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a b s t r a c t

Parameter identification of PEM (proton exchange membrane) fuel cell model is a very active area of
research. Generally, it can be treated as a numerical optimization problem with complex nonlinear and
multi-variable features. DE (differential evolution), which has been successfully used in various fields, is a
simple yet efficient evolutionary algorithm for global numerical optimization. In this paper, with the
objective of accelerating the process of parameter identification of PEM fuel cell models and reducing the
necessary computational efforts, we firstly present a generic and simple ranking-based mutation oper-
ator for the DE algorithm. Then, the ranking-based mutation operator is incorporated into five highly-
competitive DE variants to solve the PEM fuel cell model parameter identification problems. The main
contributions of this work are the proposed ranking-based DE variants and their application to the
parameter identification problems of PEM fuel cell models. Experiments have been conducted by using
both the simulated voltageecurrent data and the data obtained from the literature to validate the per-
formance of our approach. The results indicate that the ranking-based DE methods provide better results
with respect to the solution quality, the convergence rate, and the success rate compared with their
corresponding original DE methods. In addition, the voltageecurrent characteristics obtained by our
approach are in good agreement with the original voltageecurrent curves in all cases.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the high energy efficiency, superior durability, low
emission, high scalability, good transient responses of the FC (fuel
cell) technology, it has received a heightened research focus in
recent years [1,2]. Among various types of fuel cells, the PEMFCs
(proton exchangemembrane fuel cells) have obtained an increasing
interest for both mobile and stationary applications because of
their high efficiency, low noise, no waste, low operating tempera-
ture, low pressure, etc [3]. Also, due to their advantages, they can be
used to build hybrid energy generation systems, such as wind/
hydrogen hybrid systems to provide consistent sustainable energy
supply [4].

Within different fields of research in PEMFC, the modeling of
PEMFC has attracted considerable attention among researchers of
different backgrounds, and different models of PEMFC are available
in the literature [5e8]. Mo et al. [9] classified different PEMFC
models into two approaches: i) mechanistic models and ii) models

based on empirical or semi-empirical equations. However, no
matter what type of models, the parameters of models need to be
identified in order to improve the accuracy of the models andmake
the models indicate the actual PEMFC performance better [9,10].
For example, the parameter settings of the hydrogen flow rate, air
flow rate, inlet hydrogen pressure, membrane dehydration, catalyst
layer flooding, mass transport, and fluid flow regimes affect the
performance of PEMFC models significantly [11,12]. Identifying the
parameters of PEMFC models can be treated as numerical optimi-
zation problems. However, since the PEMFC system is a complex
nonlinear and multi-variable system, the parameter identification
of PEMFC models is hard to be tractable by conventional methods.
Therefore, it is essential to identify the parameters of PEMFC
models using advanced optimization techniques.

In recent years, the use of heuristic optimization techniques for
parameter identification of PEMFC models has received increasing
interest, such as GAs (genetic algorithms) [9,13,14], simulated
annealing [15,16], PSO (particle swarm optimization) [17,18], har-
mony search [3,19,20], seeker optimization algorithm [21], artificial
immune system [22], P systems based optimization algorithm [23].
Most recently, differential evolution is also used to solve the
parameter identification of PEMFC models [24]. However, in order
to efficiently and fast solve the parameter identification problems
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in PEMFC models, it is necessary to investigate more efficient
optimization techniques to reduce the necessary computational
efforts to achieve an optimal design [25].

