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Preface

In the first edition of this book that was published in August 2008, the main
focus was the modeling of PEM (proton exchange membrane) fuel cells and
nonlinear control design using the feedback linearization control method.
Since then, the authors have continued conducting research in academia and
industry on fuel cells and its power electronics applications. In the second
edition, additional power electronics applications as well as material on direct
methanol fuel cells and fuel cell temperature model have been added based on
the authors’ research. In addition, an implementation of a digital signal
processor controller-based power electronics system has been described in
detail. Thus, we believe that the subject of this book will be of interest to
faculty, students, consultants, manufacturers, researchers, and designers in the
field of power electronics who will find a detailed discussion of fuel cell
modeling, analysis, and nonlinear control throughout the book with
simulation examples, test results, and power converter designs and their
control algorithms. We assume that readers have a fundamental knowledge of
control theory and fuel cell chemical reactions, electric circuits, and power
electronics.

This book presents a comprehensive description of modeling and control of
PEM fuel cells and its power electronics applications. It describes typical
approaches and achievements in the modeling and control of PEM fuel cells.
Both linear and nonlinear models and control designs are included. Also the
power converter control designs for fuel cell power applications are explained
including a linear controller, the sliding mode control technique, and
predictive control.

For readers’ 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 and its power electronics
applications including simulations and its digital signal processor-based
implementation. Mathematical preliminaries in linear control and nonlinear

control, induction machine d—g modeling, and space vector PWM (pulse
width modulation) are provided in the Appendix of the book.

Chapters 1 and 2 start with a brief introduction to fuel cells and fuel cell
power systems. The fundamentals of fuel cell systems and their components
are provided in Chapter 2. These two chapters serve as the background and



preparation for the following sections.

Chapter 3 presents the linear and nonlinear modeling of fuel cell dynamics.
It serves as a preparation for the linear and nonlinear control designs covered
in Chapter 4.

Chapter 4 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. Simulation
results of linear and nonlinear controllers are presented and compared.

Chapters 6 and 7 discuss the applications of fuel cells in vehicles and utility
power systems and stand-alone systems. Details of typical models and control
strategies are presented 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.

Chapter 9 introduces a multiobjective optimization method for PEMFC by
considering its cost and efficiency.

Chapter 10 discusses power electronics applications in fuel cells, in which
several control methodologies for designing power converters in fuel cells
have been described in detail.

Chapter 11 introduces a feedback temperature controller for PEMFC using
its thermal transfer function analysis.

Chapter 12 discusses a digital signal processor-based control design and
implementation for power converters that can be used in a fuel cell vehicle
and fuel cell-based power systems.

We have intentionally preserved the generality in discussing the advanced
technology in modeling and control of PEM fuel cells and the current power
electronics applications of fuel cells in vehicles and utility power systems and
stand-alone systems.

We take this opportunity to acknowledge California State University,
Fresno, the University of Texas at Arlington (UTA) and Kennesaw State
University (KSU), as well as the U.S. Department of Energy (DOE), for the
support of this research on fuel cells and its power electronics applications.



Our thanks also 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; former graduate students, Lu-Ying
Chiu, Eduardo Hernandez, and Wolf Carter from the University of Texas at
El Paso (UTEP); former undergraduate students Kshitiz Singh, Diego Estrada,
and Bao Nguyen from Texas Christian University and KSU; and Dr. Randall
S. Gemmen from DOE. Many thanks to Pengyuan Chen, former graduate
student from Fresno State, Dr. Tahyung Kim at the University of Michigan-
Dearbon, and Dr. Taesik Park at Mokpo National University, South Korea for
helping with the power electronics research in this book.

Additionally, we express our gratitude to Taylor & Francis Group for
affording us the opportunity to publish this book.

Bei Gou
Woonki Na
Bill Diong

MATLAB® and Simulink® are registered trademarks of The MathWorks, Inc.
For product information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive
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Fax: 508-647-7001

E-mail: info@mathworks.com

Web: www.mathworks.com


mailto:info@mathworks.com
http://www.mathworks.com

Authors

Bei Gou earned his PhD in electrical engineering at Texas A&M University
in 2000. He was a power application engineer with ABB System Control at
Santa Clara, California from 2000 to 2002, and worked as a senior analyst at
the Independent System Operator-New England (ISO-NE) from 2002 to
2003. Dr. Gou joined the Department of Electrical Engineering at The
University of Texas at Arlington as an assistant professor from 2003 to 2008.
He is the founder of a start-up company—Smart Electric Grid, LLC. He was
with the Department of Electrical and Computer Engineering as associate
professor at North Dakota State University from 2011 to 2013. His current
research areas include power system real-time monitoring, nonlinear control
of fuel cells and power electronics theory and applications, blackout and
cascading failures of power systems, phasor measurements and state
estimation for power systems, and power system reliability. Dr. Gou has
published about 90 journal and conference papers. He has authored two

books, Fuel Cells: Modeling, Control and Applications (Taylor &

Francis/CRC Press, Boca Raton, Florida, 2009) and Monitoring and

Optimization of Power Transmission and Distribution Systems (VDM
Publishing House Ltd., Germany, 2009).

Bill Diong is an associate professor in the Department of Electrical
Engineering at Kennesaw State University (KSU), and also the coordinator of
its MS Applied Engineering—Electrical concentration program. He earned
his PhD in electrical engineering from the University of Illinois (Urbana-
Champaign) in 1992, and gained valuable practical experience as a senior
research engineer with Sundstrand Aerospace (now part of UTC [United
Technologies Corporation] Aerospace Systems) before returning to academia.
Prior to joining KSU in 2011, he had been an assistant professor at the
University of Texas at El Paso where he was the Forrest and Henrietta Lewis
professor of electrical engineering between 2000 and 2002. His research
interests encompass advanced power and energy systems, including electric
vehicles and electronic power converters, and other dynamic systems and
their control; he has authored or coauthored more than a dozen journal
publications and several dozen conference publications in these areas.
Funding for his work has come from various organizations that include the
National Science Foundation, the Ballistic Missile Defense Organization, and



the U.S. Air Force. He is a senior member of the IEEE (Institute of Electrical
and Electronics Engineers).

Woonki Na earned BS and MS degrees in electrical engineering from
Kwangwoon University, Seoul, South Korea, in 1995 and 1997, respectively,
and earned his PhD in electrical engineering from the University of Texas at
Arlington in May 2008. From 2008 to 2009, he worked with Caterpillar Inc.,
Peoria, Illinois and participated in several hybrid electric drives programs as
senior engineer. He was an assistant professor with the Department of
Electrical and Computer Engineering, Bradley University, Peoria, Illinois
from 2010 to 2013. Currently he is an assistant professor with the Department
of Electrical and Computer Engineering, California State University, Fresno
since August 2013. His research and teaching interests include power
electronics, battery management, and digital signal processor (DSP)-based
control designs for hybrid electric vehicles and renewable/alternative energy
applications.



Introduction

1.1 Past, Present, and Future of Fuel Cells
1.1.1 What Are Fuel Cells?

A fuel cell operates like a battery by converting the chemical energy from
reactants into electricity, but it also 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 cell was developed and then used in
the US Gemini and Apollo programs for space applications. Since then, fuel
cells have been increasingly applied in other areas although it remains a
“new” technology since its commercialization is still a hot research topic
today. As some of the fundamental obstacles are being overcome, fuel cells
have become more feasible for a few applications and are gradually being
developed and commercialized.

For example, in 1993, Ballard Power Systems demonstrated fuel cell-
powered buses. Then almost all major automotive manufacturers developed
fuel cell vehicle prototypes in the late 1990s and the early 2000s, which are
under-going 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 for about 15 h.
However, challenges remain to the commercialization of fuel cells still exist.
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 cells can
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 to
reduce US dependence on foreign oil.

—
Hydrogen |:>
Fuel cell Ei| BC
Oreygen [ > -
i | II—-

Waste heat Water

FIGURE 1.1

A fuel cell’s inputs and outputs.

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 (DMFCs), alkaline fuel cells (AFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs),
solid oxide fuel cells (SOFCs), zinc air fuel cells (ZAFCs), and photonic
ceramic fuel cells (PCFCs), which vary widely in their required operating
temperature. But this book will only focus 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 (BOP).

TR TR Fuel cell stack - DD.U'.-ELI - Load
conditioner

Energy _

storage

FIGURE 1.2

Block diagram of a fuel cell power system’s interconnection.

1.3 Importance of Fuel Cell Dynamics

For the successful commercialization of fuel cell vehicles, their performance,
reliability, durability, cost, fuel availability, 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, 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., a 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. Normally 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 a quick charge/discharge capability is
needed to function as a 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 [UC], flywheel, battery, etc.). Therefore, the
fuel cell’s dynamic response is of significant importance, particularly in
mobile applications.

1.4 Organization of This Book

Chapter 2 describes PEMFCs and the fuel cell power system BOP
components in more detail. Chapter 3 describes the modeling of a PEMFC’s
dynamic behavior as an initial step to prescribe controller designs to improve
its transient behavior. It is followed by Chapter 4, which presents the
understanding of the design of feedback controllers. Chapter 5 features the
Simulink implementations of fuel cell models and controllers. Finally,
Chapters 6 and 7 discuss two important applications of fuel cells where
dynamic response is important to vehicles and to fixed-voltage hybrid power
generation systems. Chapter 8 discusses hybrid renewable energy systems
where the fuel cell is working with other alternative energy sources such as
wind and solar energy. Chapter 9 presents a multiobjective optimization in
terms of the cost and efficiency of PEMFC (proton exchange/polymer
electrolyte membrane fuel cell). Chapter 10 discusses power electronics
applications for fuel cells, especially the designing of linear and sliding mode
control for a power factor correction converter and bi-directional converter.
Chapter 10 describes predictive controllers for fuel cell vehicles. Chapter 11
deals with a temperature controller design for PEMFC by considering its
thermal transfer function. Lastly, Chapter 12 presents the implementation of
digital signal processor-based power electronics control for a sliding mode
control in a DC/DC converter.
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2

Fundamentals of Fuel Cells

2.1 Introduction

The PEMEFC, also called a solid polymer fuel cell, was first developed by
General Electric in the United States in the 1960s for use by NASA (National
Aeronautics and Space Administration) on their first manned space vehicles
[1]. This type of fuel cell primarily depends 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 hydrogen atoms to release its electrons
and become H+ ions (protons)

2H, — 4H" + 4e” 2.1)

as shown in Figure 2.1. The proton exchange membrane (PEM) only allows

the H* ions to pass through it, whereas 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, which is a reaction that releases energy in the form of heat

4e~ +4H" + 0, — 2H,0 (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 [2].

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 50-100°C, which enables a fast start-up



of operation. Thus, the PEMFC is particularly attractive for transportation
applications as well 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
efficiency of more than 40% typically in electric power production, and quiet
operation [3]. Hence, PEMFCs have big application potential in power
automobiles, aircraft (auxiliary power), homes and small offices, and portable
electronics (as replacements for rechargeable batteries).
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Electrochemical reaction in the PEMFC. (Adapted from W. Na, Dynamic
modeling, control and optimization of PEM fuel cell system for automotive

and power system applications, PhD thesis, the University of Texas at
Arlington, May 2008.)

2.2 PEMFC Components

The main parts of a practical PEMFC are illustrated in Figure 2.2. The
membrane electrode assembly (MEA) consists of the polymer membrane
together with the electrodes and gas diffusion layers. Each electrode
essentially consists of a layer of catalyst particles (usually platinum deposited
on the surface of larger particles of carbon-support powder) and are affixed to
either the membrane or the gas diffusion layer. The gas diffusion layer is
made of a porous and electrically conductive material, such as carbon cloth, to
enable the reactants to diffuse into and out of the MEA, and to collect the
resulting current by providing electric contact between the electrode and the
outside bipolar plate. Furthermore, it allows the water formed at the cathode
to exit to the gas channels.



Membrane

Flow channel |:HEpcdar plate

Gas diffusion layer “— Electrode

FIGURE 2.2
The main functional parts of a PEMFC.

The bipolar plates, also called flow field plates, distribute the reactant gas
over the surface of the electrodes through flow channels on their surface:
different channel geometries are available. They also collect the current and
form the supporting structure of the fuel cell. For good electrical and thermal
conductivity, plus physical strength and chemical stability, solid graphite is
usually used as the material for these plates.

The composition and function of the various PEMFC parts are further
discussed in the following sections.

2.2.1 Membrane

The electrolyte membrane is the key part in any PEMFC. A proton-
conducting polymer is used as the electrolyte, thus giving rise to this type of
fuel cell’s name. The basic material used for the membrane is polyethylene,
which has been modified by substituting fluorine for hydrogen to yield
polytet-rafluoroethylene. The bonds between the fluorine and the carbon
make the membrane very durable and chemical resistant (inert). The basic
electrolyte 1s then complemented with sulfonic acid; the HSO5; group added is
ionically bonded (see Figure 2.3). The result is the ability to attract H+ ions
into the electrolyte. This material, made by the DuPont Co. and sold under the

trade name Nafion®, is significant in the development of PEMFCs.
The main properties of these polymer membranes are [3]
* They are resistant to chemical attacks

* They have very strong bonds, so that they can be made into very thin
films

They are acidic

They can absorb a lot of water

The H+ ions they attract are well conducted through them if the
membranes are adequately hydrated (but not flooded)
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FIGURE 2.3

Structure of a sulfonated fluoroethylene.

2.2.2 Membrane Electrode Assembly

The performance of the PEMFC is largely determined by the MEA, which is
the central part of the fuel cell. The MEA, as illustrated in Figure 2.4, consists
of the electrolyte membrane sandwiched between the anode and cathode
electrodes. These electrodes include the catalyst particles and the gas
diffusion layers.

Since the fuel oxidation and the oxygen reduction reactions are kinetically
slow, a noble metal such as platinum or one of its alloys is used as the catalyst
to increase the reaction rate: this catalyst is used at both the anode and the
cathode. The platinum is formed into small particles that are spread onto the
surfaces of larger particles of carbon support. The most common carbon

support used is a carbon-based powder XC72® (Cabot). The platinum spread
into the carbon is highly divided to increase the surface area that is in contact
with the reactants so as to maximize its catalytic effect. In the early days of
PEMEFC development, this catalyst was used at loadings of about 50 mg of
platinum per cm? [4] but that has now been reduced to less than 1 mg of

platinum per cm? [5], thus significantly lowering the PEMFC’s overall cost.

— Catalyst particle

—Carbon support

. Electralyte

—Gas diffusion layer




FIGURE 2.4
Membrane electrode assembly (MEA).

The catalyst particles and carbon support are affixed to a porous gas
diffusion layer made of an electrically conductive material such as carbon
cloth or carbon paper. This carbon cloth or carbon paper diffuses the reactant
gases to the surfaces of the catalyst particles, while diffusing the water
produced at the cathode away from the electrolyte membrane. In addition, it
also provides the electrical connection between the electrode and its
corresponding current-conducting bipolar plate.

2.2.3 Bipolar Plates

The bipolar (also known as field flow) plates that form an important part of
the weight and volume of a PEMFC are used to bring the reactant gases via
machined-flow channels (grooves) to the MEA. They help to distribute the
reactants into the surface of the electrodes. In addition, they collect the current
produced by the electrochemical reaction. The bipolar plates require good
electrical and thermal conductivity, good mechanical strength, and chemical
stability. Graphite is the most common material used for these plates
currently, although extensive research is being performed to develop new
materials that can reduce the weight of the bipolar plate, thereby increasing
the fuel cell’s power density.

It is important to note that the geometry of the flow channels varies
depending on the needs and design of each fuel cell. The specific geometry is
also a significant factor in a PEMFC’s operating performance. Figure 2.5
illustrates different geometries used for the bipolar plates.

2.2.4 Heating or Cooling Plates

These plates can be used to either heat the PEMFC or cool it to keep its
temperature close to the one that yields an optimal operating performance.
Heating plates typically rely on the use of electricity and ohmic (resistive)
heating. Cooling plates are used when air cooling 1s insufficient; then, liquid,
such as water, is actively circulated through these plates to cool the stack.

2.3 BOP Components

A practical fuel cell stack may get the hydrogen fuel from a pressurized tank
through regulated valves or the hydrogen is indirectly obtained from a
hydrogen-rich fuel such as natural gas via a fuel processor called the



reformer. The additional components, such as the above, that may be needed
in operating a PEMFC stack are collectively known as the BOP. They help
with the functions of fuel storage and/or processing, water management,
thermal management, and power conditioning, to achieve the fuel cell
system’s design requirements. These are only briefly described below as they
are not the main focus of the rest of this book.

| . | .
| . | .
FIGURE 2.5

Different geometries of the flow channels: (a) serpentine; (b) parallel; (c)
parallel serpentine; and (d) discontinuous.

2.3.1 Water Management

Without adequate water management, an imbalance will occur between water
by-product and water removal from the fuel cell. It is critical to ensure that all
parts of the cell are sufficiently hydrated, since adherence of the membrane to
the electrode and also membrane lifetime will be adversely affected if
dehydration occurs. Furthermore, high water content in the electrolyte
membrane ensures high ionic conductivity, which improves the overall
operating efficiency of the fuel cell. Since the electrochemical reaction
produces heat, which increases evaporation, humidifiers are used to (pre-
)humidify the incoming gases, particularly on the anode side. The humidifier
may be as simple as a bubbler or else something more sophisticated such as a
membrane humidifier or water evaporator [4].

Owing to the PEMFC’s operation at less than 100°C and atmospheric
pressure, water is produced at the cathode as a liquid. While sufficient
hydration is important for optimal PEMFC operation as noted above, this
water must not be allowed to flood that electrode because it would impede gas
diffusion to that electrode and reduce the cell’s operating performance.

2.3.2 Thermal Management



Most PEMFCs currently use cast carbon composite plates for current
collection and distribution, gas distribution, and also thermal management.
Active air cooling can be achieved through the use of fans. Liquid cooling
requires the use of pumps to circulate fluid through the cooling plates of the
stack. These fans and pumps are typically driven by electric motors.

2.3.3 Fuel Storage and Processing

Currently, the most common way to store hydrogen for use as PEMFC fuel is
as a gas requiring pressurized cylinders or tanks. Then pressure-reducing
regulators are also needed. Storing hydrogen in liquid form requires “only”
adequate insulation, but this is a more inefficient way of storing and
transporting hydrogen than as a gas.

An alternative to using hydrogen as the primary fuel is to use a
hydrocarbon or alcohol compound as the source of hydrogen. But then, a fuel
processor or reformer is needed to chemically convert that hydrocarbon or
alcohol to a hydrogen-rich gas. Furthermore, because PEM and reformer
catalysts are prone to inactivation by sulfur and CO (and also CO, to a lesser
extent), other subsystems are also needed, to remove the sulfur from the
primary fuel and/or the CO from the hydrogen-rich reformate. All of these
various components add weight, volume, and expense to the overall system,
and reduce its efficiency.

2.3.4 Power Conditioning

The power conditioner is an electronic system that is needed to convert the
variable low DC voltage produced by a fuel cell into usable DC power
(typically at a regulated higher voltage) or alternating current (AC) power, as
appropriate to meet the operating requirements of the intended application.
Various types of power converters, such as DC-DC converters and DC-AC
inverters, may be employed in fuel cell power-conditioning systems.

For powering DC loads, typically a step-up DC-DC converter (to increase
the voltage level) is employed. On the other hand, a switch-mode DC-AC
inverter 1s typically used to convert a PEMFC’s output DC voltage into
regulated AC voltage at 60-Hz (or other) frequency. A filter at the output of
such an inverter attenuates the switching-frequency harmonics and produces a
high-quality sinusoidal voltage suitable for typical AC loads.

For many important applications, such as powering vehicle propulsion, a
5:1 or better peak-to-average power capability [4] is desired, e.g., compare the
power needed for accelerating a vehicle as compared to cruising at constant
speed. Since present-day fuel cells typically cannot change their power output



as quickly as most of these load-demand changes, they are thus designed to
satisfy average power requirements and then any additional amounts of power
must be supplied from another energy source such as a battery or an UC. The
power-conditioning unit must therefore also provide the means for interfacing
to this energy-storage device and a control scheme is needed to properly
coordinate its charging and discharging based on the fuel cell output and load-
demand conditions.

References

1. Fuel Cell Handbook (7th edition), EG&G Technical Services, Inc., for U.S. Department of Energy,
Office of Fossil Energy, National Energy Technology Laboratory, Morgantown, West Virginia,
November 2004.

2. W. Na, Dynamic modeling, control and optimization of PEM fuel cell system for automotive and
power system applications, PhD thesis, the University of Texas at Arlington, May 2008.

3. J. Larminie and A. Dicks, Fuel Cell Systems Explained (2nd edition), John Wiley & Sons,
Chichester, UK, 2003.

4. G. Hoogers (editor), Fuel Cell Technology Handbook, CRC Press, Boca Raton, Florida, 2003.

5. H.A. Gasteiger, J.E. Panels, and S.G. Yan, Dependence of PEM fuel cell performance on catalyst
loading, Journal of Power Sources, 127, 162-171, 2004.



3

Linear and Nonlinear Models of Fuel Cell
Dynamics

3.1 Introduction

For preliminary fuel cell power system planning, stability analysis, control
strategy synthesis, and evaluation, an appropriate dynamic model of a fuel
cell system is desired. Since the existing control-oriented models [1-3] do not
contain all water components, which are one of the important factors of fuel
cell systems [4], it is difficult to design an accurate dynamic fuel cell model
based on the existing models. The main motivation for developing dynamic
models of PEMFCs is to facilitate the design of control strategies with
objectives such as to ensure good load-following performance, to prevent fuel
cell stack damage, and to prolong the stack life by controlling the anode and
cathode gases pressures. In this chapter, various models of PEMFCs will be
described. Using these models of PEMFCs, appropriate controllers of fuel cell
systems can be designed as described in Chapter 5.

3.2 Nonlinear Models of PEM Fuel Cell Dynamics

3.2.1 Unified Model of Steady-State and Dynamic Voltage—
Current Characteristics

The performance of a fuel cell can be expressed by the polarization curve,

which describes the cell voltage—load current (V-I) characteristics of the fuel
cell that are highly nonlinear [1-9]. Optimization of fuel cell operating points,
design of the power-conditioning units, design of simulators for fuel cell stack
systems, and design of system controllers depend on such characteristics [10].

Therefore, the modeling V-I characteristics of fuel cells is important.

It 1s observed that the known steady-state V—I characteristics computed
from the formulated electrochemical modeling are divided into two
components: one of which is named as the steady component including the



thermodynamic potential and the ohmic overvoltage; the other is named as the
transient component consisting of the activation and concentration
overvoltages. Then, the former is fitted by a low-order least-squares
polynomial and the latter is described by a high-order least-squares
polynomial. The coefficients in the polynomials can be estimated by using the
least-squares technique. The sum of these two components can be used to

accurately model the steady-state V-I characteristics of PEM fuel cells.
Furthermore, by introducing the first-order time delay to describe the dynamic
response of PEM fuel cells, the developed mathematical modeling can also be

used to accurately predict the dynamic V-I characteristics.

For PEM fuel cells, steady-state V—I characteristics of a fuel cell are
determined by [1,4,5]

leleN_%_‘/;_%hmz st_1/tr (3.1
where

V

o1 epresents the output voltage of the fuel cell

E, represents the reversible voltage of the fuel cell (also named as the
thermodynamic potential)

V , represents the voltage drop due to the activation of the anode and cathode
(also named as the activation overvoltage)

V. denotes the voltage drop resulting from the reduction in concentration of
the reactants gases or from the transport of mass of oxygen and
hydrogen (also named as the concentration overvoltage)

V,m denotes the ohmic voltage drop resulting from the resistance of the

conduction of protons through the solid electrolyte and of the
electrons through its path (also named as the ohmic overvoltage)

Vi =Eyn—V,., 1 the steady component of the cell voltage

V.=V, + V.is the transient component of the cell voltage

The unified mathematical model of the steady-state and dynamic voltage—
current characteristics of fuel cells is

2 X 5 X (3.2)
Veent (1) = E kzopk(Icell_Ist) - E o ar (Ieen — Itr)

5
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where 1., 1s the cell current, p, the coefficients determined by using the least-

squares technique, 1.

oum the known discrete current values, and N, is the

number of the given discrete current data for the steady component (N, > 3).

Where ¢, are the coefficients determined by using the least-squares
technique, and N,, is the number of the given discrete current data for the
transient component (V,, > 6).

3.2.2 Simulation Results

The Ballard Mark V PEM fuel cell is used to test the proposed model. Tables
3.1 and 3.2 show the computed coefficients in the steady and transient
components polynomials, respectively. These coefficients are computed by
using the least-squares technique, based on the data from the formulated
electro-chemical modeling and the parameters of the Ballard Mark V PEM
fuel cell listed in Table 3.3 (Figures 3.1 and 3.2).

