they are passed to the output layer. The output layer uses a sigmoid function to calculat the
weighted sum (representing the output of the hidden layer), as follows:

net (k) =k, x e(k) + k; x (e(k) + e(k — 1)) + kq x (e(k) — e(k — 1)) (16)

1
1+exp(—1><net(k))

0(k) = (17)

Where, kp, ki, and kd are the proportinal, integral, and derivative gains, respectively.

e(K) is the tracking error defined as the diffrence between the desired output voltage (V) and the
actual output voltage (Vo).

The general equation of the predective nonlinear PID neural network controller is:

PH,(k) = 0(k) + vc X hc(k — 1) (18)

Where,
PH_(K) represents the control effort for one step ahead.
vc is the adjustable weight from the PSO algorithm.

hc(k) =B X PHy,(k—1) + a X hc(k — 1) (19)
a and P are gains whose values are proposed to be 0.1, and hc represents a variable.
The learning algorithm is usually based on the minimization (with respect to the network weights) of
the following objective cost function, as in the equation below:
E=23" (etk+1))" =230, Vdes(k +1) —Vo(k + 1)) (20)

i=1

Where, P represents the number of training points in the training set, k presents the
sample number, i presents the iteration acount, e(k+1) denotes the prediction model error at
each iteration among the true voltage output of the PEMFC and the desired output voltage,
Vo is the actual output voltage of the fuel cell of each iteration, and \/des represents the

desired output voltage at each iteration.

B. The On-Line Auto-Tuning Intelligent Algorithm

The Particale Swarm Optimization (PSO) is used as one of the modern stochastic search and
intelligent algorithms to train the nonlinear PID neural network. The PSO algorithm is famous for
providing solutions for many difficult optimization problems due to its powerful search capabilities,
guick convergence, and easy implementation. The PSO goal is to find and tune the best weights (kp,
ki, kd and vc) of the PID neural network. In addition, to show the effectiveness in terms of number of
iterations for evaluating the objective cost function and the minimum value obtained for the mean
square error cost function, Equation (20) is used. However, this algorithm becomes ineffective for two
reasons; when there are many local optimum and because of the random nature of the particle
generation, the algorithm takes a long time to come close to the optimal solution. To solve this problem,
the PSO is hybridized with the chaos method to produce a new algorithm (CPSO), and this algorithm
has the ability to approach the optimal solution in less number of iterations. Therefore, the CPSO is
used to train the predictive nonlinear PID neural network.

The steps of the CPSO can be explained as follows:
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The first step: Define the PEMFC parameters such as the hydrogen partial pressure (PH.), the oxygen
partial pressure (PO>), the temperature (T), the number of cells (Ncen), the maximum current (Imax), and
the current of the cell (lcen).
The second step: Adjust the maximum iteration number and initialize particles (kp, ki, kd and vc)
randomly.
The third step: Test the activation for each particle.
Based on the PSO procedure, the performance mainly depends on its parameters, and it often leads to
be trapped in local optimum, in this state the partical is called active. But in other states the partical is
not be trapped in the local optimum and the speed of the particale is equal to zero, the partical in this
state is called inactive.

If the particle is active:
1) Evaluate the cost function using the mean square error, as shown in equation (20) above.
2) Update the velocity and position for each particle using the two equations below [23]:

vk + 1) = w.vi(k) + o171y [Lpese—i — Xi (k)] + 212 [Gpese — x; (k)] (21)
Where, c1 and c; are cognitive coefficients, and r; and r, are two uniform random numbers.
Else the particle is inactive:

The CPSO algorithm works as follows:
1) Estimate the Logistic equation to find Whew [23], [24].