DE (differential evolution), proposed by Storn and Price [26], is a
simple, efficient, and versatile numerical optimization algorithm.
The advantages are its simple structure, ease of use, speed, and
robustness. Due to these advantages, DE has been successfully
applied in diverse fields, such as engineering design, digital filter
design [27,28], optimal power flow [29], simulation of solar-
thermal refrigeration systems [30], hydrothermal generation
scheduling [31,32], and so on.With the objective of accelerating the
process of parameter identification of PEMFC models and reducing
the necessary computational efforts, in this work, a generic and
simple ranking-based mutation operator is presented for the DE
algorithm. The ranking-based mutation operator does not increase
the complexity of the original DE algorithm significantly, and it can
be combined with most of advanced DE variants. Based on this
consideration, it is incorporated into five highly-competitive DE
variants, i.e., jDE [33], SaDE [34], JADE [35], CoDE [36], and DEGL
[37]. The five ranking-based DE variants together with the five
original DE variants are validated by using the simulated voltagee
current data of PEMFC model and the data obtained from Ref. [9].
Numerical results indicate that the ranking-based DE methods
provide better results with respect to the solution quality, the
convergence rate, and the success rate compared with their cor-
responding original DE methods. In addition, the voltageecurrent
characteristics obtained by our approach are in good agreement
with the original voltageecurrent curves in all cases. Thus, the
ranking-based DE approaches can be an efficient alternative for
other complex parameter identification problems of FC models.

The rest of this paper is organized as follows. Section 2 briefly
describes the PEMFC stack model used in this work and the
objective function to be optimized. Next, in Section 3we introduced
the original DE algorithm in brief. In Section 4 our proposed
ranking-basedmutation operator is presented in detail, followed by
the experiments and discussions in Section 5. Finally, Section 6
draws the conclusions from this work.

2. Problem formulation

In this section, we first briefly introduce the PEMFC stack model
used in this work. Then, the objective function to be optimized is
specified.

2.1. PEMFC stack model

In this work, the PEMFC stack model presented in Ref. [9] is
used. For n cells connected in series to form a stack, the terminal
voltage of the stack can be calculated by [38],

Vs ¼ n$VFC (1)

where VFC is the output voltage of a single cell, which can be
formulated as [7]

VFC ¼ ENernst � Vact � Vohm � Vcon (2)

ENernst is the thermodynamic potential defined by

ENernst ¼ 1:229� 0:85� 10�3$ðT � 298:15Þ þ 4:3085
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where T is the cell temperature (K), P�H2
and P�O2

are the hydrogen
and oxygen partial pressures (atm), respectively. They are given
by [5]
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where RHa and RHc are the relative humidity of vapor in the anode
and cathode, Pa and Pc are the anode and cathode inlet pressures
(atm), respectively. A is the effective electrode area (cm2) and icell is
the cell current (A). PsatH2O

is the saturation pressure of water vapor
(atm), which is defined as a function of the temperature T as follows
[9,24]

log10
�
PsatH2O

�
¼ 2:95� 10�2$ðT � 273:15Þ � 9:19

� 10�5$ðT � 273:15Þ2 þ 1:44

� 10�7$ðT � 273:15Þ3 � 2:18 (6)

According to Ref. [6], the activation overpotential Vact, including
anode and cathode, can be expressed by the following formula

Vact ¼ �
h
x1 þ x2$T þ x3$T$ln

�
C�
O2

�
þ x4$T$lnðicellÞ

i
(7)

where x1, x2, x3, x4 are the parametric coefficients for each cell
model, and C�

O2
(mol/cm3) is the concentration of oxygen in the

catalytic interface of the cathode, given by [7,9]

C�
O2

¼ P�O2

5:08� 106$ expð�498=TÞ (8)

The ohmic voltage drop Vohm can be determined by the
following expression [6]

Vohm ¼ icell$ðRM þ RCÞ (9)

where RM is the equivalent membrane resistance to proton con-
duction, and RC is the equivalent contact resistance to electron
conduction. RM is defined by [9]

RM ¼ rM$[

A
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where rM is the membrane specific resistivity for the flow of hy-
drated protons (U cm), and [ is the thickness of themembrane (cm),
which serves as the electrolyte of the cell. The parameter l is an
adjustable parameter with a possible range of Refs. [10,24].

The concentration overpotential Vcon caused by the change in
the concentration of the reactants at the surface of the electrodes as
the fuel is calculated by [7]

Vcon ¼ �B$ln
	
1� J

Jmax



(12)

where B (V) is a parametric coefficient, which depends on the cell
and its operation state. J is the actual current density of the cell
(A/cm2), and Jmax is the maximum value of J.
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