3.2.3 Nonlinear Model of PEM Fuel Cells for Control
Applications

A PEM fuel cell consists of a polymer electrolyte membrane sandwiched
between two electrodes (anode and cathode) in Figure 3.3. In the electrolyte,
only ions can pass by, and electrons are not allowed to go through. So, the
flow of electrons needs a path like an external circuit from the anode to the
cathode to produce electricity because of the potential difference between the
anode and cathode. The overall electrochemical reactions for a PEM fuel cell
fed with hydrogen-containing anode gas and oxygen-containing cathode gas
are as follows:



TABLE 3.1
Steady Coefficients for the Ballard Mark V PEM Fuel Cell

k 0 1 2
Pi 0.110149E+01 —0.297366E-02 —0.183457E-04
TABLE 3.2

Transient Coefficients for the Ballard Mark V PEM Fuel Cell

k 0 1 2

a 0.516228E+00 0.298822E-02 0.265448E—04
k 3 4 5

a ~0.323092E-05 ~0.603896E-07 0.349527E-08
TABLE 3.3

PEMFCs Ballard Mark V Voltage Parameters

Parameter Value and Definition
N Cell number: 35

v, Open-cell voltage: 1.032 V

R Universal gas constant (J/mol K): 8.314 J/mol K

T Temperature of the fuel cell (K): 353 K

F Faraday constant (C/mol): 96,485 C/mol

a Charge transfer coefficient: 0.5

M Constant in the mass transfer voltage: 2/11 x 107 V

N Constant in the mass transfer voltage: 8 x 10~ cm?/mA
Ry 245 x 107 Q cm?

Afe Fuel cell active area: 232 cm?

Iy Exchange current density (A/cm?)

I, Internal current density (A/cm?)

Source: Adapted from J. Larminie and A. Dicks, Fuel Cell Systems Explained, Wiley, New York, 2002.
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Computed and given steady-state V—I characteristics for the Ballard Mark V
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FIGURE 3.2
Polarization V-I curve (Ballard Mark V PEMEFC at 70°C).

Anode: 2H, & 4H™ + 4e”

Cathode: O, + 4H* + 4e” & 2H,0
Overall reaction: 2H, + O, « 2H,0 + electricity + heat

In practice, a 5-kW fuel cell stack, such as a Ballard MKS5-E PEMFC stack,
uses a pressurized hydrogen tank at 10 atm and oxygen taken from
atmospheric air [11,12]. In case of using a reformer, on the anode side, a fuel
processor called a reformer that generates hydrogen through reforming
methane or other fuels such as natural gas, can be used instead of the



pressurized hydrogen tank.
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Schematic of fuel cell operation.

A pressure regulator and purging of the hydrogen component are also
required. On the cathode side, an air supply system containing a compressor,
an air filter, and an air flow controller are required to maintain the oxygen
partial pressure [2,4,7,13]. On both sides, a humidifier is needed to prevent
dehydration of the fuel cell membrane [2,4,7]. In addition, a heat exchanger, a
water tank, a water separator, and a pump may be needed for water and heat
management in the fuel cell systems [2,4,7].

To produce a higher voltage, multiple cells have to be connected in series.
Typically, a single cell produces voltage between 0 and 1 V based on the
polarization -V curve, which expresses the relationship between the stack
voltage and the load current [2,4,7]. Figure 3.4 shows that their relationship is
nonlinear and mainly depends on current density, cell temperature, reactant
partial pressure, and membrane humidity [2,4,7].
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FIGURE 34
Polarization V-I curve (Ballard Mark V PEMFC at 70°C) [4].

The output stack voltage V, [4] is defined as a function of the stack current,
reactant partial pressures, fuel cell temperature, and membrane humidity:

Vqt =F- V:zct'i'vation — Vohmic — VYconcentration (3.3)

In the above equation

Py, ,/Po
. R*T 2 2
E = No . ‘/0 + oF In W

is the thermodynamic potential of the cell or reversible voltage based on
Nernst equation [4], V,, iuion the voltage loss due to the rate of reactions on

the surface of the electrodes, V

ohmic the ohmic voltage drop from the

resistances of proton flow in the electrolyte, and V., ...sraion 15 the voltage
loss from the reduction in concentration gases or the transport of mass of

oxygen and hydrogen. Their equations are given as follows:

* IictIn 3.4

‘/act'iva,tion =N-. ga:; -In ( ! I ) (3.4)
Vohm = N - Ifc - Ropm (3.5)
Veoncentration = N - m exp (’n . Ifc) 3.6)

In Equation 3.3, Py , Pg,, and partial pressure of water vapor (Pyo ) are

the partial pressures of hydrogen, oxygen, and water, respectively. Subscript ¢
means the water partial pressure, which is vented from the cathode side.

3.3 State-Space Dynamic Model of PEMFCs

To derive a simplified nonlinear dynamic PEMFC model, the following
assumptions are made:

* Owing to slower dynamics of the stack temperature, the average stack
temperature is assumed to be constant.

* The relative humidity can be well controlled to a little over 100%, and
thereby, the liquid water always forms the stack. This liquid water is
perfectly managed by the water tank and water separator and the
water-flooding effects can be controlled.



* A continuous supply of reactants is fed to the fuel cell to allow
operation at a sufficiently high flow rate.

* The mole fractions of inlet reactants are assumed to be constant in
order to build the simplified dynamic PEMFC model. In other words,
pure hydrogen (99.99%) is fed to the anode, and the air that is
uniformly mixed with nitrogen and oxygen by a ratio of, say, 21:79, is
supplied to the cathode.

e The full state has to be measured to utilize feedback linearization
[14].

The ideal gas law and the mole conservation rule are employed. Each
partial pressure of hydrogen, the water from the anode, and the oxygen,
nitrogen, and water from the cathode are defined as state variables of the
PEMEFC. The relationship between inlet gases and outgases is described in
Figure 3.5 [15].

The partial-pressure derivatives are given by the following equations.

Anode mole conservation:

dPy RMT 3.7
dt2 = V_(H2in - H2used - H2out)
dPay0 4 R*T
dt = Va (H2 Oai.n - H2 anut - H2 Ombr+H2 Oback _H2 Ol,aout)
Cathode mole conservation:
dPg * (3.8)
dt2 = 7 (O2i.n - 02used - O2out)
dPy R}T
dt2 = TC(N2in - N2out)
d'PH O¢ *T
di = 7 (H2 Ocin + H2 Ocproduced - H2 Ocout + H2 Ombr - H2 Ombr - H2 Ol,cout)
HEin + Hloain HBout + H]O.mul: + HEG.'..'A:UI:
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FIGURE 3.5
Gas flows of PEMFC:s.

where Hy;,, Oy, Noip, H,Oyn, and H,O,;, are the inlet flow rates of
hydrogen, oxygen, nitrogen, the anode-side water, and the cathode-side water,



respectively. In addition, H, ., Osrguer Noour HoOoue @and HyO,; are the
outlet flow rates of each gas. Hyseq, Opysed» and HyO proqucea are the usage
and the production of the gases, respectively. In general, the membrane water
inlet flow rate H,O ;. across the membrane is a function of the stack current
and the membrane water content A,. By assuming that A, = 14 [7,16],
H,O,,; 18 defined as a function of the current density only, and H,O,;, =

1.2684 (N - Afc . Ifc)/F [7,16], where Afc (cm?) is the fuel cell active area, N the
number of the fuel cells, and Ifc is the fuel cell current density. Furthermore,
in order to describe a more accurate dynamic model, the back diffusion of
water from the cathode to the anode can be defined with H,O,, p,cx = Y -

H,0, . [2]. The back-diffusion coefficient B is measured as to be 6 x 1076

cm?/s with the water content being A, = 14 [2]. The flow rates of liquid water
leaving the anode and cathode are given by H,0O, ., and H,O, ., which are
dependent on the saturation state of each gas [7]. To estimate the liquid water,
the maximum mass of vapor has to be calculated from the vapor saturation
pressure as follows:

_ PysVaorc 3.9)
mv,ma.x aorc — W

The saturation pressure p, is calculated from an equation presented in
Reference 17

logj (Pvs) = —1.69 x 107197 4+ 3.85 x 107773 — 3.39 x 10~*T2 4 0.143T (3.10)
—20.92

where the saturation pressure p, 1s in kPa and temperature T is in Kelvin. If
the mass of water calculated in Equations 3.7 and 3.8 is greater than the
maximum mass of vapor in Equation 3.9, the liquid water formation occurs
simultaneously. The mass of liquid water and vapor is calculated as follows

[7]:

Logic 1:

if’nw, aorc S mv, maxa or ¢ S mv, aorc— mw, aorc ml, aorc — 0

lf mW, aorc > mV, maxa or ¢ < mv, aorc = mV, maxa or ¢

My aore =My aore ™ mv, maxa or ¢

Thereby, B, ., . can be used to estimate the liquid water formation in

Equation 3.11. According to logic 1, if m,, ; o € M, maxa or  then By op o = 0;
otherwise, B = 1, and therefore H,O, ;. and H,O; .. are defined by

aorc
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where MHZO is the water molar mass, 18.02 g/mol. All units of flow rates,
usages, and the production of gases are defined in mol/s. However, because
the liquid water is considered based on our assumption that each relative

humidity stays over 100%, will be 1, which means that Pno,,.> P

aorc vs
during the simulation. V, and V. are the anode and cathode volumes,

respectively, and their units are m3. According to the basic electrochemical
relationships, the usage and production of the gases are functions of the cell

current density Ifc [4], as follows:

N'Afc'Ifc (3 1 2)
H2used = 202used = H2 Ocproduced = oF

For simplicity, let us define

N'Afc NAfc

o°F = 01 and 1.2684 7 = 02

Thus, in Equations 3.7 and 3.8, HyO,,, and HyO,, . can be simplified
with C; and C,. With the measured inlet flow rates and the stack current, the
outlet flow rates are given by the summation of the anode and cathode inlet

flow rates, that is, Anode;, and Cath,,, minus the usage and production of

gases as well as the pressure fraction proposed by El-Sharkh et al. [13]. The
Anode;, is defined by H,;, + H,O,;,, and the Cath;, is defined by O,;, + N»;,
+ H,0

ain’
cin*

The outlet flow rates on the anode side are

Hoout = (Hop — Ci1 - If.)Fu, (3.13)
H2Ouout = (H2Ouin — C2 - Ire +7- Ca - I5c) Finyo,

and the outlet flow rates on the cathode side are

C 3.14
Ogout = (O2in - TlIfc) F02 ( )

Noout = Noin - F,
HyOcout = (H2Ocin + C1 - Ije + Co - Ife — - Co - It.) Fu,o,

where Fyp, Fy,0,, Fo, Fn,» and Fyo_are the pressure fractions of gases

inside the fuel cell, given as follows [18]:



o — B Fo - Po, P — Py, (3.15)
Ho = P, +Pmo, = 02 Po,+Px,+Pmy0, ~ N2 Po,+Py,+Pmo,
Pa,o, Py, 0,

FHz 0= P, +Pay00 FHz O = 7 0y TPy +P,0c

To analyze the transient behavior of fuel cells, we take into account the
pressure fraction of each gas proposed by Chiu et al. [18]. In Reference 18,

only the three pressure fractions FHz’ FOz’ and FH2OC are considered, but in

our study, by considering all pressure fractions of gases, a more accurate
dynamic fuel cell model is achieved and a better analysis of the transient
behavior of fuel cells is possible than in previous studies [3,7,11,18]. The
state equations (3.16) and (3.17) are obtained by substituting Equations 3.13
and 3.14 into Equations 3.7 and 3.8.

The new state equations on the anode side are

dPy *
dt2 - Rv;,T [Hain — C1 - Ige — (Hoiw — C1 - Ifc) Fha,]

dPg,0, *
dio RTGT[HZOain — (H3Ogin — O - Igc + Cs - Ig.) Fuy0, — Ca - Iyc +v- Co - I]

3.1

and the state equations on the cathode side are

& = RTC [O2m — 3 e~ (02111 B 71[”6) FOZ]
dPy,

- = %[Nzin — Now - Fiy, ]

dPH2 Oc¢ R¥*

= = VCT [H2O¢in + C1 - It — (H2Ogpin + C1 - It + Co - Iy — Cy - Iy)Fry0, + C2 - I

Because the initial mole fractions YHz’ YOz’ and YN2 are set to be 0.99, 0.21,

and 0.79, respectively [3,7,11], the input values H,;,, O,;,, and N,;, are
defined by the mole fractions, which are given as

Hy, = YTH2 - Anode;, (3.18)
O2in = Yo, - Anodeiy
Nain = Yn, - Cathin

The water inlet flow rates on the anode and the cathode are expressed in
terms of the relative humidity, saturation pressure, and total pressure on each
side, as follows [2]:

$aPvs 3.1
HoOuin = 5,20, - Anodein e

_ P
HsO0.n = j— Cathi,




where @, and @,. are the relative humidity on the anode and the cathode sides,
respectively; P, = Py, + Py,o 1is the summation of partial pressures of the
anode; and P. = Pg, + Py, + Py o, is the summation of partial pressures of
the cathode. P, is the saturation pressure, which can be found in the
thermodynamics tables [19]. The relative humidity @, and ¢, are defined
from the water injection input u, , for the anode, and u, ; for the cathode.
Furthermore, Anode;, and Cath;, are defined as the products of the input
control variables u, and u,. and the conversion factors k, and k. [11,18] on

each side, which are translated from standard liters per minute (SLPM) to
mol/s. In other words:

Anodey, = uq - k, (3.20)
Cathiy, = u. - k.

where the conversion factors k, and k. are 0.065 mol/s, respectively. The
hydrogen and the air stoichiometric ratios are assumed to be constant to keep
the reactants flowing through the stack [19]. Hence, both of these reactants
are able to be fed to the fuel cell continuously, and the fuel cell control system
can be mainly dependent on the input control variables u, and u,.. First, the

anode gas pressure P, = Py + Py o and the cathode gas pressure P, = Py, +

Po, + Py, will be controlled by u, and u,, respectively, to avoid an unwanted
pressure fluctuation and prevent MEA damage; thus, it can lead to prolong the
fuel cell stack life [15]. In terms of control for the relative humidity on both
sides, the first-order time-delay water injection inputs u, ;, and u. , will be

applied because the water injection system has a very slow time constant T,
of about 70 s [20]. Thus, in our dynamics model of PEMFC, the first-order
time-delay model for the water injection is considered and the state equation
from the relationship between the water injection input and relative humidity
1s derived as follows:

(3.21)

_ 1 . _ _1
Pa = 1+Tdsua_ha Yy = 1+'rdSub—h

where @ is the relative humidity. As seen in Equation 3.19, because each
water input is a function of humidity, the water injection inputs also affect the
pressure controls. So, we can establish a dynamic model of PEMFCs and the
details of the control design will be described in Chapter 4.

3.4 Electrochemical Circuit Model of PEM Fuel Cells



3.4.1 Equivalent Circuit

Another important modeling method of PEM fuel cells is to use equivalent
electrical circuits. The benefit of this kind of models is that the analysis,
simulation, or study of PEM fuel cells can be simplified by using equivalent
electrical circuits to replace PEM fuel cells. In this section, we will introduce
a typical electrical circuit as proposed in Reference 21.

A mathematical approach is presented for building a dynamic model for a
PEM fuel cell stack. The following assumptions are made [2,4,8,18,22]:

* One-dimensional treatment.
* Ideal and uniformly distributed gases.
» Constant pressures in the fuel cell gas flow channels.

* The fuel is humidified and the oxidant is humidified air. Assume that
the effective anode water vapor pressure is 50% of the saturated vapor
pressure while the effective cathode water pressure is 100%.

* The fuel cell works under 100°C and the reaction product is in the
liquid phase.

* Thermodynamic properties are evaluated at the average stack
temperature, temperature variations across the stack are neglected,
and the overall specific heat capacity of the stack is assumed to be a
constant.

* Parameters for individual cells can be lumped together to represent a
fuel cell stack.

A schematic diagram of a PEM fuel cell and its internal voltage drops are
shown 1in Figure 3.6. For details of the workings of PEM fuel cell, the reader
1s referred to References 18, 22, and 23.

After the effective partial pressures of H, and O, are studied, and the

instantaneous change in the effective partial pressures of hydrogen and
oxygen is also considered through the ideal gas equations as given in
Reference 24, the fuel cell output voltage can be written as follows:

Vour = B — Ve — Vaet1 — Vorm (3.22)
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FIGURE 3.6

Schematic diagram of a PEM fuel cell and voltage drops across it.

where
E is the reversible potential of each cell (in volts)

V. 1s the voltage across the capacitor

Vier = Vaert + Vaerns where V. = Ng + a(T = 29) is the voltage drop affected
only by the fuel cell internal temperature, while V., = bT In(J) 1s
both current and temperature dependent

V. nm 18 the overall ohmic voltage drop

According to the above voltage output equation, the equivalent circuit
shown in Figure 3.7 is obtained

In the above circuit, C is the equivalent capacitor due to the double-layer
charging effect.

3.4.2 Simulation Results

To validate the models built in Simulink and PSPICE, real input and output
data shown in Figures 3.8 and 3.9 were measured on the 500-W SR-12 Avista
Labs PEM fuel cell. The Chroma 63 112 programmable electronic load was
used as a current load. Current signals were measured by LEM LA100-P



current transducers; the output voltage was measured by an LEM LV25-P
voltage transducer and the temperature was measured by a k-type thermo-
couple together with an analog connector. The current, voltage, and
temperature data were all acquired by a 12-b Advantech data-acquisition card
in a PC.

AR b0

olwric

+

FIGURE 3.7
Equivalent circuit of a PEM fuel cell.
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P—I characteristics of SR-12 and models.
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V—I characteristics of SR-12 and models.

3.5 Linear Model of PEM Fuel Cell Dynamics

We restrict our attention to models of PEMFC dynamic behavior, and so, we

will not focus on models of their static behavior, such as those described in
References 25-27. Of course, the static equations are obtainable as a limiting
case from the dynamic equations, and the differences between the modeling
performances of those derived from static equations can be compared, as in
Reference 28. These steady-state models are able to solely simulate the cells’
steady-state behavior, and cannot be used for describing and for model-based
feedback control of transient conditions that are important for some specific
applications. This is the case, especially, for vehicle applications, given the
rapid changes of mechanical and electrical quantities.

Furthermore, our focus is on the fuel cell stack itself and thus, we will not
be describing the behavior of the balance of plant (systems), which include
the hydrogen and air supplies, the thermal management unit, humidifiers, etc.

Since the PEMFC’s dynamic behavior is inherently nonlinear, any linear
model of those dynamics is only an approximation of the original nonlinear
equations. The different linear-approximating models studied thus far include
the following.

3.5.1 Chiu’s et al. Model

This was one of the earliest-proposed linear models of PEMFC dynamic



behavior [18]. It is based on a set of nonlinear dynamic equations as the
starting point. In order to linearize these equations, a small-perturbation
method was used to model the fuel cell dynamics around particular operating
points as an approximating linear system. Such a model is useful for transient
response analysis and for control design by linear system techniques subject
to the constraint of small perturbations.

The output voltage of the PEMFC is defined as in Reference 4, which gives
the stack voltage equation as

1/2 (3.23)
* Py (Po /Pstd)
_ R*T 2\ 2 o\ _
E=N (Eo—l— -7 ln{ Fayor } L)

where E, N, E,, T, and L denote the stack output voltage, number of cells in
the stack, cell open-circuit voltage at standard pressure, operating
temperature, and voltage losses, respectively. In addition, Py, Po,, and Py o,

represent the partial pressure of each gas inside the cell. Also, R is the

universal gas constant, F' Faraday’s constant, and P, is the standard pressure.
Note the implicit assumption in the equation that all the cells in a stack are
identical.

The PEMFC’s voltage losses L consist of the following:

* Activation losses—due to the slowness of the reactions taking place
in the cell, which can be minimized by maximizing the catalyst
contact area for reactions

* Internal current losses—due to the leakage of electrons passing
through the membrane to the cathode side instead of being collected
to be utilized, which has a significant effect on the open-circuit
voltage

* Resistive losses—caused by current flow through the resistance of the
whole electrical circuit including the membrane and various
interconnections, with the biggest contributor being the membrane;
effective water management to keep it hydrated reduces its ohmic loss

* Mass transport or concentration losses—caused by gas concentration
changes at the surface of the electrodes

Hence, the voltage losses L can be expressed as

o

L:(i+in)r+aln(i+i") —bln (1_ +,) (3.24)



where i is the output current density, i, the internal current density related to
internal current losses, i, the exchange current density related to activation
losses, i; the limiting current density related to concentration losses, r the
area-specific resistance related to resistive losses, and a and b are constants.

3.5.1.1 Fuel Cell Small-Signal Model

From Equations 3.23 and 3.24, we can see that there are some nonlinear terms
in the equations. In order to linearize the cell voltage equation, we use a
small-perturbation method to model the fuel cell dynamics around particular
operating points as an approximately linear system. Then, we can easily
obtain the dynamic response of the cell’s output voltage at these operating
points for small input variable perturbations.

3.5.1.1.1 State Equations

First, we define the partial pressures of hydrogen, oxygen, and water (on the
cathode side) as the three state variables of the system. Since the water
management is a factor to affect the performance, we have to use humidifiers
on both the anode and cathode side to control the humidity inside the cell. The
consideration of water on the cathode side is more complicated than on the
anode side because it includes not only the water supplied from the
humidifiers, but also the by-product of the reaction. Figure 3.10 illustrates the
various gas/vapor flows in and out of the cell.

On the basis of an ideal gas law P*V = n*R*T, the partial pressure of each
gas 1s proportional to the amount of the gas in the cell, which is equal to the
gas inlet flow rate minus gas consumption and gas outlet flow rate. Thus, the
state equations are

daPy * 3.25
dtz = RTf(H2in - H2used - H2out) ( )
Fuel cell
Hyn + HaOyy Hyoer + HaOp
|::> Rl |::>
l::> Cathode |::>
My + Oy, + HoOy Mogur + Oagye + HaOy
FIGURE 3.10
[lustration of gas flows of the PEMFC.
dFPo, R (3.26)

*T
dt = V. (O2i.n - 02used - O2out)



dPgyo. (3.27)

a0 ‘ZT (H204n + HaOcproduced — HaOcout)

where H,;,, O,;,, and H,O,;, are inlet flow rates of hydrogen, oxygen, and

water of cathode, respectively; Hy i, Oy and H,O,,,; are outlet flow rates

of each gas. Furthermore, H, .4, Osyseq- and H,O 4 represent usage and

cproduce
production of the gases, which are related to output current / by

H2used = 2()2used = H2 Ocproduced = 2Kr I= 2K7‘ Ac'l' (3.28)

where K, = N/4F, A, is the cell active area, and i is the cell current density.

Since we can measure the inlet flow rates and output current, we can define
the outlet flow rates by the equations

Hoout = (Anodei, — 2K, A.1) Fau, (3.29)
Ogout = (Cathiy, — K, A.t) Fo, (3.30)
HyOc0ut = (Cathin + 2K, A.i) Fu,o, (3.31)

where Anode;, and Cath;, are the summations of anode inlet flows and
cathode inlet flows, respectively, as defined by Anode;, = H,;, + H,O,;, and
Cath;, = Ny, + Oy, + HyO
fractions of each gas inside the fuel cell. At this juncture, we point out the
subtle but significant difference between the proposed model and the original

U.S. Department of Energy (DoE) model [29] for defining the pressure
fractions.

cin» While Fy, Fo , and Fy o are the pressure

For the original DoE model,

_ B (3.32)
1‘TII-]:2 = E
_ Po, (3.33)
Fb2 - E
Pa,0, (3.34)
Fu,0, = Pzap

but for the model proposed by Chiu et al. [18]

Fo —_ ‘B (3.35)
He = Py, +Pay0,
Fo Po, (3.36)

2~ Py, +Po,+Pu,0,



F Payo, (3.37)
H20e = PN, +Fo, +Fiz0,

In the original DoE model, it is assumed that the cell anode and cathode

pressures remain constant and equal at P,,, which is the steady-state operating
pressure. But because we are using the model to analyze the transient
behavior of fuel cells, we have to account for the perturbation of each gas
pressure as soon as we change some conditions. Thus, we use the summation
of the gas partial pressures in Equations 3.35 through 3.37 instead of
assuming a constant operating pressure.

In order to get the state-equation matrices, we substitute Equations 3.28
through 3.37 into Equations 3.25 through 3.27, and then differentiate both
sides.

For example, we substitute Equations 3.29 and 3.32 into Equation 3.25,
which becomes

dPg, _ R*T
d ~ Vy

[H2in — 2K, A.i — (Anodey, — 2K, A 1) %]

Then, performing linearization (first-order approximation) about the given
steady-state operating point yields

OPPH2

OP

3.2

B g2t ad) fan s (1 ) a2

aq

where APy, AH,;,, and Ai are the perturbations of each variable, and Yy, is

the molar fraction of H, at the anode inlet defined by H,; /Anode;, . Moreover,

the state and input variables in the equation need to be replaced by their
steady-state values at the chosen operating point.

