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Abstract. Proton exchange membrane fuel cells have been receiving more and more attention these recent years. Maintaining a fuel cell system in
correct operating conditions requires good system control. The mathematical model of proton exchange membrane fuel cells is described in this
paper and a simulation platform is set up, and then the fuzzy logic controller is designed for the proton exchange membrane fuel cell to realize
constant power output. Simulation results show that the use of the proposed fuzzy controllers can get good control effects.

Streszczenie. Przedstawiono mozliwo$ci modelowania baterii wykorzystujgcych membrane z wymiang protonowg. Zastosowano kontroler
wykorzystujgcy logike rozmyta dla sterowania mocg wyjsciowg. (Sterowanie bateria z membrang o wymianie protonowej z wykorzystaniem logiki

rozmytej)
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Introduction

The world is facing an energy crisis as well as significant
environmental problems. It is well known that fossil fuels
such as petroleum, natural gas and coal are the main
resources for generating electricity. However, they also
have been major contributors to environmental problems.
Major efforts to reduce greenhouse gas emission have
increased the demand for pollution-free energy sources.
Renewable bioenergy is viewed as one of the ways to
alleviate the current global warming crisis. Major efforts are
devoted to developing alternative electricity production
methods [1, 2].

Fuel cells are promising energy sources that produce
electrical currents with almost null pollutant emissions. Fuel
cell technology plays an important role in the development
of alternative energy. In the recent years there was an
increasing interest in fuel cell technology. One of the most
interesting fuel cells types is the proton exchange
membrane fuel cell (PEMFC) due to its high efficiency [3],
and it is one of the promising technologies for power
generation in future [4].

The fuel cells are replacing the batteries and in the
current trend are becoming the most widely used resources.
Fuel cells are finding use in every aspect because of their
clean and efficient way of supplying electric power.
PEMFCs can serve as an emergency source of energy in
the event of a long-term power outage. The PEMFCs are
used in the standalone purposes at homes, hospitals,
industries and now are finding their use in numerous
vehicles.

The performance of PEMFC, being important and
getting more and more attention in recent years, is known to
be influenced by many parameters such as operating
temperatures both fuel cell and humidifiers, pressure, flow
rates and relative humidity of fuel and oxidant gases [5].
Significant improvements in proton exchange membrane
(PEM) fuel cell technology have been achieved over the
past decade. However, the performance, stability, reliability,
and cost for the present fuel cell technology are not enough
to replace internal combustion engines. A number of
fundamental problems must be overcome to improve their
performances and reduce their cost [6].

Maintaining a fuel cell system in correct operating
conditions when subjected to fast load changes requires
good system control. The complex and nonlinear dynamics
of the fuel cell make it a difficult task to design a good
control system. Fuzzy logic can capture the continuous
nature of human decision processes and as such is a

definite improvement over methods based on binary logic
[7]. Fuzzy control using linguistic information possesses
several advantages such as robustness, model-free,
universal approximation theorem and rule-based algorithm.
Fuzzy logic control is considered to be a useful tool for non-
model based control system design [8]. The techniques of
fuzzy logic control have been used in many applications
successfully [9, 10]. It is an effective method to solve
complex industrial process control.

Constant power sources are needed on many
occasions. So, making a PEMFC output a constant power
during a run is sometimes necessary. A single proton
exchange membrane fuel cell model was built in this paper
and a fuzzy logic controller for PEMFC was designed to
control the PEMFC to resist load disturbance and maintain
a constant output voltage.

This paper is organized as follows. The mathematical
model for a typical proton exchange membrane fuel cell is
described in Section 2. Section 3 presents a brief
description of designing a fuzzy logic power controller for
PEMFC. Simulation results are presented in section 4 to
confirm the effectiveness and the applicability of the
proposed method. Finally, our work of this paper is
summarized in the last section.

Model of PEM fuel cell

Mathematical models and simulation are needed as
tools for design optimization of fuel cells. In system studies,
it is important to have an adequate model to estimate
overall performance of a PEM fuel cell in terms of operating
conditions without extensive calculations [11].

PEM fuel cell electrochemical process starts on the
anode side where H, molecules are brought by flow plate
channels. Anode catalyst divides hydrogen on protons H'
that travel to cathode through membrane and electrons ¢
that travel to cathode over external electrical circuit. At the
cathode hydrogen protons H' and electrons ¢ combine with
oxygen O, by use of catalyst, to form water H,0 and heat.
Described reactions can be expressed by the following
equations [12, 13, 14]:

(1) H, —>2H" +2e (Anode)
2) 1 O, +H" +2e¢ — H,0 (Cathode)
2

®) H,+ % O, — H,0 + heat + electricity (total)
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The output voltage Vi, of a single cell can be defined as
the result of the following expression:
(4) Vfc = Enemst - Vact - Vohmic - Vcon

in which E,. is the thermodynamic potential of the cell
representing its reversible voltage, and

Enemst = 122’9 - 085 X 1073 (T}L - 29815)
®) )
+4.31x10°T,, {ln(PHz ) +51n( P, )}

where p and p, (atm) are the hydrogen and oxygen

pressures respectively, and Ty (K) is the operating
temperature. 7, is the voltage drop due to the activation of
the anode and the cathode

@ Ve =09514-3.12x10° T ~T4xX10° T In(C, )
+1.87x107*T, In(i)

where i (A) is the electrical current, and Co, is the oxygen
concentration. V.. is the ohmic voltage drop associated
with the conduction of protons through the solid electrolyte,
and electrons through the internal electronic resistance, and
its expression can be written as:

(7) Vohmic = i(RM + Rc)

where R¢ (Q) is the contact resistance to electron flow, and
Ry (Q) is the resistance to proton transfer through the
membrane, which can be described as:

8 . 2, .N\25
®) 181.6[1+0.03(1)+0.062( T j (’J }
A 303) L4
P ’ T.-303
{W—0.634—3(;Hexp{4.18(f0%H

where py (Q-cm ) is the membrane specific resistivity, /
(cm) is the membrane thickness, 4 (cm?) is the membrane
active area, and y is a specific coefficient for every type of
membrane; V.., represents the voltage drop resulting from
the mass transportation effects, which affects the
concentration of the reacting gases and can be described
by the following expression:

= —Bln(1-—)
1

max

9) V.

con

where B (V) is a constant depending on the type of fuel cell,
imax 1S the maximum electrical current of the fuel cell. The
output power of the single proton exchange membrane fuel
cell is:

(10) })fc = I/tcl
A generally accepted dynamic model of the PEM fuel
cell is modified and shown in Fig.1, in which ¢,, is the input

molar flow of hydrogen, ¢, is the input molar flow of

oxygen, Kj, is the hydrogen valve molar constant, and Ky,
is the oxygen valve molar constant, K, is a
transformation constant [15, 16].

Based on the above described mathematical model, a
Matlab/Simulink simulation model of the PEMFC can be set

up [17]. Parameters of the Ballard Mark V fuel cell [18] are
used in the simulation model.

qO
: POZ 1/ Ky,

- 1+17,8

, |1/ K,

H2
I+zs

L v

i Ve = Erna Vi~ Varmie— Ve
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Fig.1. PEMFC dynamic model

Design of a fuzzy logic controller

On many occasions, constant power source are
needed. So, control a fuel cell output a constant power is
necessary. In order to make the PEM fuel cell keep
constant power output, a fuzzy logic controller for constant
power output is designed.

Fig.2 shows the structure of the closed-loop fuzzy
control system. A fuzzy control system with dual inputs is
used to control the output power of the fuel cell, where Pf:
is the set point value of the output power. The error e(k), the
change in error ec(k) and the control output u(k) of the fuzzy
controller are given as:

(1) e(k)=P. P,
(12) ec(k)=e(k)—e(k-1)
(13) u(k)=u(k—1)+ Au(k)

Here Au(¢) is the inferred change of duty ratio by fuzzy
controller.

Fuzzy u B,

\

controller| "] PEMFC

| Ly
_I—P

Fig.2. The closed-loop fuzzy control system
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Fig.3. Membership function of the error ¢

The triangular type membership function is chosen for
error, change of error, and output control variable. The
fuzzy domain for e, ec is [-1, 1], and for yis [1, 10]. The
fuzzy set for e is {NB, NS, ZE, PS, PB}, and for ec and u is
{NB, NM, NS, ZE, PS, PM, PB}. The membership functions
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for input error e, change of error ec and output control « are
shown in Fig.3 to Fig.5.
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Fig.4. Membership function of the change of error ec
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Fig.5. Membership function of the control u

In this paper, the output control u of the fuzzy controller
is designed as ¢, , that is the input molar flow of oxygen of

the PEM fuel cell. The fuzzy control rule base is shown in
Table.1, and the 3-dimensional representation of control
variable u for fuzzy variables (e, ec) is shown in Fig. 6.

Table.1. Fuzzy control rules

e

" NB NS ZE PS PB

NB ZE ZE NB ZE ZE

NM ZE ZE NM ZE ZE

NS ZE ZE NS ZE ZE

ec ZE NB NS ZE PS PB
PS ZE ZE PS ZE ZE

PM ZE ZE PM ZE ZE

PB ZE ZE PB ZE ZE

Simulation and results

In order to verify the validity of the proposed fuzzy
controller, simulation operation was carried out in the
MATLAB simulation platform. The main parameters of the
PEMFC used in the simulation are shown in Table.2.

Table.2. Main parameters of the PEMFC
BIV] | Alem?] | Ti[Kl | Pu[atm]
0.016 50.6 343 1

R.[Q]
0.0003

/[cm] v
0.0178 | 23

The controller was designed to control the output power
of the PEMFC by adjusting the oxygen flow. The reference
setting output power of the fuel cell is 0.5W. The load
changes from 5Q to 6 Q at the time of 25s. In order to
diminish the influence caused by load disturbance, a self-
acting selector is applied to pick different quantifying factors
according to the condition of loading. Simulation results are
shown in Fig.7 to Fig.8. When the load is 5 Q , the
quantifying factors are K.=0.5, K..=0.001, X,=0.9; and when
the load turns to 6 Q2 , the quantifying factors are switched to

K.=10, K..=0.001, K,=70.

Fig.6. 3-dimensional representation of control variable u for fuzzy
variables (e, ec)
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Fig.7. Simulation results of uncontrolled PEMFC

In the normal condition of no controller exists in its
system, the PEMFC cannot output constant power, and this
can be seen from Fig.7. When the load changed from 5Q
to 6 Q), the output power jumped obviously. While if the
fuzzy control is applied to the PEMFC, the output power can
keep constant well, and this can be seen from Fig.8. The
steady tracking error approaches zero. Fuzzy control can
make the fuel cell track setting power well.

Conclusions

Proton exchange membrane fuel cells which need to
keep the output power invariable require good control
systems. By using fuzzy logic controller, the fuel cell can not
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only have fast response characteristic, but also have good
steady-state behavior and strong robustness. The suitable
fuzzy logic control schemes can get satisfactory results in
tracking a given power and guarantee that the fuel cells
have constant power outputs.
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Fig.8. Simulation results of Fuzzy Control PEMFC
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