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Preface
During the last five years, the University of Texas at Arlington has been
independently conducting research on fuel cells as well as collaborating
with Texas Christian University. The main research focus has been the
modeling of polymer electrolyte membrane (PEM) fuel cells and nonlinear
control design using the exact linearization control method.
The present literature pays a lot of attention to the control design of fuel cell
interfaces, while the research on control design for the fuel cell itself receives
less attention than it should. This may be due to the complexities involved in
control design. However, control is very important to fuel cell operation and
efficiency, and this book serves as an introduction to this topic.
This book should be of interest to faculty, students, consultants, manufacturers, researchers, and designers in the field of renewable energy, as it
provides a detailed discussion on fuel cell modeling, analysis, and nonlinear control with simulation examples and test results. We assume its readers
already have a fundamental knowledge of control theory and fuel cell chemical reactions.
It presents a comprehensive description of modeling and control of PEM
fuel cells, depicting typical approaches and achievements in the modeling
and control design strategies of PEM fuel cells. Both linear and nonlinear
models and control designs are included.
For the reader’s convenience, this book is organized in a self-contained
way to introduce, in sufficient detail, the essence of recent research achievements in the modeling and control design of PEM fuel cells. Mathematical
preliminaries in linear control and nonlinear control are provided in the
appendix.
The book’s organization has been designed to reflect the objective of this
book. Chapters 1 and 2 start with a brief introduction to fuel cells and fuel
cell power systems and lay down the fundamentals of fuel cell systems and
their components. They serve as the background and preparation for the
following chapters. Chapter 3 presents the linear and nonlinear modeling of
fuel cell dynamics. It serves as preparation for the linear and nonlinear control designs covered in Chapter 4 where it discusses the typical approaches
of linear and nonlinear modeling and control design methods for fuel
cells. It also serves to compare the linear and nonlinear control designs
and their effectiveness. Chapter 5 presents the Simulink implementation
of fuel cells, which includes the modeling of PEM fuel cells and control
designs and where simulation results of linear and nonlinear controllers
are presented and compared. Chapters 6 and 7 discuss the applications
of fuel cells in vehicles, utility power systems, and stand-alone systems.
Here also, details of typical models and control strategies are presented
xi

xii
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and discussed. Chapter 8 discusses the modeling and analysis of hybrid
renewable energy systems, which include the integration of fuel cells, wind
power, and solar power. Details of configuration and control schemes are
presented and studied.
We have intended to preserve generality in discussing the advanced
technology in the modeling and control of PEM fuel cells and the current
applications of fuel cells in vehicles, utility power systems, and stand-alone
systems.
We take this opportunity to acknowledge the University of Texas at
Arlington (UTA) and Texas Christian University (TCC) as well as the U.S.
Department of Energy (DOE) for their support. Our thanks also go to Dr.
Kai S. Yeung from the Department of Electrical Engineering at UTA; former graduate students Yunzhi Chen and Dr. Zheng Hui from the same
department at UTA; Dr. W. Carter from the Department of Mechanical and
Industrial Engineering at the University of Texas at El Paso (UTEP); former
graduate student Lu-Ying Chiu from UTEP; and Dr. Randall S. Gemmen
from the DOE.
We also wish to express our gratitude to Taylor & Francis Group for giving
us the opportunity to publish this book.
Bei Gou
Woonki Na
Bill Diong
Texas
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1
Introduction

1.1
1.1.1

The Past, Present, and Future of Fuel Cells
What Are Fuel Cells?

A fuel cell operates like a battery by converting the chemical energy from
reactants into electricity, but it differs from a battery in that as long as the
fuel (such as hydrogen) and an oxidant (such as oxygen) is supplied, it will
produce DC electricity (plus water and heat) continuously, as shown in
Figure 1.1. In the 1960s, the first practical fuel cells were developed and then
used in the U.S. Gemini and Apollo programs for space applications. Since
then, fuel cells have also been used increasingly for terrestrial applications
although it remains a “new” technology in so far as its commercialization.
As some of the fundamental obstacles are being overcome, fuel cells have
become more feasible for several applications and are gradually being developed and commercialized.
For example, in 1993, Ballard Power Systems demonstrated fuel cell powered buses. Then all major automotive manufacturers developed fuel cell
vehicle prototypes in the late 1990s and the early 2000s, which are undergoing tests in the United States, Japan, and Europe. For stationary power applications, more than 2500 fuel cell stationary power systems have already been
installed globally at hospitals, office buildings, utility power plants, and so
on. In 2005, Samsung Electronics also unveiled a prototype of fuel cells for
portable power applications that can run a laptop about 15 h. However, there
remain many challenges to the commercialization of fuel cells. The most
significant problems are reducing their cost as well as improving their
operating reliability.
The recent increasing impetus in developing and commercializing fuel
cells are due to its several advantages. These include “clean” by-products
(e.g., water when operated on pure hydrogen), which means it is “zero emission” with extremely low (if any) emission of oxides of nitrogen and sulfur.
They also operate quietly, not having any moving parts, even when working
with extra fuel processing and supply equipment. Furthermore, they have
high power density and high efficiency, typically more than 40% efficiency
in electric power production, which is better than traditional combustion
engine/generator sets, and the “waste” heat from a fuel cell can be used
for heating purposes, thus increasing its overall efficiency. Finally, they
can increase national energy security, since different types of fuel cell can
1
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FIGURE 1.1
A fuel cell’s inputs and outputs.

operate on various conventional and alternative fuels such as hydrogen,
ethanol, methanol, and natural gas, and hydrogen itself can be produced by
harnessing a variety of renewable energy sources; such capability can help
reduce U.S. dependence on foreign oil.
1.1.2

Types of Fuel Cells

Fuel cells are most commonly classified by the kind of electrolyte being
used. These include proton exchange/polymer electrolyte membrane fuel
cells (PEMFCs), direct methanol fuel cells (DMFC), alkaline fuel cells (AFC),
phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC), solid
oxide fuel cells (SOFC), zinc air fuel cells (ZAFC), and photonic ceramic fuel
cells (PCFCs), which vary widely in their required operating temperature.
But this book will focus only on PEMFCs, which are low operating temperature fuel cells intended for use in mass-production fuel cell vehicles that are
currently under development by the major auto manufacturers, as well as in
offices and residences.