Following this example, we obtained the remaining equations for the DoE
and Chiu et al. models as

1. Original DoE model

dAPo,  prr

& =V, [— (Cathy, — K A1) %AP@ K, A P°2 —2ANi+ ( %) A

Yo, +Yn,0,

dAPg,0, __ R*T
dt 7

= |- (Cathin + 2K, Ai) L APy, — ——2% — AOpn + [1- — 2% ) AH,0
op (Y02 —|—YH2 Oc ) P, (Y02 +YH2 Oc ) Pop

where Yq_ is the mole fraction of O, at the cathode inlet defined by



Oyiy/Cathyy, and Yy o is the mole fraction of water at the cathode

: : - __ O2in+H2Ocin
inlet defined by H,O,,/Cath;, so that Cath;, = Yo, +¥i0.
2. Chiu et al. model
dAPg,
&
_ BT l (Anodey, — 2K, A,i) — 2% APy + (1 - L) AHgy, — 2K, A
(PHz +PH20a) Yn, (PHz +PHan)

dAP, " Py + Py
Tz — RV_;F [_ (Cathin —_ KTAC'[,) ﬁAPOZ + (Cathm K A Z) Pwt’wde APH20¢ (
dA * :

o _ BT | (Cathy, + 2K, A, i) 5% A Py, — (Cathin + 2K, Aci) 2% AP0

dt cathode 2 cathode e (

where Py, is the partial pressure of water vapor in the anode, Py, the partial

pressure of the nitrogen in the cathode, and P.,04. = Pn, + Po, + Ph,0,-

For the fuel cell output, we substitute Equation 3.24 into Equation 3.23 and
differentiate both sides. Then, we obtain a linear equation for the perturbation

of the stack output voltage AE in response to the system state changes due to
input perturbations at particular operating points as

AE (3.44)

_ N [RT R*T 1 BT _1
=N [W_APH + Po, APO2 T T2F Payo, APH20“ <r+ ity + 4 —i— 1n) Az]

3.5.1.1.2 Linear State-Space Model

From Equations 3.38 through 3.44, we can form a linear small-signal state-
space model of the hydrogen PEMFC described by

At =AAx+ BAu
Ay=CAz+ D Au
Az = [APy, APo, APy,0,]"
Au = [AHyp AOgy AH,Ocip Aidl"
Ay =AFE

where the three system states in Ax are the perturbations of the partial
pressures of hydrogen, oxygen, and water vapor inside the cells, and the four

inputs in Au are the perturbations of the inlet flow rates of hydrogen, oxygen,



and water vapor, and also the output current density, while the system output
Ay is the perturbation of the fuel cell stack voltage.

For the DoE model, the matrices A, B, C, and D are

A=R*T a3
—(Anode, — 2K,,Acz')m+, 0 0
op
0 —(Cathyy, — K,Aci)ﬁ 0
_ . N1
0 0 (Cathm + 2I{'r Acz) VePop
B=R*T
[ 1 Pay Pop—Pa, |
Vi VaYa, Py 0 0 —2K; A, V4Pop
1 Po, B Po, Poyp—Po,
0 V‘; ‘IC(Y02 +YH2 Oc )POP VC(YO2 +YH2 Oc )POP K’T‘ AC VcPoP
-PH2OC i _ PH2O¢ POP_'PH2OC
| 0 Ve(Yo, +YH,0. ) Pop Ve o Ve(Yo,+Ya,0.)Pop 2K A VePop
_NET; 1 1 1
C=N%p [PH2 2Py,  Pmyo, ]
D=N[0 0 0 —(r+ 4+ Zl_f_h)]
For the Chiu et al. model, the matrices A, B, C, and D are
A=R*T
_ 0,
—(Anode;, — 2K,.Acz')PH2—2 0 0
Va(Pr,+Pa, O4)
0 ~(Cathiy — K, Ad) 2% (0uthy, — K, A
V¢PCathode
0 _(Cathiy + 2K, Ad)—2%_ _(Cathay, + 2K,
L VcPC’athode
B=R*T
[ 1 PHz o
Va VoY, (Pa,+Pa,0,) 0 0 2K, 4 Va(P
1 Po, . Po, . Py
0 Ve o Ve(Yo,+Ym,0.)Fcathode Ve(Yo, +Ya,0. ) Poathode K, 4. Ve
Py,0, 1 Py, 0, Py
| 0 Ve(Yo, +Ya,0. ) Peathode Ve Ve(Yo,+Ym,0.)Fcathode 2K, 4 VeP
_nNRT[ 1 1 1
C=N%p [PH2 2P, Piy00 ]

D=N[0 00 —(r+i+L)]

it | di—i—in
3.5.1.2 Correspondence of Simulation and Test Results

MATLAB® was used to perform simulations of PEMFC dynamic response
based on the small-signal linear state-space models described above. The



values of the fuel cell models’ main parameters, corresponding to a PEMFC
stack (composed of four cells) that was tested at the DoE National Energy
Technology Lab in Morgantown, WV, are listed in Table 3.4. From auxiliary
tests, it was also estimated that the coefficient of Ai in Equation 3.44, yielding
the instantaneous voltage change for a unit perturbation in current density,

equaled 30.762 uQ m?. Furthermore, the state variables’ steady-state values at
the chosen operating point of 40 A load current were calculated from the

input and output steady-state values, and then substituted into the matrices A,
B, C, and D.

The following figures compare the responses between the test fuel cell
stack, the original DoE model, and the Chiu et al. model. They are of the
output voltage response to a step change of the load current with the input
flow rates held constant. For the first test case with results shown in Figure
3.11, the stack was operating at a steady-state condition with H,. = 3664

mL/min, N, + Oy;,, = 11,548 mL/min (assumed to be equally distributed

between four cells), 7 = 338.5 K, and load current of 40 A, when the load
current was abruptly increased to 50 A at the 5th second. The measured stack
output voltage (with data-acquisition rate of 0.2 samples/s) shows a rapid
decrease followed by a steady-state that appears to be a constant accompanied
by some “noise.” Simulations of this load current perturbation from the 40 A
operating value were then performed using the DoE and the Chiu et al. small-
signal dynamic models described by Equations 3.45 and 3.46, respectively.
As shown in Figure 3.11, the Chiu et al. model predicts the transient response
starting from the output voltage operating value of 2.813 V (the voltage drop

at the instant of current change being given by 30.762*Ai) and also the
steady-state response of the measured output voltage better than the DoE
model. Note that the discrepancy in steady-state values is mainly due to the
nonlinear functions found in the exact output voltage of Equation 3.23, i.e.,
the linear models used are only a fair approximation of the stack’s exact
behavior due to the fairly large perturbation involved in this test, as to be
expected.

TABLE 3.4

Fuel Cell Parameters

Cell active area A, = 136.7 cm?

Volume of anode V, = 6.495 cm?

Volume of cathode V, = 12.96 cm?



Number of cells N =4

Operating pressure (for the original DoE model) P,, = 101 kPa
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Comparison of simulated and test results.
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FIGURE 3.12

Another comparison of simulated and test results.

For the second test case with results shown in Figure 3.12, the stack was
operating at a steady-state condition with H,;, = 3000 mL/min, N,;, + O,;, =

10,000 mL/min (assumed to be equally distributed between four cells), T =
338.5 K, and load current of 40 A, when the load current was abruptly
increased to 42 A at 0.1 s. The measured stack output voltage (with data-
acquisition rate of 100 samples/s) shows a rapid decrease followed by a
gradual increase accompanied by some “noise.” Simulations of this (smaller)
load current perturbation from the 40 A operating value were then performed
again using the DoE and the Chiu et al. small-signal dynamic models. As
shown in Figure 3.12, the Chiu et al. model again predicts the transient
response and the steady-state response of the output voltage better than the
DoE model. However, their difference has been reduced as has the difference
between them and the measured response, which was expected because of the
smaller perturbation from the chosen operating point.

Operating condition: Hj;, = 3000 mL/min
sz + OZin = 10,000 mL/min
T (operating or cell temperature) = 338.5 K

Perturbation: I at 40 A then stepped up to 42 A at 0.1th second

Note that the test response showing the output voltage slowly increasing
over time after the initial drop was also observed consistently at various
operating conditions after a load increase; this was more noticeable for
smaller perturbations (when a finer voltage scale was used) than for larger
perturbations. But the phenomenon does not appear to represent an
undershoot and subsequent recovery as they pertain to a linear dynamic
system. It may be that the membrane conductivity changes as its level of
hydration increases after a load change leading to the gradual increase in cell
voltage. This will need to be addressed in future research.

3.5.2 Page’s et al. Model

A different approach from Page et al. [30] was adopted toward obtaining a
linear model of PEMFC dynamics in [13]. This approach is based on
acquisition of test data from a single cell or a multiple-cell stack, followed by
a least-squares estimation of the parameters (component values) for the



proposed equivalent circuit model (Figure 3.13). But this is an input—output
model where the equivalent circuit internal variables do not actually
correspond to actual physical quantities.

3.5.3 University of South Alabama’s Model

A partially linearized model of PEMFC dynamics is applied, where the partial
pressures of hydrogen, oxygen, and water in the fuel cell were each modeled
as having first-order dynamics [13,31]. But the PEMFC output voltage still
nonlinearly depends on these partial pressures in their model.

3.5.4 Other Models

Reference 32 also adopts a small-signal approach toward modeling the
dynamics of PEMFCs, but chooses to ignore the dynamics of all variables
except temperature, as being the dominant (slowest evolving) system variable.
In any case, this approach does not lead to a strictly linear model of PEMFC

dynamics.
LV R, R,
AAA ] VAYAVA
s j} R, L c,
l 1 i 1T
FIGURE 3.13

Page’s et al. equivalent circuit model.

In Reference 33, the dynamic model presented (essentially amounting to a
single equivalent capacitance) was not validated with respect to transient
responses from actual PEMFCs, although the steady-state values predicted by
the model were compared to the polarization curves of actual PEMFCs.

3.6 Parametric Sensitivity of PEMFC Output Response

There is significant motivation to identify which fuel cell parameters have
greater impact on the cell’s steady-state and transient responses so as to
facilitate improved simulations and designs (internal modifications as
opposed to external controller designs) of such cells. A sensitivity analysis
was described in Reference 34 using a PEMFC electrochemical model and
data from a 500 W PEMFC stack manufactured by BCS Technology [35].
The goal was to identify the relative importance of each parameter to the FC



model simulation’s accuracy. To investigate this, the parametric sensitivity of
the FC electrochemical model was calculated using a multiparametric
sensitivity analysis approach. To represent the FC stack electrochemical
behavior, a first-order (one capacitor) electrical circuit was used to model the

FC dynamic behavior. But the main focus was on FC steady-state response
and evaluating the parameters effects on the stack polarization curve. To

evaluate accuracy of the model’s dynamic response, since the charge
doublelayer effect is responsible for a delay in the FC voltage change after a
change in its current, the parameter used to describe this behavior is an
equivalent capacitance; so, its effect on the model’s step response
(representing a real-world current interruption test) was studied. This
capacitance does not influence the stack polarization curve because each point
on this curve is obtained after the voltage has reached its steady-state value.
As expected, the results of the transient response analysis were similar to that

of a basic RC circuit.

The remainder of this section describes the results obtained in References
36 and 37 from a sensitivity analysis performed on an input—output transfer
function (which is a linear systems concept) that is derived from the linear
small-signal model of PEM fuel cell dynamics previously described in
Section 3.6.1 [18]. These provide a greater insight into the issue of which
physical parameters have the greater impacts on fuel cell dynamic response.

The transfer function being investigated represents the fuel cell’s output
voltage response (system output) to a perturbation of the load current (system
input), which is equivalent to its output impedance. It is well known that this
impedance has long been studied, usually through AC measurements termed
impedance spectroscopy, as a means to characterize a cell’s physical
processes, electrical properties, and transient response [38—40]. But in this
book, we describe a slightly different use of PEMFC output impedance.

Sensitivity is mathematically defined as the partial derivative of a function
with respect to one of its parameters divided by the ratio of the function to
that parameter. Here, it gauges the effect of a unit change in a given fuel cell
parameter on the cell’s input—output transfer function (for small load current
changes). The sensitivity of the PEMFC’s dynamic response can be evaluated
for the following parameters: cell active area, parameter associated with cell
activation losses (the slope of Tafel line), parameter associated with cell
concentration losses, cell-limiting current density (corresponding to
concentration losses), cell internal current density (corresponding to internal
current losses), cell exchange current density (corresponding to activation



losses), number of cells in the stack, cell area-specific resistance
(corresponding to resistive losses), stack operating temperature (actually an
operating condition parameter), cell anode volume, and cell cathode volume.
Several plots will be presented below to illustrate and compare these
sensitivity functions.

3.6.1 Fuel Cell Dynamic Response and Sensitivity Analysis

Now, note that the fuel cell’s output impedance represents its output voltage
response to a perturbation of the load current, which is the system transfer
function of main practical interest. This impedance function can be obtained
from Equation 3.46 as

Gvi(s) = C(sI; — A) "By + D, (3.47)
__ cubuy (c12a32+c12(5—a33))bag+(c12 Aoz +c13(5—as2))bsy i d
~ s—4n (s—az2)(s—a33)—aszas; 4

where s represents complex frequency, /5 the 3 x 3 identity matrix, B, and D,
represent the fourth columns of B and D, respectively, and m;; refers to the
element in the ith row and jth column of the corresponding matrix M.

3.6.1.1 Sensitivity Function

A sensitivity analysis can be performed on the PEMFC output impedance.
This analysis quantitatively characterizes the effect that each particular
parameter and operating point variable of the fuel cell has on that impedance.
Such information can then be used for prescribing design changes to a fuel
cell system in order to improve its dynamic behavior.

The sensitivity function is defined here as the ratio of the partial derivative
of the transfer function (3.47) with respect to a particular parameter to the
transfer function divided by that parameter, i.e.,

__ OGy; /08 (3.48)
Sp = Gv:/0

where O represents any parameter or operating point variable of the fuel cell.
It shows how sensitive the system is to different parameters and variables as a
function of frequency.

As examples, we present the sensitivity functions for Gy,(s) with respect to
H,;, and for Gy,(s) with respect to V,, which were among the simplest of the
derived functions, as

(3.49)
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Ho; Oy;
P = Po, + Py, + Pryo,, Fin = 222, 4, = Om

2

(3.55)

3.6.1.2 Sensitivity Function Plots

The various sensitivity functions for the PEMFC’s output impedance were
evaluated using MATLAB and then plotted. Since the calculated sensitivity
functions are complicated expressions and the parameters and input variables
are many, only a few representative plots are presented here.

The baseline parameter and input values that were used are given in Table
3.5. These correspond to a PEMFC stack at the DoE’s National Energy
Technology Laboratory, Morgantown, WV that underwent testing in 2003.
This stack had four cells and ran on air (rather than pure oxygen).

These sensitivity function plots for the DoE National Energy Technology
Laboratory (NETL) model were derived for the anode and cathode volume,
cell’s active area, output current density, cell’s temperature, inlet flow of
hydrogen, inlet flow of air, and voltage loss constants, based on the NETL
fuel cell’s parameter values and one set of operating conditions.

TABLE 3.5

Fuel Cell Parameter and Input Values for Sensitivity Analysis




Parameter Description Value or Input

N Number of cells in the stack 4
T Stack operating temperature 338.6 K
Hyip Anode inlet flow rate of hydrogen 3000 mL/min
Airy, Cathode inlet flow rate of air 10,000 mL/min
I Cell output current 40.25 A
A, Cell active area 136.7 cm?
i Cell output current density 2926 A/m?
v, Volume of the cell anode channels 6.495 cm?3
I’A Volume of the cell cathode channels 12.96 cm3
L Sum of cell voltage losses —36 uV/cell (fora2.2 A
change)
a Constant associated with cell activation losses (the slope of Tafel 0.06 V
line)
b Constant associated with cell concentration losses 005V
iy Cell internal current density corresponding to internal current 20 A/m2
losses

Cell exchange current density corresponding to activation losses

i Cell-limiting current density corresponding to concentration losses 9000 A/m?

r Cell area-specific resistance corresponding to resistive losses 3 uQ m?2

Y, Molar fraction of H, at the anode inlet 0.9

Yo Molar fraction of O, at the cathode inlet 0.189 (= 0.9*%0.21)

2

We first present the output impedance sensitivity plot with respect to the
fuel cell’s anode volume (Figure 3.14). From the plot, we can notice that the
overall impedance function is more sensitive to changes in the anode volume
at frequencies around 1 rad/s.

We next present the output impedance sensitivity plot with respect to the
fuel cell’s cathode volume (Figure 3.15). From the plot, we can notice that the
overall impedance function is more sensitive to changes in the cathode
volume at frequencies around 1 rad/s.

We next present the output impedance sensitivity plot with respect to the



fuel cell’s active area (Figure 3.16). From the plot, we can notice that the
overall impedance function is more sensitive to changes in the cell’s active
area at low frequencies.
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FIGURE 3.14

Output impedance sensitivity plot with respect to cell anode volume.

We next present the output impedance sensitivity plot with respect to the
fuel cell’s output current density (Figure 3.17). From the plot, we can notice
that the overall impedance function is more sensitive to changes in the cell’s
output current density at frequencies above 10 rad/s.

We next present the output impedance sensitivity plot with respect to the
inlet flow rate of hydrogen (Figure 3.18). From the plot, we can notice that
the overall impedance function is more sensitive to changes in the flow rate of
hydrogen at a frequency range below 10 rad/s.

We next present the output impedance sensitivity plot with respect to the
inlet flow rate of air (Figure 3.19). From the plot, we can notice that the
overall impedance function is more sensitive to changes in the flow rate of
oxygen at frequencies below about 1 rad/s.

We next present the output impedance sensitivity plot with respect to the
fuel cell’s temperature (Figure 3.20). From the plot, we can notice that the
overall impedance function is more sensitive to changes in temperature at
frequencies around 0.1 rad/s.

We next present the output impedance sensitivity plot with respect to the
voltage losses constant a (Figure 3.21). From the plot, we can notice that the



overall impedance function is more sensitive to changes in the voltage losses
constant a at frequencies above 10 rad/s.
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FIGURE 3.15
Output impedance sensitivity plot with respect to cell cathode volume.
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FIGURE 3.17
Output impedance sensitivity plot with respect to output current density.
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Sensitivity of Vi wrt Air i,
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FIGURE 3.19
Output impedance sensitivity plot with respect to the air inlet flow.
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Output impedance sensitivity plot with respect to the cell temperature.
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Output impedance sensitivity plot with respect to the voltage losses constant
a.

We next present the output impedance sensitivity plot with respect to the

voltage losses constant b (Figure 3.22). From the plot, we can notice that the
overall impedance function is more sensitive to changes in the voltage losses

constant b at frequencies above 10 rad/s.

We next present the output impedance sensitivity plot with respect to the
internal and fuel crossover current density constant i, (Figure 3.23). From the
plot, we can notice that the overall impedance function is more sensitive to
changes in the internal current density at frequencies above 10 rad/s.

We next present the output impedance sensitivity plot with respect to the
limiting current density constant i (Figure 3.24). From the plot, we can notice
that the overall impedance function is more sensitive to changes in the
limiting current density at frequencies above 10 rad/s.

We next present the output impedance sensitivity plot with respect to the
specific area resistance r (Figure 3.25). From the plot, we can notice that the
overall impedance function is more sensitive to changes in the specific area
resistance r at frequencies above 10 rad/s.

Comparing the plots of the output impedance’s sensitivities with respect to
the cell’s anode volume and to its cathode volume in Figures 3.14 and 3.15,
respectively, note that the plots are somewhat similar to each other. However,
the magnitude of the function for cathode volume is greater at the higher



frequencies above 1 rad/s than the corresponding function for anode volume,
and vice versa for frequencies below 1 rad/s. Hence, we infer that the high-
frequency component of the cell’s dynamic response is more sensitive to
changes in its cathode volume than to its anode volume under typically
expected operating conditions. Considering the impedance sensitivity function
with respect to the fuel cell’s active area as graphed by Figure 3.16, we can
see that the overall impedance function is also more sensitive to changes in
the fuel cell’s active area at lower frequencies than at frequencies higher than
about 1 rad/s. The impedance sensitivity functions with respect to the inlet
flow rates of hydrogen and air are shown in Figures 3.18 and 3.19,
respectively. From these plots, we can see that the impedance is more
sensitive to changes in the flow rate of hydrogen at a frequency range lower
than 0.1 rad/s. On the other hand, for the flow rate of air, the impedance has a
higher sensitivity at frequencies below about 1 rad/s.
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Output impedance sensitivity plot with respect to the voltage losses constant
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Output impedance sensitivity plot with respect to the internal current density
constant i,,.
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Output impedance sensitivity plot with respect to the limiting current density
constant i;.
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3.6.2 Summary

In this section, we have described the results obtained from a sensitivity
analysis performed on an input—output transfer function that is derived from
the linear small-signal model of PEMFC dynamics proposed by Chiu et al.
[18]. These results provide greater insight into the important design issue of
which fuel cell parameters have greater impacts on the cell’s dynamic
response. As one example, it was determined that the fuel cell’s dynamic
response at higher frequencies is typically more sensitive to changes in its
cathode volume than to its anode volume, which implies that the former is a
more significant parameter for influencing the higher-frequency component of
transient response than the latter.

3.7 Temperature and Fuel Dependence of an Equivalent
Circuit Model of Direct Methanol Fuel Cells’ Dynamic
Response

This section will focus on DMFCs. As has been mentioned in Chapter 1,
methanol is easier to transport than the hydrogen used by PEMFCs and easier
to work with; so, DMFCs are an attractive option for various portable and
mobile applications, such as powering military equipment, forklifts, and
scooters [41-43]. Moreover, methanol can be produced quite easily from



biomass [44].

3.7.1 Importance of Equivalent Circuit Model

As is the case from PEMEFCs, it is important to properly characterize an
equivalent circuit model of the DMFC’s dynamic behavior, for performing
analysis and optimal design of the power systems based on such sources.
Such characterization includes identifying the circuit’s components, their
connection, and also the dependence of the component values on variable
operating conditions such as temperature and fuel flow rate. The characterized
model can then be used in several ways, such as for accurately evaluating and
then improving how the DMFC interacts with other components of the
complete power system (such as ultracapacitors (UCs) and switch-mode
power converters), e.g., the effects of DC—AC converter ripple current on the
lifespan of the fuel cell. Another way is for adjusting, either statically or
dynamically, and in either an open-loop or closed-loop fashion, the
temperature and/or fuel flow to obtain a more optimal dynamic performance
of DMFCs in applications with fast, frequent, and/or significant load changes.

In the following sections, we will describe two such equivalent circuits, as
well as the experimental dynamic response data we obtained that determined
the particular circuit we would use for our study. Thereafter, we present the
procedure used to estimate the component values of that equivalent circuit
model and discuss the ensuing results, followed by several conclusions.

3.7.2 Equivalent Circuit Models of DMFC Dynamic Response

Several equivalent circuit models have been proposed to model the dynamic
response of H,-fueled PEMFCs as has been described in the previous sections
of this chapter. Moreover, some of these models have been fit to, and its
component values estimated from, measured frequency-domain (AC
impedance) data with varying degrees of agreement [45,46]. On the other
hand, only a couple of equivalent circuits have been proposed specifically to
model the dynamic response of DMFCs. Other kinds of models, such as those
presented in References 47-49, while important in their own right, are usually
not as useful as circuit-type models to electrical engineers and control system
engineers when they perform diagnostics, design, or analysis, e.g., to
determine the amount of AC (ripple) current being drawn from the fuel cell
by a given switch-mode DC-AC converter, which affects the cell’s lifespan.

The circuit model described in Reference 50 for DMFCs is a first-order

model (see Figure 3.26) that has the following components: a source E for the
open-circuit voltage, which depends on the methanol and oxygen feed



concentrations; a resistance R, representing the combined activation and
mass-transport losses; a capacitance C for the double-layer capacitance of the
electrodes; and a resistance R,;,,;. representing the ohmic loss. In addition,
second-order equivalent circuit models were proposed in References 51 and
52 (see Figures 3.27 and 3.28, respectively). Note that the model described in
Reference 51 is identical to that in Reference 52, except for the additional
resistor representing the cell’s ohmic resistance. The other components
described in Reference 52 to model the DMFC anode impedance are an
inductance L to represent inductive behavior (phase delay) that can be
explained using kinetic theory [53] for the reaction mechanism for methanol
electro-oxidation involving intermediate adsorbates, a behavior confirmed by
others such as in Reference 49; a resistance R, that serves to modify the phase
delay according to the reaction scheme; a resistance R, that is associated with
the part of the current response occurring without change in adsorbate
coverage; and a capacitance C, that is believed to be associated with the
redistribution of charge at the anode (it depended on parameters such as
current density) instead of double-layer capacitances of the DMFC anode and
cathode, since double-layer capacitance values for similar electrodes have
been reported to be an order of magnitude lower than values calculated for
this C,. This circuit models well the frequency-domain impedance spectra of
a DMFC operating with fuel flow at several times the stoichiometric rate, so
excluding mass-transport limitations [52].

FIGURE 3.26

First-order equivalent circuit model of DMFC dynamic response, described in
Reference 53.

FIGURE 3.27



Second-order equivalent circuit model of DMFC dynamic response, described
in Reference 54.

FIGURE 3.28

Second-order equivalent circuit model of DMFC dynamic response, described
in Reference 55.

The model described in Reference 51, based on the model in Reference 52,

includes an ohmic resistance R, and a capacitance C similar to C, in
Reference 52; both of these values are supposedly constant. On the basis of
impedance spectra measured with the cell output voltage at various levels
from 0.5 V to 0.1 V, Wang et al. [51] also proposed nonlinear functions of

current for the values of the parameters R, R;, and L, which are similar to

cr

R.., R,, and L, respectively, in Reference 52.

3.7.3 Testing of DMFC to Ascertain Equivalent Circuit Model
Parameters

As described in Reference 54, testing of DMFCs can be performed to
ascertain the equivalent circuit model parameters describing their dynamic
response. Only a summary of the procedures followed therein for DMFC
testing and for parameter identification is now provided, as is its conclusions.