Bk +1) = up(k)[1 - p(k)] (23)
Where, u is equal to 4 as the control parameter therefore, (0) ¢ {0, 0.25, 0.5, 0.75, 1}.

iteration ]

W (K) = Whax-[(Wmax-Wmin) X maxno.iteration (24)

Whew = B(k + Dw (25)
2) Find a better performance index (mean square error)
3) Update the particles using the equations below [23], [24].
vi(k + 1) = Wnew-vi(k) t+on [Lbest—i - xi(k)] + o1 [Gbest - xi(k)] (26)
Xi(k + 1) = Xi(k) + vi(k + 1) (27)
The forth step: Update the iteration counter. If one of the stopping criteria is satisfied, then stop, else
loop to the first step.
Fig 4 depicts a flowchart of the CPSO algorithm. After each sampling time, the weights of the on-

line nonlinear PID neural network are updated to minimize the error between the actual output of the
PEMFC model and the desired voltage.
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FIG. 4. AFLOWCHART OF THE CPSO ALGORITHM.

IV. NUMERICAL SIMULATION RESULTS

The suggested form of the predictive nonlinear PID neural network controller, as explained in Fig.
2, is carried out by using the MATLAB m.file (2018) package. The first stage in the controller design
is necessary to study and analyze the dynamic characteristics of the PEMFC system that has the
physical parameters shown in Table I. The first study is to show the polarization curve of the output
voltage and the stack output power of the Fuel Cell in the normal operation state during changine the
load current from 0 A to 30 A, while the hydrogen partial pressure is at a constant value of 1.0 bar, the
oxygen partial pressure is at a constant value of 0.2 bar and the temperature of the operation is constant
at 25C°, as shown in Fig. (5, aand b). The maximum power of this model is clearly at the current which
is equal to 29 A. Fig 6 shows the polarization curve of the loss voltage in the Fuel Cell system during
changing the load current from 0 A to 30 A.
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FI1G. 6. THE DROP VOLTAGE IN THE FUEL CELL SYSTEM AGAINST THE VARIABLE LOAD CURRENT.

The second study is to show the effect of the hydrogen partial pressure, which changes
from 0.1 bar to 5 bar on the output voltage of the Fuel Cell (FC) operation during changing
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the load current of (FC) form 0 A to 30 A, while the temperature of the operation is
constant at 25C°. Fig 7 shows the output voltage of (FC), which increases when the
hydrogen partial pressure increases too, because the thermodynamic potential (EN) value of
the PEMFC system, indicated in equation (6), has been improved toward increasing, which
led to improving the performance of the Fuel Cell system.

30
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FI1G. 7. THE FUEL CELL OUTPUT VOLTAGE SYSTEM AGAINST LOAD VARIABLE CURRENT WHEN THE HYDROGEN PARTIAL PRESSURE
IS CHANGED AGAINST VARIABLE LOAD CURRENT.

The third study is to show the effect of the temperature which changes from 25 C°to 80
C° on the output voltage of (FC) operation during changing the load current of (FC) from 0
A to 30 A, but the hydrogen partial pressure is kept as a constant value at 1.0 bar and the
oxygen partial pressure is kept as a constant value at 0.2 bar. Fig 8 shows the output voltage
of (FC), which increases when the temperature increases too, because the thermodynamic
potential (EN) value of the PEMFC system has been improved toward increasing, which
reduces the impact values of the parameters on the loss voltage in the fuel cell system, and
this led to improve the performance of the fuel cell system. However, increasing the
temperature of the fuel cell operation will cause a loss of the necessary humidity for the cell
membranes, which leads to a negative impact on the life of the fuel cell.
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FI1G. 8. THE FUEL CELL OUTPUT VOLTAGE WHEN THE OPERATION TEMPERATURE IS CHANGED AGAINST A VARIABLE LOAD
CURRENT.
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To establish the proposed controller design, there are two stages that should be achieved as
follows:
The first stage is to construct the nonlinear PID neural network PEMFC model using the multi-layer
recurrent neural networks structure, as explained in Fig. 3, to develop the PEMFC model system. In
stage two, the on-line CPSO algorithm is used to tune the predictive nonlinear PID neural network.
When a and B are equal to zero and the linear activation function is used, the general equation of
the linear PID neural network becomes:

PH, (k) = kp x e(k) + ki X (e(k) +e(k — 1)) + kd X (e(k) —e(k — 1)) (28)

The equation above is called the linear PID neural network.
The on-line CPSO algorithm is used to tune the weights of the predictive (linear and nonlinear)
PID neural network, and Table 11 shows the parameters of the on-line CPSO:

TABLE Il. PARAMETERS OF THE ON-LINE CPSO ALGORITHM.