1.2

Typical Fuel Cell Power System Organization

The fundamental components of a fuel cell power system are a fuel cell (most
commonly a stack or multilayer connection of fuel cells), a fuel and oxidant
supply, an electrical load, and an electric power conditioner (see Figure 1.2).
The fuel and oxidant supply along with the electric power conditioner are
typically lumped together with the fuel reformer, the thermal management
subsystem, and the humidification subsystem, when these are present, under
the term balance-of-plant.
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FIGURE 1.2
Block diagram of fuel cell power system interconnection.

1.3

The Importance of Fuel Cell Dynamics

For the successful commercialization of fuel cell vehicles, their performance, reliability, durability, cost, fuel availability and cost, and public
acceptance should be considered [1]. The most important disadvantage of
fuel cells now is their cost. However, the performance of the fuel cell systems during transients is another key factor. Therefore, during transients,
in order to generate a reliable and efficient power response and to prevent membrane damage as well as detrimental degradation of the fuel cell
stack voltage and oxygen depletion, it is necessary to design better control
schemes to achieve optimal air and hydrogen inlet flow rates—i.e., fuel cell
control system that can perform air and hydrogen pressure regulation and
heat/water management precisely based on the current drawn from the
fuel cell [2,3].
This book essentially addresses the issue of fuel cells’ slow transient
response to load changes, which is important since the dynamic behavior
of a fuel cell is integral to the overall stability and performance of the power
system formed by the fuel supply, fuel cell stack, power conditioner, and
electrical load. Present-day fuel cells have transient (dynamic) responses that
are much slower than the dynamic responses of the typical power conditioner and load to which they are attached. As such, the fuel cell’s inability to
change its electrical output (current) as quickly as the electrical load changes
has significant implications on the overall power system design. In particular, some form of energy storage with quick charge/discharge capability is
needed to function as firm power backup during electrical load increases
if the fuel flow to the fuel cell is not being kept constant at its maximum
level (which is wasteful and inefficient). The slower the fuel cell’s response,
the larger the amount of energy storage that is needed with the attendant
increases in its size, weight, and cost; it also reduces the number of suitable
energy storage options (ultracapacitor, flywheel, battery, etc.). Therefore,
the fuel cell’s dynamic response is of significant importance, particularly in
mobile applications.
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1.4

Organization of This Book

Chapter 2 describes PEMFCs and the fuel cell power system balance-of-plant
components in more detail. Then Chapter 3 describes the modeling of a
PEMFC’s dynamic behavior as an initial step towards prescribing controller designs to improve its transient behavior. This is followed by Chapter
4, which presents a few methods of control design for PEMFCs. Chapter 5
features the Simulink® implementations of fuel cell models and controllers.
Finally, Chapters 6, 7 and 8 discuss three important applications of fuel cells
where dynamic response is important; for vehicles and for fixed-voltage
stand-alone and hybrid power generation systems. To make this a more complete book for the reader, we have also included several appendices briefly
reviewing topics such as linear and nonlinear feedback control.
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2
Fundamentals of Fuel Cells

2.1

Introduction

The PEMFC, also called solid polymer fuel cell, was first developed by
General Electric in the United States during the 1960s, for use by NASA on
their first manned space vehicles [1]. This type of fuel cell depends primarily
on a special polymer membrane that is coated with highly dispersed catalyst
particles. Hydrogen is fed to the membrane’s anode side (possibly at a pressure greater than atmospheric pressure) where the catalyst causes the hydro+
gen atoms to release their electrons and become H ions (protons):
2H2 → 4H+ + 4e−

(2.1)

as shown in Figure 2.1. The proton exchange membrane (PEM) only allows
+
the H ions to pass through it, while the electrons are collected and utilized
as electricity by an outside electrical circuit (doing useful work), before they
reach the cathode side. There the electrons and the hydrogen ions diffusing
through the membrane combine with the supplied oxygen (typically from
air) to form water, a reaction that releases energy in the form of heat:
4e− + 4H+ + O 2 → 2H2 O

(2.2)

This water by-product must be removed to prevent the cell from being flooded
and rendered inoperative (more details later). In addition, any unused hydrogen and oxygen (air) are exhausted from the cell anode and cathode outlets,
respectively. For this reaction to proceed continuously, the electrons produced at the anode must flow through a circuit external to the fuel cell, and
the protons must flow through the PEM as shown in Figure 2.1.
The reaction in a single fuel cell produces an output voltage of around
0.7 V; for general applications, several individual cells are connected in series
to form a fuel cell stack to produce the desired voltage additively. The required
operating temperature for PEMFCs is only 50°C–100°C, which enables fast
start-up of operation. Thus, the PEMFC is particularly attractive for transportation applications, and also as a small- or mid-size distributed electric power
generator because it has a high power density, a solid electrolyte, a long stack
life, and low corrosion. Other advantages include its clean by-products (pure
water when hydrogen is the fuel, which means “zero-emission”), high energy
5