A series of experiments were conducted at different combinations of
temperature and fuel flow rate using the experimentation setup diagrammed in
Figure 3.29. Tests were performed with temperature of the DMFC controlled
to 30°C, 50°C, and 70°C on separate occasions with the aid of a thermocouple
and electric heating elements embedded in the DMFC end plates, allowing for
closed-loop control by the fuel cell test station (FCTS) software. The fuel
flow rate was also varied, at each temperature setting, using the same software
interface to be 0.2, 0.4, and then 0.6 mL/min on separate tests; however, the
flow rate of air was fixed at 1 L/min. Tests were conducted first with fuel
having a concentration of 1 mol/L, and then with fuel having a concentration
of 0.5 mol/L.

The tests consisted of applying a fixed load resistance (16.8 (1) to the
terminals of the fuel cell, thus drawing a current of about 40 mA while the



FCTS software recorded the voltage values at these terminals at a 1 Hz rate.
The test data were first of the voltage values across the DMFC terminals after
the load resistance was connected to the fuel cell; this part of the fuel cell
response will be referred to as the “load-on” response. After an interval of 5
min, the load resistance was disconnected to produce an open circuit across
the terminals, but the values for DMFC terminal voltage continued being
recorded for another 5 min; this portion of the test will be referred to as the
“load-off” response. This load-on, load-off test was repeated several times in
order to ensure repeatability and also with the intent to average out the effect
of random phenomena, such as electrical noise.

Note that, as compared to circuit modeling using electrochemical
impedance spectra data, which is a frequency-domain approach, this test
procedure does not require an expensive AC impedance (frequency response)
analyzer. Instead, only time-domain data are collected. Moreover, that the
choice of test conditions (temperature, fuel flow) was aimed at obtaining
responses over a fairly wide range of possible operating conditions. Finally,
the choice of concentrations of 1 and 0.5 mol/L, was mainly determined for
the ease of obtaining those values, given the limited precision of the volume
measurements that could be made.
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FIGURE 3.29

Diagram of DMFC experimentation setup in Reference 54.

Figure 3.30 is illustrative of the measured load-on, load-off responses at the
various operating conditions, although it was noted that the test data obtained
at the 1 mol/L, 70°C, and 0.4 mL/min condition had somewhat greater

variability (reduced repeatability) than the data at other test conditions (the R?
values comparing the data sets at a given condition to each other, all being

greater than 0.95, where R? has its usual definition as the ratio of the sum of
squares of the regression to the total sum of squares), which may explain
certain results described in the next section; this was very likely due to



random effects, and was not especially grievous (the R? values comparing the
three data sets at this one-test condition to each other being 0.89, 0.98, and
0.84). It was observed from these responses of the fuel cell output voltage that
the load-on response typically had an undershoot—meaning the response’s
minimum value is less than its steady-state value. This type of response
requires a mathematical function with at least two exponential terms to
describe, which a first-order circuit cannot produce—its response, by
definition, is a single exponential function of time [55]. Furthermore, small
overshoots of a few millivolts—overshoot meaning the response’s maximum
value is greater than its steady-state value—were observed from the 0.5 mol/L.
tests at 70°C. It is uncertain, at this time, which of the several difference(s)
between these tests and those in Reference 50 result(s) in load-on responses
with undershoots documented in Reference 54 but (first-order) responses
without undershoots in Reference 50. But these observed undershoots meant
that Singh et al. [54] focused on the second-order equivalent circuit model of
Figure 3.27 for their study.
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FIGURE 3.30

Comparison of averaged data (with error bars) of load-on/load-off response of
DMEFC output voltage for an input of 1 mol/L concentration methanol at 0.4
mL/min, 50°C, to its least-squares estimate.

It is well known that second-order circuits can yield a transient response
that is either overdamped (sum of two real exponential responses) or
underdamped (sum of two complex exponential responses, resulting in an
exponentially damped sinusoidal response). From the data collected by Singh
et al. [54], it was clear that the load-off responses belonged to the overdamped
category while the load-on responses belonged to the underdamped category;
so0, the corresponding capacitor voltage can be expressed as shown below

ve (t) = ae” + ce® (3.56)



ve (t) = x e * cos (wt + 6) + Av (3.57)

where v () is the capacitor voltage as indicated in Figure 3.27, # time, Av the

voltage to which C is charged to during the load-on response, and the rest are
constants that need to be determined from each test response. For both cases,

the output voltage can be readily related to the capacitor voltage v.(f) by
Kirchoff’s voltage law, and so the load-on response is given by

Yo (t) =E- (a ebt + cedt) - (’Uo (t) RL) Rohmic (3.58)
and the load-off response is given by
vo(t) = E — (x e~ cos(wt + §) + Av) (3.59)

However, the crux of the problem is centered on estimating the parameters
a, b, ¢, d or a, W, X, 6 embedded in the capacitor voltage expression, since

the voltage E and resistance R,,,;. can be readily obtained. Therefore, this
guided their analysis, as described next, to relate the model component values

to the parameters a, b, ¢, d of Equation 3.56 or @, W, X, 6 of Equation 3.57.

3.7.4 Model Component Value Estimation

First, the (either load-on or load-off) responses were averaged and then
approximated by nonlinear least-squares curve fitting using the MATLAB

Curve Fitting Toolbox to determine the four response parameters, either a, b,

¢, d of (3.56) or a, W, X, O of (3.57). Twenty-five iterations of each fitting
were performed with different initial guesses of the parameter values to
greatly increase the likelihood of obtaining the globally optimal solution.
After selecting the best outcome of these iterations, it was found that all of the

1 mol/L load-on curves were fitted with R? > 0.990 with the exception of the
70°C, 0.4 mL/min case where the best fit yielded R? = 0.961. In addition, all
of the 0.5 mol/L load-on curves were fitted with R? > 0.987. Moreover, all of
the 1 mol/L load-off curves were fitted with R? > 0.997 with the exception of
the 70°C, 0.4 mL/min case where the best fit yielded R? = 0.990. All of the
0.5 mol/L load-off curves were fitted with R> > 0.997.

Next, the values for the passive elements of the model were derived. Before
analyzing this model, it was checked and verified that the model would work
as expected. In particular, at steady-state, the capacitor acts as an open circuit

and the inductor L acts as a short circuit, allowing all the current to flow
through it. Then, when the R, ; resistor is either connected or disconnected



from the terminals of the fuel cell, the current through the inductor, and also
the voltage drop across the capacitor, cannot change instantaneously.

To find the values for the capacitance, inductance, and resistances in the
circuit of Figure 3.27, Laplace-domain circuit analysis was performed with
the appropriate initial inductor current and initial capacitor voltage. For the
load-off response, this analysis yielded an expression for the capacitor voltage
that was of the form

Ay, (3.60)
‘/c (8) - s2+Jys+Jy

where A, A, J;, and J, are functions of R, R;, L, C, and/or E. Whereas for

the load-on response, the circuit analysis yielded an expression for the
capacitor voltage that was of the form

_ _~BistBy | By (3.61)
‘/c(s) - 82+K;s+K 8

where By, B, K;, and K,;, are functions of R, R;, L, C, and/or E. Also, note

that the Laplace transform of Equation 3.56 yields

_ (atc)s—(ad+bo) (3.62)
Ve (s) = s2—(b+d)s+bd

which is comparable to Equation 3.60, whereas the Laplace transform of
Equation 3.57 yields

+

cos(8)s+x[a cos(6)—w sin(d)] v 3.63
Ve (s) = % 32_1_:&84_(“24_‘02) AT (369

which is comparable to Equation 3.61. For the load-on responses, R was

ohmic
easily calculated from the 1nitial instantaneous drop in v (¢), since v(f) cannot
change instantaneously from its initial zero value, while matching expressions
(3.61) through (3.63) resulted in four equations that nonlinearly depend on the

to-be-determined R, R;, L, and C. They also depend on the known value of

cr
E, which is the open-circuit voltage and also the initial value of the load-on
response, and on the known value of Av, which is the difference between the
initial and final (steady-state) values of the load-on, and ideally also the load-
off, responses. These component values were then estimated by the nonlinear

least-squares approach, making use of the MATLAB® Optimization Toolbox,
and the results obtained are shown in Tables 3.6 and 3.7. Note that the
estimations resulted in the sum of squared errors (SSE) being less than 2.63 X

107* and 2.86 x 107> for each of the nine 1 mol/L and nine 0.5 mol/L



operating conditions, respectively.

For the load-off response, R ;. could not be calculated, whereas matching
expressions (3.60) and (3.62) resulted in one equation giving an exact solution
for R, and three equations that nonlinearly depended on the obtained R, and
the to-be-determined R;, L, and C. The values of R;, L, and C were then
estimated by the nonlinear least-squares approach, making use of the
MATLAB Optimization Toolbox again, and the results obtained are shown in
Tables 3.8 and 3.9. Note that the estimations resulted in the SSE being less

than 3.92 x 1077 and 3.55 x 1077 for each of the nine 1 mol/L and nine 0.5
mol/L operating conditions, respectively.

3.7.5 Estimated Model Component Value Results

3.7.5.1 For I mol/L. Fuel Concentration

For the load-on response, the estimated resistance R., was observed to be
essentially independent of the fuel flow rate between 0.2 and 0.6 mL/min, but
increasing significantly with temperature between 30°C and 70°C. A mesh

plot of the variation of R, is shown in Figure 3.31 for visualization purposes.
The dependence of R; on temperature and fuel flow rate is quite similar to

that of R, except it showed a large abrupt increase at the 70°C, 0.4 mL/min
operating condition; recall that the test data at this condition had somewhat
greater variability (reduced repeatability) than the data at other test
conditions, so that this increase may be slightly suspect. Interestingly, L did
not show much variation (in absolute terms) over the studied ranges of
temperature and fuel flow rate. On the other hand, the estimates of C varied
widely in value and without a discernible trend with respect to temperature or
fuel flow rate.

TABLE 3.6
Second-Order Equivalent Circuit Model Values
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temperatures and (1 mol/L concentration) fuel flow rates.

TABLE 3.7

Note: Component values estimated from DMFC output voltage load-on responses at various

Second-Order Equivalent Circuit Model Values
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temperatures and (1 mol/L concentration) fuel flow rates.

TABLE 3.8

Note: Component values estimated from DMFC output voltage load-off responses at various

Second-Order Equivalent Circuit Model Values
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Note: Component values estimated from DMFC output voltage load-on responses at various

temperatures and (0.5 mol/L Concentration) fuel flow rates.

TABLE 3.9

Second-Order Equivalent Circuit Model Values
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Note: Component values estimated from DMFC output voltage load-off responses at various

temperatures and (0.5 mol/L Concentration) fuel flow rates.
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FIGURE 3.31

Dependence of resistance R, values, estimated from load-on step responses,
on temperature and (1 mol/L concentration) fuel flow rate.

For the load-off response, the estimated resistance R, was observed to be
essentially unchanged over the tested ranges of temperature and fuel flow

rate. Whereas R; increased rather abruptly with temperature between 30°C
and 50°C and then leveled off up to 70°C, but was relatively independent of

fuel flow rate. On the other hand, C was observed to be essentially
independent of fuel flow conditions but had an inverse dependency on

temperature. L also increased with temperature between 30°C and 50°C, but
was relatively independent of fuel flow rate at these two temperatures; while
at 70°C, its values at both 0.2 and 0.6 mL/min decreased from their values at
50°C, but its value at 0.4 mL/min instead increased from the value at 50°C.
Since it was noted that the test data at this 70°C, 0.4 mL/min condition had
somewhat greater variability (reduced repeatability) than the other test data,
this inconsistent behavior (dissimilar from the 0.2 and 0.6 mL/min values) is
again slightly suspect, and needs to be confirmed in future studies.

3.7.5.2 For 0.5 mol/L Fuel Concentration

For the load-on response when using fuel of lower concentration, the
resistances R, and R_;,,.. were essentially independent of the fuel flow rate
between 0.2 and 0.6 mL/min, and of the temperature between 30°C and 70°C,
although R, varied somewhat more than R,,,,... Furthermore, the R,,,..
values were very much consistent with those obtained from the 1 mol/L tests,
as expected. The L values varied slightly more than the C values (in absolute
and percentage terms) over the studied ranges of temperature and fuel flow
rate, although both were without a discernible trend with respect to



temperature or fuel flow rate. Compared to the 1 mol/L results, the L values
had increased by an order of magnitude, while the C values had decreased by
at least one order of magnitude; so, these were significantly affected by the
fuel concentration.

For the load-off response, the resistance R, was essentially independent
over the tested ranges of temperature and fuel flow rate, and also very much
consistent with those obtained from the 1 mol/L tests. Whereas R; increased
rather abruptly with temperature between 30°C and 50°C and then leveled off
up to 70°C; however, it was relatively independent of fuel flow rate at 50°C
and 70°C, just like the 1 mol/L case. On the other hand, C was essentially
independent of fuel flow conditions at 50°C and 70°C, but had an inverse
dependency on temperature (see Figure 3.32), just like the 1 mol/L cases. The
L values also increased with temperature between 30°C and 50°C to become
somewhat independent of fuel flow rate at 50°C, although curiously its values
for the 30°C 0.4 mL/min and 30°C 0.6 mL/min cases were 2 orders of
magnitude lower than for the other cases, of which values were in line with

the L values for the 1 mol/L condition.

200 -
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FIGURE 3.32

Dependence of capacitance C values, estimated from load-off step responses,
on temperature and (0.5 mol/L concentration) fuel flow rate.

Finally, in broadly comparing the component values for the 1 mol/L cases
to the 0.5 mol/L cases, it was noted that the higher fuel concentration resulted
in greater variability of those values. This comparison was between the values
for the various temperature and fuel flow rate conditions, as well as between
the values for the load-on and load-off responses.

3.7.6 Further Discussion



Muller et al. [52], presented values of C = 0.135 F/cm?, R, = 1.705 Q cm?, R,

= 0.863 Q cm?, and L = 0.716 H/cm? for their proposed second-order model
(Figure 3.28), obtained under load, and estimated using frequency-domain

(AC impedance) data and technique. For a 25 cm? active area membrane as in
Reference 54, these would correspond to values of C = 3.375 F, R, = 68.2

m(), R; = 345 m(), and L = 17.9 H. Comparison of these values to the

corresponding estimates in Tables 3.6 and 3.8 (under load) yielded average
percentage errors of {12,819%, 880,315%, -85%, -335,790%} and {20,118%,

3,699%, 122%, 156%}, respectively, for R, R;, L, and C. The likely
explanation for the large discrepancies is that the operating conditions in
Reference 52 differed significantly in a few key respects from the operating
conditions used in Reference 54; in particular, the lowest current density in

the tests by Muller et al. was 100 mA/cm?, although it is not completely clear
from Reference 52 which set of data (and operating conditions) corresponded
to their estimates as given above, while the tests described by Singh et al. [54]

were at a current density of about 2 mA/cm?. These parameters’ dependence
on current was described in Reference 51.

On the other hand, let us now consider the output impedances
corresponding to the obtained parameter estimates. The output impedance of
the studied second-order equivalent circuit model (Figure 3.27) is expressed
as

RaL s+RaRy, (3.64)

Z = Rohm’ic + Rt L C s2+(L+Ry Ry, C)s+(Rz+Ryr)

The Nyquist plots using the estimates presented in Tables 3.6 and 3.7 are
shown in Figure 3.33, while the Nyquist plots using the estimates presented in
Tables 3.8 and 3.9 are shown in Figure 3.34. These plots compare well to the
DMFC impedance plots shown in Reference 49, which have similar shapes,

and Re(Z) values ranging from 0 to 5 ) and Im(Z) values ranging from -2.5 to
I Q. These similarities provide a measure of support for the validity of the
method proposed by Singh et al. [54] and the resulting model component
estimates.

3.7.7 Conclusions

This section has described the equivalent circuit modeling of DMFC
dynamics from measured temporal (time-domain) responses during step
changes in load current at various temperature and fuel flow-rate operating
conditions as proposed by Singh et al. [54]. The simulated responses of the



assumed second-order circuit model, a first-order model being determined to
be less accurate for reproducing the observed response undershoots and
overshoots, with its estimated component values yielded excellent fits with
the experimental data for the 30-70°C temperature range and the 0.2-0.6
mL/min fuel flow range under study. The results provide all the information
that is obtained by an AC impedance measurement, without requiring an
impedance (frequency response) analyzer, and also determines the
contribution of each component to the overall impedance. One can use these
modeling results in ways such as: (1) diagnostically—to determine which
parts of a fuel cell are degrading or have degraded and (2) prospectively—to
guide changes to the fuel cell’s design and fabrication (such as the MEA’s
various components) that would improve its output impedance, dynamic
behavior, etc. Perhaps, even more importantly, this equivalent circuit model
can be used to evaluate and then improve upon how the DMFC interacts with
other components of the complete power system (such as UCs and switch-
mode power converters), e.g., the effects of DC—AC converter ripple current
on the lifespan of the fuel cell, similar to Reference 45 for H,-fueled

PEMEFCs.
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using component values estimated from (a) load-one step responses and (b)

Nyquist plots of second-order equivalent circuit model’s output impedance
load-off step responses; 1 mol/L concentration fuel.
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FIGURE 3.34

Nyquist plots of second-order equivalent circuit model’s output impedance
using component values estimated from (a) load-on step responses and (b)
load-off step responses; 0.5 mol/L concentration fuel.

It was further determined in Reference 54 that the model’s capacitor,
inductor, and resistor values are quite sensitive to temperature but relatively
insensitive to fuel flow rates—more so for load-off than for load-on responses
—for the same fuel concentration. Moreover, each component’s dependencies
on temperature and fuel flow rate differ from those of the other components.
Such dependencies could mean that in practice, they should be adjusted either
statically or dynamically, and in either an open-loop or closed-loop fashion, to
obtain a more optimal performance of DMFCs in applications with fast,



frequent, and/or significant load changes. In addition, different fuel
concentrations resulted in greater variability of the parameter values during
the load-on responses as compared to the load-off responses, which is
expected since the former correspond to when current is flowing and thus fuel
being consumed to produce that current.

Nomenclature

E, Cell open-circuit potential at standard pressure

N Number of cells in the stack

E Fuel cell (stack) output voltage

L Sum of cell voltage losses

i Cell output current density

iy Cell internal current density corresponding to internal current losses
i Cell exchange current density corresponding to activation losses

i Cell-limiting current density corresponding to concentration losses
r Cell area-specific resistance corresponding to resistive losses

a Constant associated with cell activation losses (slope of Tafel line)
b Constant associated with cell concentration losses

T Stack operating temperature

Py, Partial pressure of hydrogen inside the cell anode

Po, Partial pressure of oxygen inside the cell cathode

Py, Partial pressure of water vapor inside the cell anode

Py, Partial pressure of water vapor inside the cell cathode

Py, Partial pressure of nitrogen inside the cell cathode

P athode Summation of partial pressures inside the cell cathode

R Universal gas constant (8.3144 J/mol K)

F Faraday’s constant (96,439 C/mol)

Py Standard pressure (101,325 Pa)

P, An assumed constant cell operating pressure



Hain, HoOgin
Anode;,

O2in> Nojn, HaOcin
Cath;,

H20ut’ HZanut
O20ut’ N20ut» HZOcout

H2used’ OZusedv
HZOcproduced

YHZOL‘

APy, APq,, APy o

AHy;p, AOy;p,

Anode inlet molar flow rates of hydrogen and water vapor
Summation of anode inlet molar flow rates

Cathode inlet molar flow rates of oxygen, nitrogen, and water vapor
Summation of cathode inlet molar flow rates

Anode outlet molar flow rates of hydrogen and water vapor

Cathode outlet molar flow rates of oxygen, nitrogen, and water vapor

Molar usage and production rates of hydrogen, oxygen, and water vapor (in the cathode)

Cell output current

Cell active area
Volume of the cell anode channels
Volume of the cell cathode channels

Pressure fractions of hydrogen, oxygen, and water vapor (in the cathode) inside the fuel
cell

Molar fraction of H, at the anode inlet
Molar fraction of O, at the cathode inlet
Molar fraction of water vapor at the cathode inlet

Perturbations of the partial pressures of hydrogen, oxygen, and water vapor (in the
cathode) inside the fuel cell

Perturbations of the inlet flow rates of hydrogen, oxygen, and water vapor (to the

AH,O;, cathode)
Ai Perturbation of the output current density
AE Perturbation of the fuel cell stack output voltage
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4

Linear and Nonlinear Control Design for Fuel

Cells™

4.1 Introduction

Fuel cell-based power systems present a wide range of challenging problems
for control and system integration. Considerable research and development
efforts have been devoted to fuel cell operation and systems, in particular, in
the area of proton exchange membrane (PEM) fuel cells for mobile and
stationary applications. Control plays a critical role in the fuel cell operation
and systems. The objective of a control system is to modify the natural
response of a fuel cell electrochemical reactor and maintain the desired
operation in the presence of uncertainties and disturbances. Moreover, the
control system attempts to diagnose abnormal operation, monitors the health
of the stack, and adapts the operation to address material and electrode
degradation. A wide range of operating conditions that the fuel cell system
needs to operate also makes the controls challenging.

Due to the complexity of a fuel cell system, control strategies are applied in
various aspects, including compressor motor control, pressure control,
humidity control, temperature control, ratio control, control of output voltage
and current, etc. Both linear and nonlinear control approaches have been
developed for fuel cell systems in the literature. This chapter will introduce
the linear and nonlinear control designs for PEM fuel cells, and the modeling
of fuel cells will also be covered accordingly.

4.2 Linear Control Design for Fuel Cells

A robust control strategy is critical to satisfy high-power density demand in
PEM fuel cells. In this section, we will introduce a linear ratio control strategy
based on the distributed parameter model of fuel cells, which includes the
effect of spatial variations.



4.2.1 Distributed Parameter Model of Fuel Cells

Figure 4.1 shows the distributed parameter model of fuel cells proposed in
Reference 1. In the model, a fuel cell is modeled along its channel. The model
considers heat transfer between the solid and the two gas channels, and
between the solid and cooling water. The water content is also modeled to
calculate the condensation and evaporation, water drag through the
membrane, and water generation at the cathode. The energy balance on the
solid is modeled dynamically, but all the other equations are assumed to be at
quasi-steady state for a given solid temperature profile.

Based on the work in References 1 and 2, the energy balance equation is
given by [3]
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FIGURE 4.1

Schematic diagram of a fuel cell channel.
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4.2.2 Linear Control Design and Simulations for Fuel Cells
4.2.2.1 Power Control Loop

For the power control loop, the average power density in the PEMFC was
controlled by manipulating the inlet molar flow rate of hydrogen and the inlet
molar flow rate of oxygen, respectively. Here, we only cover the control using
the inlet molar flow rate of hydrogen [3].

The control scheme is given in Figure 4.2. The controller for the hydrogen
flow to power density loop is designed by using the internal model control
(IMC)-based proportional-integral-derivative (PID) method. The resulting
controller is of PI (proportional-integral) form. The performance of the PI
controller along with the manipulated variable actions is shown in Figure 4.3.
The settling time for this control strategy is approximately 275 s. This large
settling time could be attributed to severe nonlinearities present in the
PEMEC.

4.2.2.2 Power and Solid Temperature Control Loop

The rate of reaction has to be kept at a high value to achieve maximum power
density. However, the increased rate of reaction increases the heat produced
from the reaction, which finally increases the solid temperature of the
PEMEFC. Furthermore, increasing the solid temperature beyond a specific
value will adversely affect the conductivity of the membrane and also the
catalyst activity, which in turns affects the rate of reaction. Therefore, it is
necessary to control the average solid temperature within specified limits.
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P " *| PEMFC =
point PL

controller
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FIGURE 4.2

Schematic of a power control loop using inlet molar flow rate of hydrogen as



the manipulated variable.
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hydrogen as the manipulated variable.

The linear control design is given in Figure 4.4. To control the average
solid temperature, the steady-state relative gain array (RGA) analysis
recommends the inlet coolant flow rate to be the manipulated variable. The
average solid temperature is controlled by using a cascade control loop with
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Schematic of the cascade control loop using inlet molar flow rate of coolant

as the manipulated variable.
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Performance of cascade control using the inlet molar flow rate of coolant as
the manipulated variable.

This strategy in Figure 4.4 provides an additional advantage of disturbance
rejection. The performance of the cascade control design is shown in Figure
4.5. Further simulation results can be found in Reference 3.

4.2.2.3 Multi-Input and Multi-Output Control Strategy

The PEM fuel cells can also be considered as a multi-input and multi-output
(MIMO) system where average power density and average solid temperature

are the two controlled outputs. The MIMO control design is shown in Figure
4.6.

Figure 4.7 shows that the response of the MIMO controller is faster than
that of the single-input and single-output (SISO) controller. The settling time
for the MIMO controller is approximately 90 s while the settling time for the
SISO controller is 275 s. In addition, the MIMO control strategy also avoids
the unwanted effect of rise in temperature.

A simulation using air instead of oxygen at the cathode was taken and its
performance is shown in Figure 4.8. The results demonstrate that the MIMO
control strategy can provide satisfactory control performance for hydrogen-air
fuel cells.
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Performance of the proposed MIMO control strategy in response to changes
in the set points for the average power density and the average solid
temperature.
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Performance of the proposed MIMO control strategy in response to changes
in the set points for the average power density and the average solid
temperature using air at the cathode.