Max. Min.
S N _— The best
Number of  Particle’s inertia inertia
Type of Controller . - ; . ctandcz  riandrz number of
Particles weights weight weight . .
iterations
Wmax Whmin
. Random
Nonlinear PID NN 20 4 0.7 0.3 1.496 0.1) 50
. Random
Linear PIDNN 20 3 0.7 0.3 1.496 ©.1) 50

In 125 samples, the desired output voltage required for the PEMFC system is changed in five phases
with the load current, which also changes in five stages of (15, 10, 6, 15 and 10 A), as shown in Fig. 9.
Fig 10 shows the one step ahead for the predictive linear and nonlinear PID neural network, where in
the linear one, the error is not equal to zero due to the small oscillation in the output without an overshoot
in the transient state, as shown in Fig. 10. The performance of the nonlinear PIDNN controller was a
clear response in terms of the excellent tracking error of the actual output voltage to the desired output
voltage at the different step changes without oscillation when compared with the linear PIDNN
controller, as shown in Fig. 10. Table Il shows the dynamic characteristics for the Linear and Nonlinear
PID Neural Network controllers during only the first step change. From this table, we can observe that
the nonlinear PIDNN controller has a faster response in the tracking error compared to the linear PIDNN
controller in terms of the rise time and the settling time
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F1G. 9. CURRENT VARIATION OF THE FC LOAD.
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F1G. 10. THE FUEL ACTUAL OUTPUT VOLTAGE OF PEM FUEL CELL FOR ONE-STEP PREDICTIVE PID NEURAL NETWORK.

TABLE Ill. STEP RESPONSE CHARACTERISTICS OF THE LINEAR AND NONLINEAR PIDNN CONTROLLER.

Type of Controller Rise time Settling time ~ Overshoot  Peak time

Nonlinear PID NN 0.0957 0.11 0 0.121

Linear PIDNN 0.0998 0.149 0 0.127

In the predictive linear PID neural network controller, for one step ahead, the control action
response (PH) is clearly not smooth for tracking the desired output voltage, as shown in Fig. 11. While
in the nonlinear PIDNN controller, the control action has a smooth response and it was able to track the
desired output voltage and minimize the steady state error, as shown in Fig. 11.
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Fi1G. 11. THE FUEL CONTROL ACTION FOR ONE STEP AHEAD FOR THE LINEAR AND NONLINEAR PID NEURAL NETWORK.

Based on the CPSO, the on-line performance of the mean square error of the predictive linear
PIDNN controller for one step ahead is shown in Fig. 12, where the minimum value of the performance
index reaches to 0.053. On the other hand, the on-line performance of the mean square error of the
nonlinear PIDNN controller for one-step ahead is equal to 0.0305.
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F1G. 12. THE VALUE OF THE ON-LINE OBJECTIVE COST FUNCTION FOR ONE STEP AHEAD PREDICTIVE LINEAR AND NONLINEAR PID
NEURAL NETWORK.

V. CONCLUSION

The numerical simulation results of the suggested predictive nonlinear PIDNN controller with the
CPSO algorithm for controlling the nonlinear PEMFC system are presented in this paper. The proposed
nonlinear PIDNN controller compared to the linear PIDNN controller has many abilities in terms of: (i)
Strong adaptation for the controller parameters without the over-learning problem because the on-line
CPSO algprithm was used; (ii) Fast and smooth tuning algorithm which leads to no oscillation in the
model output; (iii) High robustness behavior for the predictive nonlinear PIDNN controller when
generating the hydrogen partial action to follow the desired output voltage of the PEMFC system during
the load current variations.
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