4.2.2.4 Ratio Control

A ratio control strategy was also implemented in Reference 3 to avoid the
problem of oxygen starvation and satisfy maximum power density demand. In
the ratio control design, the inlet molar flow rate of oxygen is used as a
dependent manipulated variable and changed in a constant ratio with respect
to the inlet molar flow rate of hydrogen.

The ratio control design is given in Figure 4.9. In this strategy, the
measured manipulated variable is the inlet molar flow rate of hydrogen. The
inlet flow rate of oxygen is changed in proportion with the inlet flow rate of
hydrogen.

Figure 4.10 shows the performance of the ratio control strategy. To
improve the performance of ratio control, the average solid temperature is
also controlled using the previously described cascade control strategy.
Simulation results show that the response of this ratio controller is faster than
the MIMO strategy using only hydrogen as the manipulated variable. The
ratio controller is faster because on loop closure, the initial input molar flow
rate of oxygen is lower than that of the base case flow rate. Figure 4.11 also
shows that in the proposed ratio control strategy, the problem of oxygen



starvation has been circumvented due to an increase in the input molar flow
rate of oxygen.
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Schematic for ratio control along with cascade control for temperature.

In summary, simulation results show that the ratio control strategy provides
a faster response than a MIMO control strategy. This ratio control strategy is
able to circumvent the problem of oxygen starvation, and the increase in
average solid temperature is small as compared to the MIMO control strategy.

Methekar et al. [3] state that a ratio control strategy is able to overcome the
problem of oxygen starvation; however, the performance of the linear
controllers is slow due to the presence of nonlinearities in the dynamic
response of the PEMFC. Hence, a nonlinear controller is essential and
necessary for effective control of the PEMFC over a wide range of power
densities.

4.3 Nonlinear Control Design for Fuel Cells

A MIMO dynamic nonlinear model of PEMFC is derived in this section, and
it is then used to design a nonlinear controller by using feedback linearization
in order to minimize the difference AP between the hydrogen and oxygen
partial pressures. The main purpose of keeping AP in a certain small range is
to protect the membrane from damage and therefore prolong the fuel cell
stack life [4-5]. In addition, the pressures have a bigger impact on the
performance of fuel cells than other parameters [4-5]. Because the fuel cell
voltage is a function of the pressures, each pressure needs to be appropriately



controlled to avoid a detrimental degradation of the fuel cell voltage. To
achieve this goal, it is necessary to minimize the pressure deviation between
the anode and the cathode by using precise actuators such as an accurate valve
controller. Normally the optimal pressure controller consists of a pressure
sensor and a solenoid flow-control valve. In this book, we mainly focus on
developing a pressure-control algorithm for the whole fuel cell system instead
of designing the pressure sensors and flow controllers inside the fuel cell.
Furthermore, the fuel cell voltage is not considered as a control output

because of the characteristics of the V-I polarization curve, which makes it
difficult to perform the voltage control in a short period of time and normally
the fuel cell system needs a secondary energy storage for a short period of
time control. Therefore, only the partial pressures of hydrogen and oxygen are
chosen as the outputs. The stack current is considered as a disturbance to the
system instead of an external input [5].
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Performance of the multivariable controller with ratio control for oxygen in
response to changes in the set points of the average power density and the
average solid temperature.
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Output flow rate of oxygen from the PEMFC with ratio control,
corresponding to the results shown in Figure 4.27.

Consider the following MIMO nonlinear system with a disturbance:

m 4.1
X:f(X)+E (0w +p(X)d, i=1,2,...,m @b

1 = hi(X)

Y = hon(X)

where X < R is the state vector, U € R™ the input or control vector, y C RY
the output vector, and f(x) and g(x), i =1, 2, ..., m, are n-dimensional smooth-

vector fields. d represents the disturbance variables and p(x) the dimensional
vector field directly related to the disturbance.

Consider the following MIMO nonlinear system with a disturbance, and the
nonlinear dynamic system model of PEMFC is rewritten as follows:

X = f(z) + g1 (x)u1 + g2(x)uz + p(z)d 4.2)
1 T1 hi(x
[32] N [@] N [hiw;]

where
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Equation 4.2 implies that the input—output behavior of the system is
nonlinear and coupled. Two steps are needed in order to achieve the control

objective

Obtaining a nonlinear control law that not only can compensate
nonlinearities but also can decouple and linearize the input and output

behaviors

* Imposing the poles of the closed loop so that the outputs Py, and Pg,
track asymptotically the desired trajectory by adding a proportional

integral

controller



Equation 4.2 presents a MIMO nonlinear system that makes us ready to

develop a nonlinear control law. Normally, the disturbance d in Equation 4.2
cannot be directly used in the control design because an additional necessary
condition—that the disturbance is able to be measured and the feed-forward
action is allowed—has to be satisfied [6—7]. Otherwise, the linearized map

between the new input v and the output y does not exist. The condition
renders the following control law by using the measurement of the
disturbance:

U=-A1(z)b(z)+ A (z)v— A1 (z)p(z)d (4.3)

As shown in Equation 4.2, f(x) = 0 leads to b(x) = L’ fh(x) = 0, and so the
control law is written as

U=-A1(z)v-—A1(z)p(z)d (4.4)

Because each control variable u shows up after the first derivative of each
y; = x7 and y, = x3, the relative degree vector [ry r,] is [11] and the decoupling

matrix A(x) is defined as

L,ihi () Lph (z 4.5)
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which is nonsingular at x = x;. Additionally, the matrix v and p(x) in Equation
4.4 are given as follows:

) _ G Cr-zy (4.6)
) Vo o Va(mta)
o [91 ] i ple)=R*T C1 2119:2
2 —_

T v, 2V (z3+z4+a5)

The control law given in Equation 4.4 yields a decoupled and linearized
input—output behavior (see Figure 4.1)

Py, = v (4.7)

POZ = V2



The outputs Py and Py, are decoupled in terms of the new inputs v; and

vy. Thus, two linear subsystems, which are between the input v; and the
hydrogen partial pressure y; = Py, and between the input v, and the oxygen

partial pressure y, = POz’ are obtained. Furthermore, note that §; = &; and

Y, = &3, and so in order to ensure that y; and y, are adjusted to the desired

values 3 atm of y; ¢ and y, g, the Stabilizing controller is designed by linear
control theory using the pole-placement strategy [8]. The new control inputs

are given by
['vl] _ [’!/1_3 - kllel] (4.8)
V2 Yo o — knez

where e; =y, -y _gand e; =y, =y, g.

Even though the nonlinear system PEMFC is exactly linearized by
feedback linearization, there may exist a tracking error in the variation of the
parameters, especially when the load changes. To eliminate this tracking
error, the integral terms are added in the closed-loop error equation as in [7-8]

|:'v1:| |::l)1_s — ki1e1 — k1o feldt (4.9)

V2 Uy s — korea — koo [eadt

From Equation 4.9, the error dynamics can be obtained as follows:

él + k11é1 —+ k]_zel =0 (4.10)
€2 + ka1éa + kaaea =0

By appropriately choosing the roots of the characteristics of s> + k;s + k;»
and s + k(5 + ky,, asymptotic tracking is achieved, so that Py, =y g and

Po, = ¥p_ g as 1 = . The overshoots also become small by choosing K >
4k12 and k212 > 4k22 [7-8]

As shown in Figure 4.12, the main objective of this control scheme is to
design a nonlinear controller by appropriately defining a transformation
mapping that transforms the original nonlinear system into a linear and
controllable (closed) system, at which point a linear controller can be
designed using the pole-placement technique for tracking purposes. However,
the control law in Equation 4.4 will be unobservable because the entire

dynamics has a 5-order Py,...,Py,O,, whereas only a 2-order Py, and Pg, are

observed in the outputs. So, we may have a problem of internal dynamics. In



other words, the internal dynamics of Py g , Py, and Py o must be stable so

that the states of the tracking controllers in Equation 4.9 are held in a bounded
region during tracking. Otherwise, with external as well as internal dynamics,
this control law cannot enhance the overall system performance. However, it
is difficult to directly determine the internal dynamics of the system because it
is nonlinear, nonautonomous, and coupled to the external closed-loop
dynamics, as seen in Equations 4.1 through 4.10. Here, simulation is used to
verify whether each state remains within the reasonable bounded area [9]. The
comparison between the simulation results and experimental data in
Reference 10 was used to verify the performance of the control law.

The states are exactly linearized
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4.4 Nonlinear Control Design for Interface

For the interface design with the fuel cell nonlinear controller, several main
components have to be considered, especially in a fuel cell vehicle system.
The following are the main components of a fuel cell vehicle [11]:

* A fuel cell processor: gasoline or methanol reformer (in case of using
a direct hydrogen, a hydrogen storage tank is required).

* The fuel cell stack, which can produce electricity and includes an air
compressor to provide pressurized oxygen to the fuel cell.

* A cooling system, which can maintain the proper operating
temperature.

* A water management system, which can manage the humidity and the
moisture in the system and keep the fuel cell membrane saturated and
at the same time prevent the water from being accumulated at the



cathode.

* A DC/DC converter, which can condition the output voltage of the
fuel cell stack.

* An inverter system, which can convert the DC to variable voltage and
variable frequency to power for the propulsion motor.

* A battery or an ultracapacitor, which can provide supplemental power
for a start up of system and store excessive energy during
deceleration. For the power management, the bidirectional converter
can be used between the DC/DC converter and the battery.

As seen in Figure 4.13, if using methanol or gasoline instead of the direct
hydrogen, the fuel storage tank before the reformer is needed. For the direct
hydrogen, hydrogen tank is required. Both storage tanks should be fit into the
vehicle as small as possible with considering safety hazards.

Control electronics far Vehicle
DiZ/DC corverter irverter,
ard motor control

i R T TR PR S i

Vehicle systern contral

FIGURE 4.13

A typical fuel cell vehicle system. (Adapted from K. Rajashekrara, Propulsion
system strategies for fuel cell vehicles, SAE paper 2000-01-0369.)

When high-power demand is required, such as acceleration, the battery will
provide the required power. When low power is required, the fuel cell can
cover the power and even charge the battery. Figure 4.14 shows the fuel cell
converter control system. In Figure 4.14, a DC/DC boost converter is used to
boost the fuel cell voltage to the required battery voltage of about 300 V for
the propulsion inverter. The DC/DC converter has to be designed based on the
maximum power capacity of the fuel cell stack. The blocking diode is needed
at the output of the fuel cell stack so as to prevent the reversal current flowing
into the stack, which leads to a damage to the fuel cell stack.
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Fuel cell converter control system.
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Modified fuel cell converter control system. (Adapted from K. Rajashekrara,
Propulsion system strategies for fuel cell vehicles, SAE paper 2000-01-0369.)

The power command from the vehicle controller is divided by the battery
voltage and therefore it can generate the current reference, which is used for
the DC/DC boost converter and the fuel cell controller. In the DC/DC boost
converter, the reference signal is compared with the measured current to
derive the duty cycle for controlling the output power of the DC/DC boost
converter. Based on the battery voltage change, the fuel output power varies
in a wide range. In the fuel cell controller, since the fuel cell output power is
proportional to the hydrogen and oxygen flow rates, it has a wide bandwidth
to stabilize the system under all operating conditions [11]. Hence, in order to
have a constant power output in a wide range, the modified fuel cell converter
system is proposed [11]. By directly measuring the fuel cell current in Figure
4.15, this fuel cell current is compared with the reference current, and the
error in these currents can derive the duty cycle of the DC/DC converter and



produce a constant current and voltage and thus it remains the power constant
and makes the system stabilized in a wide range.

4.5 Analysis of Control Design

Several nonlinear control approaches are compared with a proportional
integral derivative PID controller, which is used to control the gas pressure
loop for both input gases: hydrogen and oxygen. Among them are the
feedback linearized-based nonlinear control for both input gases [12] and the
neural network-based optimal control (NOC) for the gas pressures. More
details about these control designs can be found in Reference 13. Using the
electrochemical and thermodynamic relationships in a PEMFC, a dynamic
MATLAB-Simulink model of PEMFC was built in Reference 13 by NOC
scheme, which is shown in Figure 4.16. In this model, four inputs are fed to
the fuel cell. The PID pressure control Simulink model can be found in Figure
4.17 [13]. According to the simulation results in Figures 4.18 and 4.19, NOC
can tune the gain in an automated way using following equation:
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FIGURE 4.16

Dynamic MATLAB-Simulink PEMFC model. (Adapted from P.E.M.

Almeida and M.G. Simoes, IEEE Transactions on Industry Applications,
41(1), 237-245, 2005.)

Ut)=a- (Vs (t) =V (£))> + 8- (Pa, (t) — P, (t —1))° 4.11)

This cost criterion U(?) states that the error between the desired state and
actual state must be minimized. As seen in Equation 4.11, fine-tuning of
parameters Q and [ is required in order to have the minimum cost.




4.6 Simulation of Nonlinear Control for PEMFC

As to the feedback linearized-based nonlinear control of PEMFC derived in
Equation 4.4, the dynamic PEMFC model and control method are tested

through simulation in the MATLAB-Simulink environment

For

[9].

simplicity, the fuel processor, water and heat management, and air
compressor models are not considered in the simulation. Experimental data in
Reference 10 are used to justify the validity of the proposed dynamic PEMFC

model.
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PID pressure control. (Adapted from P.E.M. Almeida and M.G. Simoes, /[EEE
Transactions on Industry Applications, 41(1), 237-245, 2005.)
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FIGURE 4.18

PEMEFC PID control: set point, output voltage, H pressure, O pressure, and
load current. (Adapted from P.E.M. Almeida and M.G. Simoes, IEEE

Transactions on Industry Applications, 41(1), 237-245, 2005.)
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PEMFC neural optimal control: set point, output voltage, H pressure, O
pressure, and load current. (Adapted from P.E.M. Almeida and M.G. Simoes,

IEEE Transactions on Industry Applications, 41(1), 237-245, 2005.)

The fuel cell system Ballard MKS5-E-based PGS-105B system shown in
Figure 4.19 is used to test the feedback linearized-based nonlinear controller.
This system has a total of 35 cells, connected in series, with a cell surface area

of 232 cm? The membrane electrode assembly consists of a graphite
electrode and a Dow™ membrane. The reactant gases (hydrogen and air) are
humidified inside the stack, and the hydrogen is recirculated at the anode side
while the air is flowing through the cathode side. The hydrogen pressure is
regulated to 3 atm at the anode inlet by a pressure regulator and a back-
pressure regulator at the air outlet also maintains 3 atm through the Ballard
fuel cell stack. The oxidant flow rate is automatically adjusted to a constant
value of 4.5 L/s, based on a programmable load, via a mass flow meter to
ensure sufficient water removal at the cathode. Hydrogen is replenished at the
same rate as it is consumed. The stack temperature measured at the air outlet
1s maintained between 72°C and 75°C to produce the maximum power output.
The simplified diagram of the Ballard system is depicted in Figure 4.20. The
PGS105 system is more likely to be a presetting control system instead of a
feedback control system. In the case of outer ranges of settings, the system



automatically shuts down, so a higher-level control system is thus needed.
Here, the outline of the experimental setup of the nonlinear controller is
explained in Reference 9. To implement this control scheme in the practical

system, the sensors to measure the states PHz,. s PHzOC’ the stack current, and

the voltage must be installed, and a main controller such as a digital signal
processor (DSP) needs to be implemented based on the nonlinear control law
obtained using the tool of feedback linearization. With the help of the DSP,
the fuel cell can communicate with the electronics rack and the PC for the
user interface monitoring shown in Figure 4.16. The safety concerns for the
fuel cell system must be solved with high priority before a control scheme is
implemented. At least the safety issues related to low cell voltage, stack
overload, high temperature, hydrogen leaking, and pressure differences
between the anode and the cathode must be considered in the fuel cell control
system to prevent a fatal accident and severe damage to the fuel cell system.
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FIGURE 4.20

PEMEFC stack based on PGS-105B system. (Adapted from J. Hamelin et al.,
International Journal of Hydrogen Energy, 26, 625-629, 2001.)

To control the entire fuel cell system, the sensors and the temperature and
humidity control actuators must be added to the system. In the simulation,
since the temperature and the humidity in the system have a very slow
response time, a perfectly controlled humidifier and heat exchanger are
assumed to be applied (Figure 4.21). In addition, an automatic purge
controller for the hydrogen exhaust is required, and with respect to the air and
water exhaust, the back-pressure regulator must be coordinated with the air
inlet flow-rate input as well as the hydrogen inlet flow-rate input to maintain
the pressures for hydrogen and air at the same level. By assuming that the
electrical capacitor is 1 F [12] and the sum of the activation and concentration
resistance 1s from 0.2 to 0.3 Q [13], the time constant of the fuel cell stack is
approximately from 0.2 to 0.3 s. With the use of a fast actuator on the cathode
side, whose performance setting time is 10%-90% of 50 ms, and another



actuator on the anode side whose performance setting time is 10%-90% less
than 20 ms, it becomes possible to maintain the anode and cathode pressures
at a certain level. To ensure this performance, the anode pressure controller
must be three times faster than that on the cathode side because the anode
pressure follows the cathode-side pressure [13]. Currently, these fast actuators
are available in the market [14], yet in reality, due to the uncertainties in the
fuel cell model parameters and inaccuracy in the measurements, we may
encounter a serious obstacle to achieve the desired responses. Moreover, the
time delay of actuators, sensors, compressor, and sampling period for the DSP
is unavoidable for the design of the nonlinear control of PEMFCs. Even
though we could not exactly calculate the time delays, they can still be
compensated by adapting a lead compensator in practical systems. However,
since the lead compensation is very sensitive to noise, a multiple first-order,
low-pass noise filter is recommended [13]. In the simulation in Reference 12,
time delays and other problems such as uncertainty and inaccuracy in
measurements are not considered.
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FIGURE 4.21

Simplified experiment setup for the PEMFC nonlinear control. (Adapted from

W .K. Na and B. Gou, IEEE Transaction on Energy Conversion, 23(1), 179—
190, 2008.)

The nominal values of parameters for the simulation are shown in Table
4.1.

Experimental data from Hamelin et al. [10] were used to justify the validity
of the proposed dynamic model of PEM fuel cells. The voltage and the
current—the most important variables—were used for this comparison. In
Reference 10, a load profile with rapid variations between 0 and 150 A was



imposed on the PGS-105B system. The corresponding stack current and
voltage transients are plotted in Figure 4.22, where the experimental data [10]
are indicated by solid lines.

The details of load profile are shown in Figure 4.23, where the load
resistances were changed from 0.145 to 4.123 () during the simulation period.
Figure 4.22 shows a good agreement between the experimental data and the
simulated results, except for the time periods 13 s, 15 s and 25 s, 29 s. The
main reason of the voltage difference during these periods is the internal
resistance variation of PEM fuel cell systems [12]. The rapid current increase
can cause an immediate voltage drop across the internal resistor of the fuel
cell, which is closely related to the temperature change that adversely affects
this resistance. In this simulation, the stack temperature was assumed to be
constant at 353 K. A small discrepancy between simulation results and
experimental data is inevitable under the rapid current changes. In order to
compare the efficiency of the nonlinear controller, the linear controller (PI
controller) is used in the fuel cell system.

TABLE 4.1
PEMEFC Parameters for the Simulation

Parameter Value and Definition
N Cell number: 35

v, Open cell voltage: 1.032 V

R Universal gas constant (J/mol K): 8.314 J/mol K

T Temperature of the fuel cell (K): 353 K

F Faraday constant (C/mol): 96485 C/mol

(ol Charge transfer coefficient: 0.5 [9]

M Constant in the mass transfer voltage: 2.11 x 10° V

N Constant in the mass transfer voltage: 8 x 107> cm?/mA
R 2.45 x 1074 kQ cm?

Afe Fuel cell active area: 232 cm?

V, Anode volume: 0.005 m3 [9]

V. Cathode volume: 0.01 m? [9]

k, Anode conversion factor: 7.034 x 10~* mol/s



k. Cathode conversion factor: 7.036 x 10~ mol/s
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Voltage and current under load variations.
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Load variation profile.

To achieve fewer overshoot results, the feedback gains &, k5, k15, and &y,
in Equation 4.10 have to be tuned to 5 and 1, respectively, which are the
optimal values in their feasible ranges [0.1, 10] for k;; and k,; and [0, 10] for

ky, and k,,, and being beyond the ranges can easily cause a violation of the
MATLAB simulation limits.

For the voltage, current, and power shown in Figures 4.22 and 4.24, the
discrepancies between the nonlinear control and the linear control are not
obvious due to the fast response times, which are less than a few milliseconds.
However, other simulation results in Figures 4.25 through 4.29 indicate that
better transient performances are observed when using a nonlinear controller
because the linear controller is more dependent upon the operating point,
while the nonlinear controller is independent of the operating point due to the
feedback linearization control design based on the differential geometry [15].
Figure 4.26 shows that the oxygen partial pressure has much bigger overshoot



than the hydrogen partial pressure, which implies that the oxygen partial
pressure is more sensitive to the load variation than the hydrogen partial
pressure. Figure 4.27 displays the absolute value of the difference between the
hydrogen and oxygen partial pressures. It is found in Figure 4.27 that the
nonlinear controller has a better transient response than the linear controller.
Generally, an increase in the stack current causes a decrease in reactant
pressures because more fuel consumption is required. However, the flow rates
vary with the stack current in the same way and compensate for the increased

fuel consumption.
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Fuel cell power demand under

load variations.
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Variations of hydrogen pressure.
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Variations of oxygen pressure.
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Variations of hydrogen flow rate.
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Variations of oxygen flow rate.

Figures 4.28 and 4.29 give the responses of the hydrogen and the oxygen
flow rates under the load variations. The hydrogen flow rate varies between 0
and 5 slpm, while the oxygen flow rate varies from 0 to 16 slpm. It is
observed that the oxygen flow rate has much bigger variations than hydrogen
because the oxygen flow rate is more sensitive to the load variation than the



hydrogen flow rate, as was seen with the pressure variations.
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Variations of water partial pressure on the anode.

Although the nonlinear controller has slightly more overshoot in the
oxygen flow rate than the linear controller in Figure 4.28, it shows that the
response time of the nonlinear controller is faster than the linear controller.

Figures 4.20 through 4.32 show that the states Py , Py,o, and Py, are

stable under the load variations.

Figures 4.31 and 4.32 show that the nonlinear controller and the linear
controller approximately behave the same way in the water partial pressure on
the cathode side and in the nitrogen partial pressure. In addition, even though
no tracking controllers are considered in the design of the nonlinear and linear

controls, Figures 4.20 through 4.32 show that Py g , Py, and Py,q vary

within bounded ranges (0—4 atm) in the load variations, which implies that the
internal dynamics problem of the nonlinear tracking controller in our design is
not a concern. It is observed that the water partial pressure on the anode side
remains a little more stable than the water partial pressure at the cathode and
the nitrogen pressure. Furthermore, the water partial pressure on the anode
side follows a pattern similar to that of the hydrogen partial pressure because
of the high mole fraction of hydrogen, which is about 99%. Therefore, it can
be concluded that the load variations have more influence on the cathode side
than on the anode side, which implies a more sophisticated control strategy
than the one proposed in this chapter needs to be applied on the cathode side.
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Variations of water partial pressure on the cathode.
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Variations of nitrogen partial pressure on the cathode.
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Simulink Implementation of Fuel Cell Models

and Controllers”

5.1 Introduction

The dynamic fuel cell models and controllers were developed using
MATLAB-Simulink environment. Simulink is a toolbox extension of the
MATLAB program by Mathworks Inc. Simulink is a very powerful tool in
modeling and mathematical representation. We can choose a suitable
integration method and set up the run-time and initial conditions in the
Simulink environment. Systems are drawn on-screen by block diagrams in
Simulink. Elements of a block diagram are available, such as transfer
functions, a summing junction, etc., as well as virtual input and output
devices: function generators and oscilloscopes. Because Simulink provides a
graphical user interface, it is easy to build block diagrams, perform
simulations, and analyze results. In Simulink, models are hierarchical so that
you can view a system at a high level, and details in each block can be viewed
by a double click on blocks.

The Simulink simulations in the CD-ROM attached in this book were
developed in MATLAB version 6.5. The details of Simulink implementation
of the fuel cell model and controllers as well as related elements are described
in this chapter.

5.2 Simulink Implementation of the Fuel Cell Models
Two assumptions are made to develop a fuel cell model in Simulink:

* Owing to a slow response time for the stack temperature (about 102 s
[1]), the operating stack temperature is assumed to be constant.

¢ The fuel cell 1s well humidified on both the anode and cathode sides.

* For water management, it is assumed that the liquid water does not



leave the stack and that it evaporates into the cathode or anode gas if
humidity on either side drops below 100% [2].

* Humidifier and temperature controllers are assumed [3].

* The mole fractions of the inlet reactants are assumed to be constant to
build the simplified dynamic PEMFC model. In other words, pure
hydrogen (99.99%) is fed to the anode, and air that is uniformly
mixed with nitrogen and oxygen by a ratio of, say, 21:79 is supplied
to the cathode side [3].

* The ideal gas law and mole conservation rule are applied by
supposing that all gases are ideal.

Therefore, the water management and temperature control is not a concern
in this simulation. PEM fuel cell system composes of four blocks that are an
anode model, cathode model, fuel cell voltage model, and control block
(Figure 5.1).

Let us first consider the fuel cell voltage model block. The output fuel cell

stack voltage V, [1] is defined as a function of the stack current, reactant
partial pressures, fuel cell temperature, and membrane humidity:

Vtet =F— V:wtivation — Vohmic — VYconcentration G.D

In the above equation,

E=N,- [V, + (R*T/2F)In (Pu,/Po,/Pus,0,)] is the

thermodynamic potential of the cell or reversible voltage based on Nernst

equation 5.1, V the voltage loss due to the rate of reactions on the

activation
surface of the electrodes, V ;. the ohmic voltage drop from the resistances

of proton flow in the electrolyte, and V., .cnirarion 15 the voltage loss from the
reduction in concentration gases or the transport of mass of oxygen and

hydrogen. Their values are given as follows:

- LretIn 5.2

V:wtiva,tion =N- galz; -In (fT) (5.2)
Vobm =N - Ig -7 (5.3)
Veoncentration = N - m €exXp (n . Ifc) (5.4)

In Equation 5.1, Py, Po,, and Py o, are the partial pressures of hydrogen,

oxygen, and water, respectively. Subscript ¢ means the water partial pressure,
which is vented from the cathode side.
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PEMEFC system block diagram.
TABLE 5.1
Cell Voltage Parameters
Parameter Value and Definition
N Cell number
V Open-cell voltage (V)
R Universal gas constant (J/mol K)
T Temperature of the fuel cell (K)
F Faraday constant (C/mole)
a Charge transfer coefficient
Iy Output current density (A/cm?)
Iy Exchange current density (A/cm?)
I, Internal current density (A/cm?)
m and n Constants in the mass transfer voltage

r Area-specific resistance (k) cm?)



Source: Adapted from M.J. Khan and M.T. Labal, Fuel Cells, 4, 463-75, 2005.

The cell voltage parameters are seen in Table 5.1.

A detailed explanation of each voltage loss is given in Reference 2, and
other voltages are also described in References 1 and 3, where the fuel cell
voltage is mainly expressed by the combination of physical and empirical
relationships, in which parametric coefficients of the membrane water
content, humidity, and temperate, as well as the reactant concentrations are
involved. In the book, the general voltage formulation as given in Equation
5.1 will be used because water and temperature factors are assumed to be
constant due to their slow response time. According to Equation 5.1, the fuel
cell voltage block is built in Figure 5.2.
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Fuel cell voltage model block.
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Anode model.

The reactant flow rates at the anode and cathode sides are determined by
the partial pressures and the stack current. Using the ideal gas law, each



partial pressure block can be modeled in Figure 5.3. As seen in Figure 5.3, the
anode block consists of the hydrogen and water model.

There are many limiters placed in the output of each pressure and even the
controller outputs to prevent problems caused by algebraic loops and extreme
numerical values [1]. The detailed hydrogen and water models are shown in
Figures 5.4 and 5.5, respectively.

The cathode model consists of the oxygen, water, and nitrogen models as
seen in Figures 5.6 through 5.9.

In the anode block, the hydrogen inlet flow rate (slpm) is converted into

mol/s using a conversion factor (1 slpm: 7.034 x 10~ mol/s), and the mole
fraction of H, is assumed to be 99%. In the cathode block, air is uniformly
mixed with nitrogen and oxygen by a ratio of 21:79 with a conversion factor

of 7.034 x 10~* mol/s [1]. To analyze data in a short time, a fast ordinary
differential equation (ODE) solver is used. The ODE45 method is based on
Dormand—Prince, which is an explicit, one-step Runge—Kutta that is
recommended as a first-try method [4]. All simulation results are finished and
shown within 10 s even though the setup time is 100 s. During the time
duration of 0-0.5 s, the unrealistic values of the simulations can be seen due
to the inadequacies of initial conditions.
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Oxygen model.
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FIGURE 5.9
Water model at the cathode side.

The stack current is generated by the fuel cell voltage, V;. and the load

block, R;,,;- The load block is made by the timer, and its time matrix [0, 15.0
s, 20.0 s, 25.0 s, 30.0 s, 35.0 s, 40.0 s, 45.0 s, 50 s, 55 s] corresponds to the
amplitude resistor matrix [1 Q, 0.6 ,0.3 (Q,0.175Q0,03Q,10Q,250,5Q, 1
Q, 5 Q].

5.3 Simulink Implementation of the Fuel Cell Controllers

For the pressure control of the fuel cell system, the hydrogen and oxygen
pressure are sensed and then compared with the reference pressure, 3 atm in
the linear PI controllers in Figure 5.10. In case of feed-forward control, the
stack current 1s fed to the controller, but in this simulation, the feed-forward
control is not used (Figure 5.11).

Figure 5.12 shows a PI controller for the pressure control. Through trial and
error, the optimized PI gains 5 are obtained.
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The linear controller block.
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The linear PI controller block.

The states are exactly linearized
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For the design of the nonlinear pressure controller, a feedback linearization
algorithm is adapted in Figure 5.13. The nonlinear control law is derived by
using the decoupling matrix in Section 4.4.

The nonlinear control law vector U is obtained by feedback linearization



and the linear controller block is also used in this block to generate a control
input V vector in Figure 5.13 (Figure 5.14).

To implement the nonlinear controller law, the multiplexer and other math
functions in the Simulink are used. A filter is used before generating the
nonlinear control law, which can remove sudden variations in the anode and
cathode flow rates.

5.4 Simulation Results

For the simulations, the load profile is generated using a timer in the
Simulink. The details of the load profile are shown in Figure 5.15.

In terms of the fuel cell voltage control, the fuel cell voltage will be kept
varying based on the load profile as in Figure 5.16, because the fuel cell
system cannot compensate for a fast power demand such as an acceleration
and deceleration or other fast load changes of the fuel cell vehicle without a
secondary power source such as a battery or an ultracapacitor.
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The nonlinear controller block using feedback linearization.
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Fuel cell voltage under load variations.

On the basis of the load change, the current varies from 6.5 to 160 A and

the fuel cell system can generate up to 4.6 kW.
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Fuel cell power under load variations.

For the voltage, current, and power, the discrepancies between the non-
linear control and the linear control are not obvious due to the fast response

time, which is less than a few milli seconds, as reported in Reference 5
(Figures 5.17 and 5.18).

In Figures 5.19 and 5.20, the hydrogen flow rate varies between 0 and 5
slpm, while the oxygen flow rate varies from O to 14 slpm. It can be seen that
the oxygen flow rate has much larger variations than those of the hydrogen
because the oxygen flow rate is more sensitive to the load variation than the
hydrogen flow rate.
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Variations of hydrogen flow rate.
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Variations of oxygen flow rate.

According to Figures 5.21 and 5.22, the results show that the linear and
nonlinear controller for the pressure of the fuel cell system keep tracking the
reference values at 3 atm. These simulation files can be found in the attached
CD. The load profile is likely to be changed and different results can be
obtained based on the new load profile.
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Variations of oxygen pressure.

In this section, 5 kW PEM fuel cell dynamic model has been built in
MATLAB-Simulink, and its linear and nonlinear controllers and simulation
results have been analyzed and discussed. As seen in Figure 5.16, the fuel cell
system should be coordinated with a secondary energy system to avoid a
voltage drop due to a load change. To integrate this fuel cell system with a
secondary energy system, power electronics devices and electrical
components such as a capacitor, resistor, and reactor are needed. Since the
switching devices make the simulation slower, it i1s easier to have a
conversion error due to its high-switching frequency over 1 kHz. For
example, for 30 s simulation duration, it takes over 5—6 h to finish the
simulation, and this book does not deal with the hybrid power fuel cell system
simulation.
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Applications of Fuel Cells in Vehicles”

6.1 Introduction

Fossil fuels including coal, oil, and gas, which we heavily depend on, can
cause air pollution and greenhouse gas problems. A recent study [1] shows
that about 18% of CO, (carbon dioxide), greenhouse gas, is emitted by motor
vehicles. The development of fuel cell powered vehicles (FCVs) is very
important to our environment and even our economy, especially for a soaring
oil price currently. The fuel cell system is widely regarded as one of the most
promising energy sources thanks to its high-energy efficiency, extremely low
emission of oxides of nitrogen and sulfur, very low noises, and the cleanness
of its energy production. Furthermore, a fuel cell system can operate with
other conventional and alternative fuels such as hydrogen, ethanol, methanol,
and natural gas. On the basis of the currently used types of electrolytes, fuel
cells are classified into PEMFCs, SOFCs, PAFCs, MCFCs, AFCs, DMFCs,
ZAFCs, and PCFCs [1].

To date, polymer electrolyte membrane fuel cells (PEMFCs), known as
PEMEFC, has been considered as the most promising candidate for the fuel cell
vehicle (FCV) and small-and mid-size distributed generators because of its
high-power density, a solid electrolyte, long stack life, and low corrosion.
PEMEFCs can operate at low temperatures (50-100°C), which enables a fast
start-up. Hence, PEMFCs are particularly attractive for transportation
applications that require rapid start-ups and fast dynamic responses over
transient times (stopping and running, acceleration, and deceleration).

The fuel cell has a larger efficiency than internal combustion engines
(ICEs). It is noted in Reference 2 that the efficiency of an FCV using direct
hydrogen from the natural gas is 2 times greater than that of an internal
combustion engine (ICE) vehicle. However, for the commercialization of
FCVs, their performance, reliability, durability, cost, fuel availability and
cost, and public acceptance should be considered [3]. Especially, the
performance of the fuel cell systems during transients, the cost of fuel cells,



and availability of hydrogen for the success of commercialization of FCVs are
the critical issues. In this chapter, FCV components are discussed in Section
6.2. A hybrid fuel cell system design and control for electric vehicles are
presented in Sections 6.3 and 6.4, respectively. The fault diagnosis of a hybrid
fuel cell system is discussed in Section 6.5.

6.2 FCV Components

Fuel cell powered vehicle (FCV) uses the hydrogen fuel as the major source
of electric power to drive its electric traction motor through a fuel cell system.
There are three major components in the FCV system. The first is the fuel cell
and fuel cell subsystem; the second is the hydrogen storage or the fuel
processor; and the third is the electric drive system.

6.2.1 Fuel Cell and Fuel Cell Subsystem

Since the principle of fuel cell operation has already been covered in Chapter
2, this section will mainly focus on the fuel cell subsystems—gas flow
management, water management, and heat management system.

6.2.1.1 Gas Flow Management Subsystem

Oxygen and hydrogen are fed to the fuel cell system at an appropriate rate
according to the current drawn from the load. Oxygen on the cathode side is
often supplied with a higher stoichiometric flow rate because the cathode
reaction is much slower than the anode reaction. Since the fuel cell voltage is
heavily relying on the air stoichiometric flow rate, the role of a compressor is
very important to blow more air through the system. Another issue is related
to the pressure control between the anode and cathode sides, which is to
prevent the membrane from collapsing. With the help of a fast actuator on the
cathode side whose performance-setting time is 10%-90% of 50 ms, and
another actuator on the anode side whose performance-setting time is 10%—
90% of less than 20 ms, it becomes possible to maintain the anode and
cathode pressures at a certain level. To ensure this performance, the anode
pressure controller must be three times faster than the one on the cathode side
because the anode pressure follows the cathode-side pressure [4]. An air
compressor with an optimal speed can supply varying amounts of air for the
power demand. Since an electric motor driving the compressor produces
parasitic power loss, the compressor must be coordinated with the power
management system in the fuel cell system to reduce the power loss. For the
direct hydrogen fuel cell system, hydrogen needs to be controlled at 100%



relative humidity by the humidifier before entering the anode side of the fuel
cell stack for the proper operation. The recirculation of hydrogen is needed to
improve the utilization of hydrogen. To avoid gas accumulation of inserts and
impurities, purging the valve of hydrogen is also required.

6.2.1.2 Water Management Subsystem

To achieve high efficiency of a PEM fuel cell, water management is crucial to
the fuel cell system. Water management system has three main functions:

1. Proper hydration of the membrane
2. Removal of the produced water in the stack
3. Cooling of the stack to control the operating temperature

First, the proper hydration of the membrane is related to the membrane
conductivity, which greatly affects the stack performance at the high-power-
density operation. Second, the proper removal of the produced water in each
cell can keep the airflow passage from being blocked by the accumulated
water and therefore avoid the degrading of the cell performance. For the
cooling of the system, it is closely related to the temperature control, which
will be considered in the following section.

6.2.1.3 Heat Management Subsystem

The heat management, one of the important factors for the fuel cell
mechanism and the warranty to maintain the stack temperature to the desired
level, is directly related to the fuel cell performance [1,5,6].

Figure 6.1 shows that the polarization curve is shifted upward as the
temperature increases. A number of control-oriented fuel cell models [4-21]
have been developed under the assumption that the operating temperature is
constant. Although controlling the temperature is vital for the fuel cell
operation, those models proposed in References 4-21 do not consider the
temperature as a state variable due to the complexity of temperature
consideration. In Reference 22, the temperature is defined as one of the state
variables and a control strategy is developed based on the transient thermal
model of PEMFC [11,12,15].
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Polarization curves for different temperatures. (Adapted from J. Hamelin et
al., International Journal of Hydrogen Energy, 26, 625-629, 2001.)

Several thermal models of PEMFC have been reported in References 11,
12, and 15. However, these models are not proposed for the purpose of a
control design, but the mathematical analysis and its experimental validation
are proposed instead. On the basis of the transient thermal models in
References 11, 12, and 15, the control-oriented dynamic thermal model is
developed in this section.

A transient energy balance is described by
Qstack =C; ddi; = Pyt — Pejec — Qcool - Qloss ©1)

where Qsmck is the rate of heat absorption (J/s) by the stack, C, the thermal
capacitance (J/C), P,,, the total power released by a chemical reaction (W),

P,,. the power consumed by the load (W), Q,,,; the heat flow rate of the

cooling system (heat exchanger), and Qloss is the heat flow rate through the
stack surface.

The total energy can be calculated using the rate of hydrogen consumption

NI,
2F

I)tot = mHg_usedAH = AH (6.2)

where AH is the enthalpy change for hydrogen (285.5 kJ mol/s) and mHz
1s the hydrogen consumption rate.

_used

The electrical power output is given by
Pec = VstIfc (6.3)

The rate of heat removal by the cooling water is directly related to the
water flow in the heat exchanger. The relationship 1s given as follows [4]:



Qcool = Mcool_water * Cp - AT 6.4)

where 7 is the water pump flow (SLPM), c, the specific heat

p
coefficient of water (4182 J/kg K), and AT} is the allowable temperature rise

(10 K). The water pump flow can be described by the time delay and
conversion factor

cool_water

: — ke (6.5)
Mecool_water = (1+723) Ul

where T, 1s the time delay constant, 70 s, k.. the conversion factor with a value
of 1.5, which means that if the control input u_; for the heat exchanger ranges

in 0~ 10 (V), m takes values in the range of 0 and 15 (SLPM) with
70 s delay.

cool_water

The heat loss by the stack surface is calculated by the following equation:

) Ts_Tam
Qloss = hAstack - (Ts — Tamb) = Ttb (6.6)

where hA,, . the stack heat-transfer coefficient, is 17 W/K [11,12,15], T,
the ambient temperature of 25°C (298.15 K) = 5%, and R, is the thermal
resistance of the stack, which is the reciprocal of hA,, ., 1s 0.0588 K/W.

The thermal time constant of the fuel cell is given by

MC
T= RtCt - hAstack (67)

where MC is the product of the stack mass and average specific heat, 35 kJ/K,
the thermal capacitance C, 1s 35 kJ/K, and T 1s 2059 s [10].

Equation 6.7 shows that the thermal equivalent circuit model can be
developed by using the circuit analogy [17]

v _ . 6.8
C’d—:—z (6.8)

where the stack temperature corresponds to voltage, energy flows (P, , P,jpc

Qcool, and Qloss) correspond to current, and the thermal capacitance C,
corresponds to the capacitance.

In Figure 6.2, load variations cause the changes of the fuel cell stack
temperature, and the fuel cell voltage and current are used as external inputs
or disturbance, and then the stack temperature can be used as an output when

designing the controller. The total power, P,,, depends on the hydrogen
consumption that is based on the load changes and the electrical power, while



P, depends on the load current. The cooling power @,,,; and the heat loss

by the stack surface Qloss are functions of the fuel cell stack temperature
change. For this reason, four dependent energy flow sources have to be
considered in the thermal equivalent circuit of the fuel cell shown in Figure
6.2.
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FIGURE 6.2

The thermal equivalent circuit of the fuel cell.

6.2.2 Hydrogen Storage and Fuel Processor

The PEMFC needs to be supplied with hydrogen, which is the most abundant
resource on Earth. It is a colorless and odorless gas, and an ideal energy
source because it has a very high-energy density for its weight compared to an
equivalent amount of gasoline, which means hydrogen generally produces
much more energy than gasoline. For direct hydrogen fuel cell system,
compressed gas or cryogenic liquid-storage tank, or metal hydride energy
storage (ES) needs to be installed in the vehicle.

The most common way to store hydrogen is to simply compress it in
cylinders with high pressure to increase its density. The major concerns of
compressed storage are the required large volume and the weight of gas
containers, in which it is normally made from steel alloy. An aluminum body
can be possible to make the body of a cylinder, but it is easy to be broken and
currently expensive. Typically, storage pressures are between 200 and 450
bars (3000 or 6000 psi) [6]. In practice, storage densities are between 3% and
4% hydrogen. The volume of these storage tanks ranges from 30 to 300 L [6].

At 20 K (temperature) and 0.5 MPa (pressure) vapor pressure, liquid
hydrogen can be obtained. Cryogenic liquid hydrogen storage can be used if a
large amount of hydrogen is needed. This cryogenic technology has been
demonstrated in vehicle applications by BMW, and shows that it can reach a
storage efficiency of 14.2%. The main concerns of this technology are to

maintain hydrogen at such low temperatures and to minimize hydrogen boil
off.

Metal hydride, in which metal atoms bond with hydrogen, is another way



to store hydrogen. To release hydrogen from metal hydride, temperature over
100°C is required and therefore, it is not a good option for low-temperature
PEM fuel cell application. Even though metal hydride can take a large amount
of hydrogen per unit volume, it has the problem of high alloy cost and low
gravimetric hydrogen density, and it is heavy and sensitive to gas impurities.

Hydrogen can also be produced from hydrocarbon fuel such as natural gas,
gasoline, or methanol through chemical processes: steam reformation, partial
oxidation, and autothermal reformation [6]. A fuel processor is required for
these chemical processes. Using a fuel processor in vehicle applications
causes another problem of slow dynamics due to the slow heat-transfer
processes, mass transfer, and mixing delays [23]. To compensate for the slow
dynamics, a battery or UC is necessary for the ES during start-up,
acceleration, and deceleration in the vehicle operations.

For the example of the practical fuel cell system using a direct hydrogen
tank, Ballard MKS5-E-based PGS-105B system shown in Figure 6.3 is used to
test the proposed nonlinear controller. This Ballard MK-5E system has a total

of 35 cells, connected in series with a cell surface area of 232 cm?. The

membrane electrode assembly consists of a graphite electrode and a Dow™

membrane. The reactant gases (hydrogen and air) are humidified inside the
stack and the hydrogen is recirculated at the anode while the air is flowing
through the cathode. The hydrogen pressure is regulated to 3 atm at the anode
inlet by a pressure regulator and the Ballard fuel cell stack keeps at 3 atm
through a back-pressure regulator at the air outlet. The oxidant flow rate is
automatically adjusted to a constant value of 4.5 L/s for a programmable load,
via a mass flow meter to ensure sufficient water removal at the cathode.
Hydrogen is replenished at the same rate as it is consumed. The stack
temperature measured at the air outlet is maintained at a range of 72-75°C by
an internal water to produce the maximum power output. The simplified
diagram of the Ballard system is depicted in Figure 6.3. PGS105 system is
more likely to be a presetting control system instead of a feedback control
system. If it is out of the ranges of setting, the system is automatically
shutdown. The safety concern for the fuel cell system and human being
operating this system must be handled with a high priority before a control
scheme is implemented. For instance, a low cell voltage, stack overload, high
temperature, hydrogen-leaking detector, and pressure difference between the
anode and the cathode must be considered in the fuel cell control system to
prevent a fatal accident and severe damage to the fuel cell system.
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FIGURE 6.3

PEMEC stack based on PGS-105B system. (Adapted from J. Hamelin et al.,
International Journal of Hydrogen Energy, 26, 625-629, 2001.)

6.2.3 Electric Drives Subsystem

An FCV is an “electric drive” vehicle. The rotating torque of the traction
motor in the FCV is powered by electricity generated by the fuel cell. An
induction motor, permanent magnet (PM) synchronous motor, and switched
reluctance motors can be used for FCV applications [23]. More details about
the control and integration of the electric drives system in FCV will be
explained in the following sections.

6.3 Hybrid Electric Vehicles and Fuel Cell System Design for
Electric Vehicles

Today, a combustion engine/hybrid electric vehicles (HEVs) such as the
Toyota Prius and Honda Civic Hybrid are very successful. However, HEV
still heavily depends on oil. FCV will therefore be the next wave of electric
drive vehicles after HEV, even though the issues of hydrogen-refueling
infrastructure and high cost of PEMFC have to be solved before
commercialization. Before presenting the FCV architecture, it is necessary to
describe hybrid vehicle architectures for a better understanding of the FCV
technology because, generally, FCV also belongs to HEVs. Since a hybrid
vehicle uses an ICE and an electric motor/generator, there are several series
and parallel configurations. These hybrid vehicle technologies can increase
the efficiency and fuel economy through the use of regenerating energy
during braking and storing energy from the ICE coasting.

6.3.1 Series HEVs

In series hybrid vehicles, the ICE mechanical output is first converted into
electricity by a generator and the onboard battery charger uses dynamic



braking energy from the motor to charge the battery. So, the converted
electricity either charges the battery or can bypass the battery to propel the
wheels via the same electric motor and mechanical transmission.

In series hybrid vehicles, ICE is operated at an optimal speed and torque
according to its speed—torque characteristics because it is fully decoupled
from the driven train wheel. Hence, low fuel consumption and high efficiency
can be achieved. The disadvantage of the series hybrid vehicle is that it has a
low efficiency compared to other parallel and combination configurations
because it has two energy conversion stages (ICE/generator and
generator/motor) (Figure 6.4).

There are six possible different operation modes in a series HEV [25]:

1. Battery-alone mode: The engine is off, and the vehicle is powered
only by the battery

2. Engine-alone mode: Power from ICE/G

3. Combined mode: Both the ICE/G set and battery provide power to
the traction motor

4. Power-split mode: ICE/G power split to drive the vehicle and charge
the battery

5. Stationary-charging mode

6. Regenerative-braking mode

Internal I-'/-F \I '/T 28 \'.
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FIGURE 6.4

Series hybrid vehicle configuration. (Adapted from A. Emadi, S.S.

Williamson, and A. Khaligh, IEEE Transactions on Power Electronics, 21(3),
567-577, 2006.)

6.3.2 Parallel HEVs



As shown in Figure 6.5, ICE and the motor are connected in parallel to drive
the wheels in the parallel HEV. It allows to choose three options: (1) both ICE
and the motor, (2) ICE alone, and (3) motor alone.

Normally at low speeds, the motor-alone drive strategy is preferred because
it has a high efficiency than the ICE and uses the ICE at a high speed. Similar
to a series HEV, during regenerative braking, the electric motor can be used
as a generator to charge the battery and this battery can also be absorbed
power from the ICE when the output power is greater than the required
power.
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FIGURE 6.5

Parallel hybrid vehicle configuration. (Adapted from A. Emadi, S.S.

Williamson, and A. Khaligh, IEEE Transactions on Power Electronics, 21(3),
567-5717, 2006.)

The advantage of the parallel HEV is that it has fewer energy conversion
stages than the series HEV, which leads to less power loss in the parallel
HEV. Another advantage over the series HEV is that a smaller ICE and a
smaller motor can be possible as long as enough battery energy is provided.
The following are the possible different operation modes of parallel HEVs
[25]:

1. Motor-alone mode: The engine is off, and the vehicle is powered
only by the motor

2. Engine-alone mode: The vehicle is propelled only by the engine

3. Combined mode: Both the ICE and motor provide power to drive the
vehicle

4. Power-split mode: ICE power is split to drive the vehicle and charge
the battery (the motor becomes a generator)



5. Stationary-charging mode

6.3.3 Series—Parallel HEVs

To achieve both advantages of the series and parallel HEVs, their
combination is considered in Figures 6.6 and 6.7. An additional mechanical
link between the generator and the electric motor can be seen in Figure 6.6.
Although the complex hybrid in Figure 6.7 is similar to the series—parallel
HEYV, the main difference is that the complex hybrid has a bidirectional power
flow of the generator and the motor, but the series and parallel HEV has a
unidirectional power of the generator.
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FIGURE 6.6

Series—parallel hybrid vehicle configuration. (Adapted from A. Emadi, S.S.

Williamson, and A. Khaligh, IEEE Transactions on Power Electronics, 21(3),
567-577, 2006.)
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Williamson, and A. Khaligh, IEEE Transactions on Power Electronics, 21(3),



567-577, 2006.)

Even though these drive strategies suffer from a higher complexity and cost
problems, many hybrid vehicles still use the combination configurations to
adopt the advantages of series and parallel HEVs.

The following are the possible different operation modes of complex
HEVs:

1. Motor-alone mode: The engine is off, and the vehicle is powered
only by the motor

2. Engine-alone mode: The vehicle is propelled only by the engine

3. Combined mode: Both the ICE and motor provide power to drive the
vehicle

4. Power-split mode: 1CE power is split to drive the vehicle and charge
the battery (the motor becomes a generator)

5. Generating mode (if a battery is necessary to be charged, the
generator is in the active mode)

6.3.4 Fuel Cell Vehicle

As seen in Figures 6.8 and 6.9, FCV can be considered as a series-type hybrid
vehicle. A typical hybrid FCV is shown in Figures 6.8 and 6.9 when the direct
hydrogen supply to a fuel cell stack is employed. The hydrogen gas that feeds
the fuel cell stack is stored in high-pressure tanks in the vehicle. The flow
rates of hydrogen and oxygen vary according to the current drawn in the
stack. The fuel cell output is fed to the power control unit (power converters)
to control the traction motor and the distribution of electric power from the
fuel cell secondary ES (a battery or an UC). Secondary ES not only provides
additional power to the motor when it is accelerating, but also stores the
power generated by braking. The traction motor generates the force to propel
the vehicle.
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Hybrid fuel cell vehicle configuration (Toyota).

Power conditioners in the power control unit must have minimal losses and
higher efficiency up to 80%. This section discusses how to design and
coordinate the energy management systems including ES, electric motors,
electric motor controller/inverter, and auxiliaries for FCV.
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Typical hybrid fuel cell vehicle configuration. (Adapted from A. Emadi, S.S.

Williamson, and A. Khaligh, IEEE Transactions on Power Electronics, 21(3),
567-577, 2006.)

6.3.4.1 Energy Management Systems for FCVs

A detailed schematic diagram of the energy management system of the FCV
1s shown in Figure 6.10.

The fuel cell voltage is transferred to a higher level using a DC-DC boost
converter. The output of the boost converter is fed to a three-phase DC-AC
inverter. Because the traction motor needs AC voltage, a DC-AC inverter
converts the voltage from DC to AC with three-phase variable
voltage/frequency. The fuel cell power is also provided to the load of the
electric-driven components in the BOP systems such as pumps, fans, blowers,
actuators, and so on through another DC-DC converter in Figure 6.10. The
fuel cell system needs to be equipped with a battery system to start-up or to
supply peak load demand. The battery or an UC, serving as the secondary
power source, can be used for both load leveling and regenerative brake
energy capture. This secondary power source can be charged during the
steady states from the fuel cell system and be discharged during the transient
period when the fuel cell system responds to sudden load changes. The
charging and discharging processes are carried out by the battery



discharge/charge unit through the bidirectional DC-DC converter. For
simplicity of the control design for the bidirectional converter, a simple
buck/boost converter is used in Figure 6.11.
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Detailed schematic diagram of the energy management system of the fuel cell
vehicle. (Adapted from A. Emadi, S.S. Williamson, and A. Khaligh, /IEEE
Transactions on Power Electronics, 21(3), 567-577, 2006.)
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Energy management configuration in the FCV.

In the boost mode, the switch S2 and the diode D1 are on and then the UC
or battery can release the energy from the ES; in the buck mode, the switch
S1 and the diode D2 are on and the energy from the braking can be stored to
the energy-storage unit.

6.3.4.2 Electric Motors and Motor Controller/Inverter for FCV
An FCV consists of high-voltage components at a range of 300—400 V, such



as a traction motor, inverter drives systems, battery, DC to DC converter, and
SO on.

The power demand of an FCV’s electric motor ranges from 75 to 120 kW.
With great progress in power electronics and microcontroller-based
controllers, compact, cost-effective, and highly efficient inverters make it
possible for an AC induction motor and brushless permanent magnet (BPM)
motor to be able to be utilized in FCVs. In general, both of these motors (an
AC and BPM motor) provide high efficiency over a wide range of operation,
but these motors require complicated control schemes such as a space vector
pulse with modulation (SVPWM) to produce the desired torque through
processing the feedback signals of the current and rotor position compared to
DC brush motors. A traction motor plays an important role in the FCV. The
main characteristics of a traction motor for vehicle applications are [26]

* High torque density and power density.

* High torque for starting, at low speeds and hill climbing, and high
power for high-speed cruising.

* Wide-speed range, with a constant power operating range of around
3—4 times the base speed, being a good compromise between the peak
torque requirement of the machine and the volt—-ampere rating of the
inverter.

* High efficiency over wide-speed and torque ranges, including a low
torque operation.

* Intermittent overload capability, typically twice the rated torque for
short durations.

e  High reliability and robustness appropriate to the vehicle
environment.

» Acceptable cost.

PM synchronous or PM brushless motors, induction motors, and switched
reluctance motors in Figure 6.12 are used for traction applications.

Torque—power—speed characteristics required for traction applications are
shown in Figure 6.13. An idealized torque—power—speed characteristics for
this application are illustrated in Figure 6.14.

In Figure 6.14, three torque—power regions are observed. In the constant
torque region I, the maximum torque capability, especially at low-speed
ranges, is determined by the current rating of the inverter and the ratio of the



magnitude of the inverter output voltage to the inverter frequency is adjusted
to maintain air-gap flux approximately constant in this region [27]. As the
maximum available voltage of the inverter is reached, the constant torque
region I is switched to the constant power region II. In this region, stator
voltage is held at its rated value and stator current is regulated to obtain
constant power [28]. The motor operates in flux weakening due to the inverter
voltage and current limits. As the frequency continuously keeps increasing in
this mode, it operates with a reduced air-gap flux by increasing the slip to
maintain the stator current at its limit. When the slip reaches a value
corresponding to the pull-out torque, region II switches to region III. In region
III, the stator voltage is held at its rated value and slip speed is regulated just
below its pull-out torque value. The slip will be kept just under its pull-out
torque value. The torque and the power reduce due to the increasing influence
of the back-electromotive force (back-EMF). In traction applications, a wide-
range speed control and control beyond a constant power range are also
needed.

FIGURE 6.12

Main traction machine technologies. (Adapted from Z. Q. Zhu and D. Howe,

Proceedings of the IEEE 95(4), 746-765, 2007.) (a) IM—induction machine.
(b) SRM—switched reluctance machine. (c) PMM-—permanent magnet
machine.
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Torque—power requirements for traction machines. (Adapted from Z. Q. Zhu
and D. Howe, Proceedings of the IEEE 95(4), 746-765, 2007.)

Since induction motors are simple and robust as well as having a wide-
speed range, they are desirable for traction application. A good dynamic
torque control performance can be achieved by field-oriented control (vector
control) or direct torque control because an induction machine can be
modeled with a d—q model so as to behave just like a DC machine [25].
However, the efficiency of an induction motor is lower than a PM motor due
to the rotor loss and its size is bigger than the same power and speed-rated
PM motor. A PM motor has a high efficiency, high torque, and high-power
density, but a PM motor has a short constant range that can limit its field-
weakening capability compared with an induction motor. The switch
reluctance motor (SRM) is also a good candidate for traction application due
to its simple and rugged construction, simple control, the ability of an
extremely high-speed operation, and hazard-free operation [25]. But, SRM
has not been widely used and is much expensive than other motors. The motor
controller—inverter system converts the power of the battery or the fuel cell
DC power into AC power to control AC and BPM motors by insulated-gate
bipolar transistors (IGBT) serving as the high-power-switching devices.
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Idealized torque—power—speed characteristics for traction applications.

(Adapted from Z. Q. Zhu and D. Howe, Proceedings of the IEEE 95(4), 746—
765, 2007.)

6.3.4.3 Auxiliary Systems in FCVs

Auxiliary systems in FCVs such as pumps, air conditioning, various sensors,
and gauges in the electric drive systems can work at the voltages of 12 V, 140
V, 300 V, or the standard voltage of 42 V. The auxiliary systems as well as
other systems must maintain a high efficiency, low electromagnetic interface,



compliance (EMI/EMC), and low cost. The design change/optimization of
FCV varies from manufacturers and vehicle models. The basic design rules
for a hybrid FCV are to consider how to construct the energy management
systems, electric motors, motor controllers, and auxiliary systems as
mentioned above. By downsizing the related electric drives systems and
components, cost reduction is possible.

6.4 Control of Hybrid Fuel Cell System for Electric Vehicles

According to the FCV components described in Section 6.2, there are three
major control modules of FCVs: drive-train control including power control,
motor/inverter control, and fuel cell control including a fuel processor. Using
a fuel processor may cause the system to be very complex. The detailed
control descriptions of a fuel cell processor are out of the scope of this book;
however, a simplified control of a fuel cell processor will be described.

6.4.1 Drive-Train Control

Drive-train control manages all driver’s signals and system-operating
condition signals such as key states (start-up or shutdown), accelerator pedal
position, select gear or brake position, master cylinder pressure, temperature,
displays of speed, torque, current, mileage, and so on. On the basis of the
power demand of the electric motor on the road condition and vehicle
capacity, the desired current is calculated through the main microprocessor,
and then this calculated current signal is fed to the fuel cell control and power
control modules. Since the drive-train control is closely related to the power
control in FCV, the following section will be helpful for the understanding of
the drive-train control.

6.4.2 Power Control
6.4.2.1 Power Control

Power control module controls the power flow between the fuel cell system,
the ES (battery or UC), and the drive train based on the motor power
command and the energy level of the ES. Three power control modes are
given as follows [24]:

1. Standstill mode: It is an idle mode. Neither the fuel cell system nor
the ES is inactive.

2. Braking mode: The fuel cell system is inactive, but the regenerative-
braking energy is absorbed to the ES until the ES is fully charged.



3. Traction mode: There are two cases in the traction model. One is the
hybrid mode and the other is the sole mode. In the hybrid mode, if

the command motor input power P is greater than the fuel cell

comm
total rated power Py, the hybridization mode is active. So, the fuel

cell system produces the rated power within its optimal operating

region and the remaining power (P, — Py.) is covered by the ES
system. In the sole mode, if the command motor input power is less
than the fuel cell rated power, the energy difference between the fuel
cell and the motor is absorbed by the ES system until its maximum
charging level. In this case, the fuel cell system is the only source to
drive the vehicle.

Once being fully charged, the ES system alone drives the vehicle until the
energy level of the ES system reaches its minimum level.

6.4.2.2 Inverter Control

Nowadays, the real-time microprocessor makes the advanced inverter-
switching method possible such as SVPWM and vector control for AC
induction motors. SVPWM is a special technique to determine the switching
sequence of the upper-level power of the three power transistors in a three-
phase voltage source inverter. It could not only generate less harmonic
distortion in the output voltages or current in the winding of the motor load,
but also provide a more efficient use of the DC input voltage, compared with
the sinusoidal PWM. For the vector control of an AC induction machine, an
AC induction machine has to be modeled in detail. In Appendices C and E,
induction machine modeling, vector control, and SVPWM for HEV
applications are described in detail. Also, Appendix D is explained for the
coordinate transformation for induction machine modeling and vector control.
Here, indirect and direct field-oriented control schemes are briefly introduced.
Since the time of the introduction to the field-oriented control, the indirect
field-oriented control method becomes more popular, due to its feasibility, for
achieving a reliable and accurate speed and torque control than the direct
method. The direct scheme electrically determines the rotor flux position
using field angel sensors, while the indirect scheme determines the rotor flux
from the calculation of the slip speed of the rotor. This field-oriented control
1s based on three major factors: (1) the machine current and voltage space
vectors, (2) the transformation of a three-phase speed and time-dependent
system into a two-coordinate time-invariant system, and (3) an effective pulse
width modulation (PWM) pattern generation [28]. Because of these factors,
an AC machine can be modeled like a DC machine and can achieve a good



transient and steady-state control performance. Field-oriented controlled
machines have two components: the torque component (aligned with the q
coordinate) and the flux component (aligned with the d coordinate). In a
conventional indirect vector control mode shown in Figure 6.15, the d-axis
current producing the flux is controlled to be constant and the g-axis current
producing the torque is controlled to have the machine to operate at the speed
at which the machine supplies the maximum output power. The torque can be
controlled by regulating 3¢, and slip speed W, — W,. The rotor flux can be
controlled by 25, [27]. The main disadvantage of the indirect vector control is
that it is too sensitive to motor parameters, and therefore, the accuracy of the
control gain is highly required.
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Indirect vector control scheme for an induction machine. (Adapted from H.

Toluyat and S. Campbell, DSP-Based Electromechanical Motion Control.
CRC Press, 2006.)

6.4.3 Fuel Cell Control

First of all, a fuel cell has a continuous supply of reactants adjusted by the
load current. Hence, internal states (humidity, temperature, and pressure) and
external inputs (hydrogen and oxygen) have to be properly controlled to
prevent from reactant starvation. The temperature of a fuel cell system
reaches steady states through the humidity controller and the temperature
controller. The energy for the cold start-up of the fuel cell can be supplied by
the backup battery.

Using a microprocessor or DSP, internal states and an internal input can be
controlled. The control scheme is shown in Figure 6.16. In Figure 6.16,
control commands are issued for opening and closing the hydrogen solenoid
valve and purge valve of the system. The speed of the air compressor varies



according to the current demand. The speed of the cooling fan is controlled to
regulate the fuel cell stack temperature through an air compressor. The fuel
cell operating temperature is maintained at 65°C by varying the speed of the
cooling fan. In addition, the pressure difference between the anode and
cathode can be minimized to prolong the stack life by controlling the actuator
at both anode and cathode sides.

6.4.4 Fuel Processor or Reformer

In Reference 30, a simple model of a reformer that generates hydrogen
through reforming methanol was introduced. Using a second-order transfer
function model, the mathematical form of the fuel flow response to an input
step of methanol flow is given as follows:
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Simplified experimental setup for the PEMFC control. (Adapted from W. Na

and B. Gou, IEEE Transactions on Energy Conversion, 23(1), 179-190,
2008.)
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FIGURE 6.17

Reformer and reformer controller model. I, stack current (A); N,, number of
series of a fuel cell in the stack; F, Faraday’s constant (C/kmol); U, fuel
utilization factor; k3 PI, controller gain; T3 PI controller time constant; 40,

oxygen flow rate (mol/s); ry.o, hydrogen-oxygen flow ratio. (Adapted from



M.Y. El-Sharkh et al., IEEE Transactions on Power Delivery, 19(4), 2022—
2028, 2004.)

91, cv (6.9)

Omethanol T1T282+(T1 +72)s+1

where gH, hydrogen flow rate (mol/s), g,,./ano; M€thanol flow rate (mol/s),
CV conversion factor (kmol of hydrogen per moles of methanol), T;, T,
reformer time constant (s).

A proportional—integral (PI) controller determines the methanol flow into
the reformer by controlling hydrogen flow according to the current shown in
Figure 6.17. Oxygen flow is determined by the hydrogen—oxygen flow ratio

rH_O.

6.5 Fault Diagnosis of a Hybrid Fuel Cell System

Fault diagnosis is to detect, isolate, and identify an impending or incipient
failure condition—the affected component in the hybrid fuel cell system is
still operational even though at a degraded mode. In this section, fault-

diagnostic issues and procedures will be described by using a practical system
called the Nexa fuel cell stack, which is of 1.2 kW [31].

6.5.1 Fuel Cell Stack

The 1.2 kW Nexa fuel cell stack output voltage varies with power, ranging
from ~43 V without load to ~26 V with full load. During operations, the fuel
cell stack voltage is monitored for fault diagnosis, control, and safety
purposes. A cell voltage checker (CVC) system monitors the performance of
individual cell pairs and detects the presence of a poor cell. The Nexa unit
will shutdown if a cell failure or a potentially unsafe condition is detected in
the fuel cell stack.

6.5.2 Hydrogen Supply System

The fuel-supply system monitors and regulates the hydrogen supply to the
fuel cell stack. The main concern of the fuel (hydrogen) supply system is the
safety of hydrogen supplying for the fuel cell. The fuel-supply operation is
taken into account in the following components:

* A pressure transducer monitors fuel delivery conditions to ensure an
adequate fuel supply is present for Nexa system operation.

* A pressure relief valve protects downstream components from over-



pressure conditions.

* A solenoid valve provides isolation from the fuel supply when it is
not in operation.

* A pressure regulator maintains an appropriate hydrogen supply
pressure to the fuel cell.

* A hydrogen leak detector monitors hydrogen levels near the fuel
delivery subassembly. Warning and shutdown alarms are
implemented for product safety.

* The accumulation of nitrogen and water in the anode side degrades
the fuel cell performance, monitored by the purge cell voltage, a
hydrogen purge valve at the stack outlet is periodically opened to
flush out inert constituents in the anode and to restore performance.

Only a small amount of hydrogen purges from the system, less than 1% of
the overall fuel consumption rate. Purged hydrogen is discharged into the
cooling air stream before it leaves the Nexa system. Hydrogen quickly
diffuses into the cooling air stream and is diluted to a level much less than the
lower flammability limit. The hydrogen leak detector, situated in the cooling
air exhaust, ensures that flammable limits are not reached.

6.5.3 Air, Humidifier, and Water Management System

Like the anode side, the cathode side needs two actuators to control both the
pressure and the airflow. These two actuators can minimize the pressure
difference between the anode and the cathode side, and control airflow
through the compressor because the fuel cell output voltage is largely
dependent on the airflow.

Oxidant air has to be humidified for the proper operation of fuel cells.
Excess product water may cause flooding, which results in loss of the cell
potential. So, excess water needs to be passively evaporated into the
surrounding environment, or alternatively, product water can be drained and
collected through the water management system. However, a small amount of
water also causes membrane dying, which is one of the reasons to reduce the
cell potential. By monitoring the cell potential during the operation, flooding
and drying will be alarmed.

6.5.4 Hydrogen Diffusion and Cooling System

The hydrogen quickly diffuses into the cooling air and is diluted to levels that
are far below the lower flammability limit (LFL) of hydrogen. For safety



purposes, a hydrogen sensor is located within the cooling air outlet stream and
provides feedback to the control system. The control system generates
warning and alarm signals if the hydrogen concentration approaches 25% of
the LFL. The LFL of hydrogen is defined to be the smallest amount of
hydrogen that will support a self-propagating flame when it is mixed with air
and ignited. At concentrations less than the LFL, there is insufficient fuel
present to support combustion. The LFL of hydrogen is 4% by volume.

6.5.5 Safety Electronics System

Unusual or unsafe operating conditions result in either a warning or alarm,
and may cause an automatic shutdown, depending on the severity. During a
warning, the Nexa power module continues to operate and the controller
attempts to remedy the condition. During an alarm, the controller initiates a
controlled shutdown sequence. There are two kinds of error levels [4].

First-level errors:
* Lower cell voltage: Alarm if one cell voltage drops below 0.3 V

» Stack overload: 1t varies on the stack power capacity. If 125%-150%
rate current is drawn, an alarm signal is activated

* High temperature: The temperature exceeds 87.4°C

Second-level errors:

These cases enforce the system to disconnect all power supply from the
system components and all valves are set to their initial conditions.

* High-level hydrogen: According to the hydrogen sensor, 15% over the
LFL, an early alarm is triggered, and 25% over the LFL, an error
signal is turned on.

» The pressure difference protection: If the pressure difference between
the anode and cathode sides is over 0.5 bar, an error signal is initiated.
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Application of Fuel Cells in Utility Power
Systems and Stand-Alone Systems>X<

7.1 Introduction

Fuel cells ranging from sub-kilowatt portable power units to multi-megawatt
stationary power plants are emerging to deliver clean and efficient power.
This new technology is suitable for producing heat and power for residential,
commercial, and industrial customers. Because of high fuel conversion
efficiency, combined heat and power generation flexibility, friendly siting
characteristics, negligible environmental emissions, and lower carbon dioxide
emissions, fuel cells are considered at the top of the desirable technologies for
a broad spectrum of power generation applications. Among the available fuel
cells, the PEM fuel cell is seen as the system of choice for portable, vehicular,
and residential applications.

In the United States, the Federal Energy Regulatory Commission has issued
several rules and Notices of Proposed Rulemaking to set the road map for the
utility deregulation. The California crisis has drawn great attention and
sparked intense discussion within the utility industry. One possible solution is
to rejuvenate the idea of integrated resource planning and promote the
distributed generation (DG) via traditional or renewable generation facilities
for the deregulated utility systems. The technology challenges of PEM fuel
cells relating to the low-temperature operation include water management,
heat removal, and anode poisoning by trace amounts of CO present in
hydrocarbon-derived fuels.

Fuel cell is the most promising renewable generation technology for the
residential and small commercial users. Fuel cells are static energy conversion
devices directly converting the chemical energy of fuel into electrical energy.
Compared with conventional power generation systems, they have many
advantages, such as high efficiency, zero or low emission (of pollutant gases),
and flexible modular structure. Fuel cell is a promising energy form that is
expected to play an important role in future DG applications.



It is desirable for these renewable generation facilities to be interconnected
with the utility grid to perform peak shaving, demand reduction, and to serve
as emergency and standby power supply. However, the emerging integration
problems, including control strategy design, energy management, mismatch
between the utility tie protection and the equipment protection, etc., need to
be studied and solved. Fuel cell DGs (FCDGs) can either be connected to a
utility power system for network reinforcement or installed in a remote area to
supply stand-alone power. This chapter is aimed to introduce the applications
of fuel cells to the utility power systems, stand-alone applications, power
electronics interface design for stand-alone fuel cell and ultracapacitor based
power system.

7.2 Utility Power Systems and Residential Applications

One of the most important applications of fuel cells is utility power systems.
The frequent occurrence of faults or big disturbances in power distribution
systems causes the problem of loss of power supply; the energy transfer
through the transmission network from generation plants in remote areas
increases the energy cost. It is desirable to install renewable generation
facilities near the customers to avoid the frequent occurrence of loss of power
supply and the high-energy cost. This section will discuss the technologies of
fuel cell installation in the distribution systems.

7.2.1 Modeling and Control of PEM Fuel Cell DG System

Wang et al. proposed a typical configuration of fuel cell DG system [1],
shown in Figure 7.1. The system configuration ratings and parameters are
given in Table 7.1. The PEMFC power plant consists of 10 parallel-connected
fuel cell arrays. Each array is rated at 48 kW, for a total of 480 kW. A boost
converter is used to adapt the output voltage of each fuel cell array to the DC
bus voltage. In addition, a three-phase six-switch inverter is used to convert
the power available at the DC bus to AC power. Following the inverter, an
LC filter 1s applied, which is followed by a transformer to increase the AC
voltage from 208 V to 12.5 kV, the voltage level of the utility grid.
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FIGURE 7.1

Block diagram of a fuel cell distributed generation system. (Adapted from C.

Wang, M.H. Nehrir, and H. Gao, IEEE Trans. Energy Convers., 21, 586595,
2006.)

TABLE 7.1

Configuration Parameters of the Proposed System

PEMFC power plant 216 V/480 kW ten 48-kW FC arrays are connected in parallel
PEMEFC array 216 V/48 kW, consisting of 8 (series) x 12 (parallel) 500-W fuel cell stacks
Boost DC/DC converter 200 V/480 V, 50 kW each 10 units connected in parallel

Three-phase DC/AC inverter 480 V DC/208 V AC, 500 kW
LC filter Ly=0.15 mH, Cy=306.5 uF
Step-up transformer V, =208 V/12.5kV, S,, = 500 kW
R{ =R, =0.005 p.u., X; =X, =0.025 p.u.
Coupling inductor Xc=500Q
Transmission line 0.5 km ACSR 6/0
R =2.149 O/km, X = 0.5085 Q/km
DC bus voltage 480V

AC bus voltage 120 V/208 V

The parameters used in this structure are given in Table 7.1.
7.2.1.1 Modeling of PEM Fuel Cells

To simplify the analysis, the following assumptions are made [2]:

1. One-dimensional treatment.



2. Ideal and uniformly distributed gases.
3. Constant pressures in the fuel cell gas flow channels.

4. The fuel is humidified and the oxidant is humidified air. Assume the
effective anode water vapor pressure is 50% of the saturated vapor
pressure while the effective cathode water pressure is 100%.

5. The fuel cell works under 100°C and the reaction product is in liquid
phase.

6. Thermodynamic properties are evaluated at the average stack
temperature, temperature variations across the stack are neglected,
and the overall specific heat capacity of the stack is assumed to be a
constant.

7. Parameters for individual cells can be lumped together to represent a
fuel cell stack.

7.2.1.2 Equivalent Electrical Circuit

According to assumptions, the output voltage of fuel cell is given as
Vour = E — Ve — Voet1 — Vorm (7.1)

where

B=Fo + EEin(y, - f75,) - B

V. = _R*Tln(l I

zF L &t
Vaet1 =y + a(T — 298)
‘/ohm - IRohm

where R is the gas constant, 8.3143 J/mol K; E, the standard reference
potential at standard state, 298 K and 1 atm pressure; T the temperature (K);
p}jrz the effective value of partial pressure of hydrogen; pz)z the effective
value of partial pressure of oxygen; I the fuel cell current (A); I, the
limitation current (A); z the number of participating electrons; F the Faraday
constant (96487 C/mol); R
membrane and electrodes; I the temperature invariant part of V., (V); and a
the constant terms in Tafel equation (V/K).

ohm the conducting resistance between the

From Equation 7.1, we can get the equivalent circuit of the fuel cell voltage
shown in Figure 7.2.
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Equivalent electrical circuit of the double-layer charging effect inside the
PEM fuel cell.

7.2.1.3 Energy Balance of the Thermodynamics

The net heat that causes the temperature of the fuel cell to vary, which is
generated by the chemical reaction inside the fuel cell, can be expressed as
follows:

Z.)net = p chem — p elec — p sens+latent — p loss (7.2)

where p net’p chem?p elec’p sens+latent > and ploss are net energy of fuel cell,
chemical energy, electrical energy, sensible and latent heat, and the heat loss,

respectively. Their values are given in Reference 2.
7.2.1.4 Control Design for PEM Fuel Cells

Two controllers are designed for the boost DC/DC converter and the three-
phase voltage source inverter.

7.2.1.4.1 Controller Design for the Boost DC/DC Converter

To design the controller for the boost DC/DC converter, we need to first build
its state-space model.

The equivalent circuit of the boost DC/DC converter is given in Figure 7.3.
The small signal state-space model for the boost DC/DC converter is given as
follows [1]:

( ; 0 —-(1-D) X2 (7.3)
de _ de de
[Vc ] B lﬂ 1 ] x|
< dd Cu RCyy Cad
Z.de
‘/dd_out = [O 1] [ :|
\ VCdd

where X; and X are the steady-state values of i; and vc ,respectively, and



D is the pulse duty ratio at the rated operating point. Other variables are given
in Figure 7.3.
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FIGURE 7.3
Boost DC/DC converter.
TABLE 7.2
Parameters of the Boost DC/DC Converter
Parameter Values
Laq 1.2 mH
Caa 2500 uF
Dy 0.5833
Ripud 4.608 Q)
X 250 A
X, 480 V
kai 20
kgp 0.02

A PI controller is designed based on Equation 7.3, whose parameters are
given in Table 7.2.

7.2.1.4.2 Controller Design for the Three-Phase Voltage Source
Inverter
A three-phase PWM controller is designed for the inverter to satisfy voltage

regulation as well as to achieve real and reactive power control. A voltage
regulator is used in this design to take the error signals between the actual

output voltage in dg frame (V,,) and the reference voltage (V ,.r) and

generates the current reference signals (/; ) for the current control loop.
The overall control design is given in Figure 7.4 [1].



7.2.2 Operation Strategies

In this section, we will introduce a concept of cogeneration of fuel cells for
residential applications, proposed in Reference 3. Residential fuel cells have
been launched recently. However, studies regarding hydrogen networks,
hydrogen energy society, use of recovered heat from FCs in combined heat
and power mode, and production and delivery of hydrogen are required.
Neither a clear blueprint nor a clear path exists for achieving a future
hydrogen energy society [4,5]. A cooperative and coordinated manner of
operation and a hierarchical control of DG are necessary to avoid disorder and
to sustain the reliability of power systems when a large number of DG
systems are employed.

The concept of cogeneration via networked fuel cells is presented in Figure
7.5 [3]. Five homes are connected to the energy network, which provides the
electricity interchangeable between the existing grid and fuel cells. Hot water
piping is installed, and three homes are equipped with FC stacks. Hydrogen is
interchangeable between them via hydrogen piping. Two of these homes are
also equipped with fuel processors that are constantly operated at their rated
load without any interruption while producing hydrogen efficiently. The FC
stacks are operated depending on the load of the homes.
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FIGURE 7.4

Overall control design for the three-phase voltage source inverter.
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Example of proposed energy network for residential homes.

Based on the structure of the cogeneration network, four operation
strategies (OS) rules were proposed and studied in Reference 3.

OS Rule 0: The electricity dispatch of each FC is generated to match the
electricity demand of the home in which the FC is installed.
Electricity interchange is not available between them.

OS Rule 1: All the FCs equally share the total electricity demand of the
homes.

OS Rule 2: A logic similar to that used for internal combustion engines
and unit controls is applied. The FCs are switched on one by one as
the electricity demand increases and vice versa.

OS Rule 3: The FCs are switched on one by one as the electricity
demand increases, similar to Strategy 2; however, all the FCs, which
are switched on, equally share the total electricity demand. In this
strategy, Strategies 1 and 2 are combined.

Rule 0 is proposed as a baseline case of the analysis in this structure. Rule 1
deals with partial load operations, which provide higher electricity generation
efficiencies and FCs can be operated for longer periods than in other rules.
Thus, Rule 1 provides efficient electricity supply rather than hot water supply.
In Rule 2, FCs are operated at partial load while the others at the rated load,
which provides the highest heat recovery efficiency. This rule attempts to
recover hot water (heat) from the FCs in the most efficient manner. Rule 3 is
the intermediate one between Rules 1 and 2.

Details of this cogeneration concept and the simulation results can be found



in Reference 3.

7.3 Stand-Alone Application

The available power of a fuel cell (FC) power plant may not be able to meet
load demand capacity, especially during peak demand or transient events
encountered in stationary power plant applications. Normally, FCs need to
work together with other sources to meet high load demand capacity. An UC
bank is commonly chosen for this purpose, which can supply a large burst of
power, but it cannot store a significant amount of energy. Uzunoglu and Alam
[6] proposed the modeling and control strategies for a combination of a fuel
cell and an UC bank.

7.3.1 Dynamic Modeling of Fuel Cells and UC Bank
7.3.1.1 Modeling of Fuel Cell

A dynamic model was proposed in Figure 7.6 [6]. In this model, the
relationship between the molar flow of any gas (hydrogen) through the valve
and its partial pressure inside the channel, and three significant factors—
hydrogen input flow, hydrogen output flow, and hydrogen flow during the
reaction—are considered.

Assuming constant temperature and oxygen concentration, the FC output
voltage can be expressed as follows:

Veen = E + Nact + Nohmic (7.4
where
Nact = —Bln (CI,F(j)
Nohmic = _Rint I IFC
and
H, . /P,
B R pHy, /Po,
E=Ny |Ey+ Wlog l—szo ”

The cell voltage is a sum of three voltages, which can be seen in Figure 7.6.

7.3.1.2 Modeling of UC Bank

The classical equivalent model of UC is given in Figure 7.7. It consists of an
equivalent series resistance, an equivalent parallel resistance, and a capacitor.



Owing to the limited capacitor of an UC, a bank of ultracapacitors (UCs)
needs to be used via series and parallel connections.

7.3.2 Control Design of Combined Fuel Cell and UC Bank

In this structure, the fuel cell system and the ultracapitor bank are connected
through a power diode, which is shown in Figure 7.8.

The FC system, which decides the voltages of the UC bank and the load,
prevents the power capability of the UC bank from being fully utilized. The
power sharing between the FC system and UC bank is determined by the total
resistance between these two systems. The main control strategy for the
combined system can be summarized as follows [6]:
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Dynamic model of fuel cell system.
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Classical equivalent model of UC.
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FIGURE 7.8
Combination of FC system and UC bank.

I. During low-power-demand periods (<5 kW), the FC system
generates up to its load limit, and the excess power is used to charge
the UC. The charging or discharging of the UC bank occurs
according to the terminal voltage of the overall load requirements.

2.  During high-power-demand periods (=5 kW), the FC system
generates the rated power and the UC is discharged to meet the extra
power requirements that cannot be supplied by the FC system.

3. Short-time power interruptions in the FC system can only be
supplied by the UC bank.

4. The UC bank is designed to avoid overcharge or undercharge
conditions.

5. About 75% of the initial energy stored in the UC bank can be utilized
if the terminal load voltage is allowed to decrease to 50% of its initial
value.

To realize the control system of the above-mentioned combined system, PI
controllers, ideal switching elements, and current and voltage sensors are used
in the simulation model.

7.3.3 Active and Reactive Control for Stand-Alone PEM Fuel
Cell System

Based on the real power and reactive power of synchronized generators in
power grids, a similar model for real power and reactive power control was
proposed in Reference 7.

Assume a lossless inverter and a small phase angle sin(d) = 0; using the
output voltage and the output power and electrochemical relationships, the

relationship between output voltage phase angle & and hydrogen flow gH, is



obtained as & = QFUX/mV N )qH,.

As we know, for synchronized generators, to increase the amount of steam
input to the turbine can increase the output power, which is used to control the
output power of synchronized generators. A similar scenario can be adopted
to control the output power from the FC system, the only difference is that,
there is no speed change, which can affect the frequency.

In the FC system, the frequency is fixed at 60 Hz by the inverter. Figure 7.9
shows that the amount of hydrogen flow can be controlled manually or
automatically according to the methane reference signal and the current
feedback signal, respectively, and the current feedback signal is proportional
to the terminal load. A limit switch is added to control the amount of
hydrogen, which simulates the actual switch setting of the FC system. Using

the methane reference signal g,,,.,.p the operator can manually set the power
output from the FC system to a value less than the maximum value set by the
limit switch.

For a synchronized generator, controlling its reactive power is achieved by
controlling the excitation voltage, which controls the generator output voltage
and the amount of reactive power flowing in or out of the generator. In the FC
system, the reactive power can be controlled by the modulation index m. The
modulation index controls the terminal voltage value, which also controls the

reactive power output from the FC system. The modulation index m can be
set manually using the voltage reference signal V..

7.4 Power Interface Design for Fuel Cell and Ultracapacitor
(UC) Hybrid Systems

A fuel cell voltage varies under the load changes. For instance, the fuel cell
voltage reaches to the maximum when no load is applied, while it drops as the
load current connected to the fuel cells increases. Particularly for high
currents, significant voltage drop can be seen due to the activation
overvoltage, and ohmic resistance losses in the membrane [8,9]. Thus, a
secondary energy source is needed to satisfy the load demands. Presently,
many studies regarding using the secondary power sources for the fuel cell
system have been performed [6,10—-12]. Most studies have been conducted for
transportation applications [10-12].



FIGURE 7.9

Real power and reactive power control for FC system. (Adapted from M.Y.
El-Sharkh et al., IEEE Trans. Power Syst., 19, 4, 2004.)

Lately, Uzunoglu and Alam [6] used an UC in parallel to fuel cell systems
without using a bidirectional converter for residential applications. This will
create a problem when optimally charging, and discharging the UC during the
transients especially for transportation applications. In this section, a fuel cell-
based hybrid power system in which the UC is connected to the fuel cell
terminal voltage through the bidirectional converter is explained for stationary
power applications.

The controller for the bidirectional converter is designed so that any
substantial voltage drop of the fuel cell can be prevented during transient
energy deliveries and peak power-demand periods. The control analysis is
performed in boost (charging), and buck (discharging) mode separately. A 5
kW PEM fuel cell system is considered for the residential system, and the
nominal voltage of UC is set to 74 V [11]. For the fast load changing, the fuel

cell current slope is limited to 4As™'[12] in order to prevent the fuel cell
damage because a frequent fast step up and down load may apply an
unnecessary stress to the fuel cell control systems such as pumps, valves,
compressors, etc.

Although, during the peak power period, the total maximum power was
assumed to be 7.4 kW in Reference 6, in the simulation, the total power
demand can be up to 10 kW. So, the additional power exceeding the fuel cell
power can be compensated by the UC through the bidirectional converter
during that period. In the normal load (less 5 kW) and steady state conditions,
the UC also can be charged by controlling the bidirectional converter. This
fuel cell based hybrid system was tested using Matlab—Simulink.



7.4.1 Small Signal Transfer Function of Bidirectional
Converter

The configuration of the bidirectional converter is shown in Figure 7.10. The

UC bank C, is considered as energy storage because it offers not only a
higher energy density than conventional capacitors and batteries, but also
minimal maintenances [13]. It is actually a buck-boost structure. It can be
analyzed in two different modes (Boost and Buck) separately. In the boost

mode, if the switch S, and the diode D, are in active mode, then the UC can
absorb the energy from the fuel cell system. In the buck mode, if the switch S

and the diode D, are in active mode, then the energy from the capacitor can
be released to the fuel cell terminal. The main objective of this system is to
quickly provide the transient energy to the load from the UC and to transfer
the steady-state energy to UC. Let us consider the boost mode first.

7.4.1.1 Boost Mode

Since the fuel cell voltage varies from 36 to 24 V between the light load and
the heavy load, the nominal voltage of UC is set to 74 V. The voltage of the
UC can be charged when the fuel cell system operates in steady state by the
boost operation of the converter. In this mode, the average small signal circuit
model [14] is often derived as shown in Figure 7.11 to build up the system
transfer functions.
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FIGURE 7.10

Functional diagram of the system.
where
009 is the fuel cell terminal voltage variation;

00 the inductor current variation;



d the duty cycle variation;
D’ the DC values of 1 — d;
L, Vfc, I;, R, Rp, and C, are the DC values; and

Z;,, the load impedance.

! Ultracapacitor

FIGURE 7.11

Average small signal circuit model of boost converter.

The UC bank in Figure 7.11 is comprised of the equivalent series resistance

R, and the parallel resistance Rp and the capacitance C, [15]. In the boost
mode, the fuel cell voltage works like a constant voltage source, while in the
buck mode, the fuel cell system is modeled with an open voltage and RC

model [16]. In this section, the parallel resistance Rp is not considered in the

transfer functions because R, is significantly larger than R, which is set to be
infinite in most of the analyses [15]. The transfer functions from the duty
cycle to the inductor current, and to the UC voltage can be obtained as shown
in Figure 7.11.

s/L (1.5)

L Gyt (5) = Vye - DI
= = Gan (8) = V. D32+(Rs(D’)2/L)s+((D')2/LCu)

d

b @ — (D' R, Cs+1 (7.6)
B e vl (3) ( ) LC.92+RSC-(D')28+(D,)2

The transfer functions from the fuel cell voltage to UC voltage is

' (Rs/L)s+(1/LCy) (7.7)
s+ (R, (D) /L) s+((D')?/LCu )

% = Gau (s) =Vu- D

The transfer function from the UC voltage to the inductor current is as
shown below

(7.8)



Each transfer function from Equations 7.5 to 7.8 is very useful to construct
the control system block diagram in Section 7.4.3 and analyze frequency
responses using the Bode plot.

7.4.1.2 Buck Mode

When the load current is increased, the UC is discharged through the buck
mode converter to stabilize the fuel cell terminal voltage. Like the boost
mode, an average small signal circuit model is derived as below.

Where v, is the capacitor voltage variation; d the duty cycle variation; and
D the DC values of duty cycle d. In the fuel cell model shown in Figure 2.3;
2 fc 1s the fuel cell current variation; E, is the open circuit voltage; R, is the
sum of the activation and concentration resistance; C, is the capacitive
constant; and R, is the ohmic resistance.

By assuming that the impedance of E, in the fuel cell model be less than
the internal impedances in other fuel cells, the total internal fuel cell
impedance [16] can be calculated by

Zse (3) = (R + ) 7.9)

R,- Cs-l—l
And the fuel cell terminal voltage can be defined as
Vie = Eo — Z. (8) - I (8) (7.10)

The transfer functions from duty cycle to inductor current and to fuel cell
voltage can be obtained based on Figure 7.12.

iL Z1eqZ§cC8+ ZpeqtZe (7.10)
— =Ga2 (3) D : 2

d Z1eqZ.LCs +(ZLeq+ch)L8+ZLqufc

o ZregZc (7.12)
- = de2 (3)

D ZLquchC.Sz+(ZLeq+ch)L8+ZLqufc

The transfer function from the UC voltage to the fuel cell voltage is given
as

b ZreqZse (7.13)
f;_ = Gm, (8) =D-. 2
fe ZreqZs.LCs +(ZLeq+ch)L8+ZLqufc

As seen in Figure 7.12, although the inductor current is coupled with the
fuel cell current, the direct relationship between the inductor current and the

fuel cell voltage can be derived by Z;,..



ZLquchs+ZLeq+ch (7.14)
ZlLeq Z_chCs2 + (ZLeq+ch)L3+ZLqufc

% =Gy (s) =
Specific control architectures of boost and buck modes are described using
the derived transfer functions in the following section.

7.4.2 Design of the Controller and Bandpass Filter

There are two voltage controllers: one is the UC voltage controller, and the
other is the fuel cell voltage controller. And the current controller controls the
inductor current in both converters. The control architecture will be different
in each mode because the input and output are exchanged vice versa for
charging and discharging modes.
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FIGURE 7.12

Average small signal circuit model of buck converter and fuel cell.

7.4.2.1 The Controller
7.4.2.1.1 Boost Mode

If the load variations keep lasting over 5 s and their capacities are less than
the fuel cell stack capacity, 5 kW, the boost mode (charging mode) is
activated. In steady states of fuel cell systems, since the fuel cell voltage
controller charges the UC voltage, the fuel cell voltage controller is placed in
the outermost loop, which generates the reference UC voltage through the
BPF1, bandpass filterl, as shown in Figure 7.13. To generate the reference

UC voltage 74 V, the initial duty ratio is set to D = 0.527 based on the
reference fuel cell voltage being assumed to be 35 V because the output

voltage V, of the boost converter is calculated by the duty ratio and the input
voltage V. shown in Equation 7.16 during the continuous conduction mode



[17].

Yo _ _1 (7.15)
Vin ~ (1-D)

The UC voltage controller in the inner loop also generates the reference
inductor current through the BPF2, bandpass filter2. These two bandpass
filters, BPF1 and BPF2, can determine the frequency range in each control
loop. For the UC voltage controller in the inner loop, the low cutoff frequency

of BPF2 is inferred to be f; = 100 Hz because at any given load the change is
slower than f; during the boost mode, and the UC would respond to it. The

high cutoff frequency of BPF2 is limited to be f; = 10 kHz to avoid the
correlation between the switching frequency of the power converter.

| “Camverter pow :c:r-s-t-ag-;“-i

Ve Vo

el e
: 1-D :

_________

L:—{_ ".‘.. - - = I-"T, T % = | ‘_: . r = ! s :
A .-?—/‘. = S e A - i iy !
— ZC,, —w BPE GC, —+ BEF, @f | s &y,
o y " = i L !
References T P ) PR { T i i

input

| Fuel cell system [
i

G (-

FIGURE 7.13

Control block diagram in the boost mode.

The outermost loop cutoff frequencies of BPF1 are set to be in the range
(0.1f;, 0.1f5) because it is expected to respond much slower than the inner
loop controller. However, in the buck mode, as the UC voltage will stabilize
the fuel cell voltage, the UC voltage controller must be placed in the
outermost loop.

7.4.2.1.2 Buck Mode

If the load variations last for 5 s, and their power capacities exceed 5 kW, the
buck mode is activated. As seen in Figure 7.14, during buck (discharging)
mode, the UC voltage controller generates the reference fuel cell voltage, and
the fuel cell voltage controller generates the reference inductor current of the
converter. To generate the reference fuel cell voltage of 35 V, the initial duty

ratio is set to D = 35/74 = 0.473 based on the reference, UC voltage is
assumed to be 74 V because the output voltage V, of the buck converter is



calculated by the duty ratio and the input voltage V,, is given in Equation 7.16
during the continuous conduction mode [15].
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Control block diagram in the buck mode.

VL,, - D (7.16)

In Figures 7.13 and 7.14, the GC means the combined transfer function

including the controllers. In terms of the fuel cell voltage feedback, the

maximum fuel cell voltage output that is the sum of the fuel cell voltage from

the buck converter, and the fuel cell system are considered because the fuel

cell terminal voltage is supplied by these two sources, the fuel cell and the
UC. The functions of bandpass filters are the same as in the boost mode.

7.4.2.2 Bandpass Filters Design

There are two bandpass filters, BPF1 and BPF2, in the control block diagram.

BPF1 is characterized by the frequency band 10 Hz < w < 1 kHz and
BPF2’s bandpass 100 Hz < W < 10 kHz is because the BPF1 actually has a
slower response than that of BPF2. Especially, in the buck mode, for any load
change which is lower than the low cutoff frequency 100 Hz, the fuel cell
system can respond to it without the help of UC [18]. And the high cutoff
frequency of BPF2 must be low enough so that it does not interact with the
switching frequency 10 kHz of the bidirectional converter. Hence, the high
cutoff frequency of BPF2 is limited to be 10 kHz, and the second-order wide

bandpass filter [19] is used as in Equation 7.17 by letting s = jW.

N wolo (7.17)
H (jw) = Ho 0o W wfam)

where H, is the mid-frequency gain, W;, the low cutoff frequency, and Wy,



the high cutoff frequency.

On the basis of the characterized cutoff frequencies in the BPF1 and BPF2,
the Bode plot of the bandpass filters is shown in Figure 7.15.

7.4.3 Simulation Results and Analysis

For the simulation, the 2500-ft> house load profile illustrated in Figure 7.16
[6] is used as a reference to calculate the transient power of the UC.

Figure 7.17 shows that the peak loads vary from 7 to 7.4 kW and the
sampling interval of the load profile is 15 s. The maximum period of the peak
demand is 75 s when the load demand exceeds 5 kW, which is the maximum
available power from the fuel cell system. By using the system shown in
Figure 7.10, the UC is able to support the extra load of 2.4 kW for 75 s, which

is 50 Wh of the energy and its minimum energy capacity rating of the UC is
50/0.75 = 66.67 Wh [6].

Bode plot of bandpass filters
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FIGURE 7.15
Bode plot of the bandpass filters BPF1 and BPF2.
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2500-ft> house load profile (Real power). (Adapted from M. Uzunoglu and
Alam, M.S., IEEE Transactions on Energy Conversation, 21(3), 2006.)
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Fuel cell current and voltage under load variations. (Adapted from J. Hamelin
et al., International Journal of Hydrogen Energy, 26, 625-29, 2001.)

The Maxwell boostcap PC2500 UC [20] is selected for the simulation. Its
nominal voltage is 2.5 V, and the capacitance value is 2700 F. Thus, 30 units
of UC 1n series (the total capacitance i1s 2700 F/30 = 90 F) is required to keep
charging the reference voltage to 74 V through the bidirectional converter
because 74 V/2.5 V = 29.6. The calculated energy storage can be 0.5 x 90 x

74%/3600 = 68.46 Wh, which can sustain the minimum energy rating of the
UC of 66.67 Wh. However, if we directly connect the fuel cell system to the
UC without the bidirectional converter, 15 UCs (total 2700/15 = 180 F) are
needed because 36 V/2.5 V = 14.4. And to meet the extra load demand of
66.67 Wh, at least two 15 UCs in parallel and some more UCs are expected
because 15 UCs in series can store the energy calculated by 0.5 x 180 x

362/3600 = 32.4 Wh, and 30 UCs can support 64.8 Wh in this case. It is



obvious that using the bidirectional converter is more beneficial, especially in
terms of saving the capacitor, rather than just coordination with the UC
without using the converter.

The simulation is carried out by a Ballard 5 kW PEMFC fuel cell stack

model MKS5-E composed of 36 cells; each cell has a 232 cm? active area,
graphite electrodes, and a Dow membrane [21]. Experimental data from
Hamelin et al. [21] were used to compare the validity of the proposed system.
The voltage and the current, the most important variables, were used for this
comparison. In Reference 21, a load profile with rapid variations between 0
and 150 A was imposed on the PGS-105B system [9]. The corresponding
stack current and voltage transients are plotted in Figure 5.8, where the
experimental data [21] are indicated by solid lines. The details of load profile
are shown in Figure 7.17, where the load resistances were changed from
0.119 to 4.15 Q during the simulation period.
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FIGURE 7.18

Fuel cell terminal voltage (discharging mode).

As shown in Figure 7.17, the fuel cell terminal voltage drops below 25 V.
The rapid current increase can cause an immediate voltage drop across the
internal resistors (activation and concentration) of the fuel cell. Based on the
frequent load changes seen in Figure 7.18, normally the buck mode
(discharging) is imposed to the system.

The value of the inductor of the bidirectional converter is set to 1 mH to
operate the boost, and the buck mode properly without a high surge voltage.
With the help of the UC and bidirectional converter, the fuel cell terminal
voltage does not drop below 30 V. But when the load resistance is changed
from the smallest value of 0.119 Q to the biggest value 4.15 O, a 2-3 V
voltage spike can be observed.

Thus, in case of a sudden load change with a big variation, the surge
protection should be mounted. In the simulation, the surge protection arrestor



which has the maximum limit of 50 V and 200 A, is used.

Figures 7.19 and 7.20 show the load current and load power demand,
respectively. Owing to the UC and bidirectional converter, the load current
lifts up to 290 A, and the load power demand can reach up to 10 kW. To
utilize the total load power demand of 10 kW, an additional UC bank 90 F is
needed because this and the fuel cell stack can support the total power of 7.4
kW. The UC voltage gradually decreases, and a voltage drop can be observed
until 68.7 V due to sudden load changes as shown in Figure 7.21.

In case of a light load change in which the total load power demand is less
than 5 kW and the load change duration is beyond 5 s, the boost mode
(charging mode) is imposed.

The fuel cell voltage varies between 35 V and +0.3 V because of the light
load as seen in Figure 7.22. The load power varies less than 5 kW and the
load current is changed between 18 and 58 A in Figures 7.23 and 7.24.
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Load power demand (discharging mode).
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Fuel cell terminal voltage (charging mode).
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Load current (charging mode).



SO0
4500
é -1.0%*.'!
3 3500
E 30060
< 2300
§ 20000
1500
E 10060
S0
[u]
] 5 1 15 20 25 0
Time (5)
FIGURE 7.24
Load power demand (charging mode).
fa) 7h
=
2
2 7o
g
i
=
650 5 10 15 20 25 30
Time (=)
(b} 75
74.5
=
2
B T4 = = = = = e = e =
g
i
—
735
-
10 100001 10,0002 10,0003 10,0004 10,0005 10,0006 10,0007 10,0008 10,0009 10,0010
Time (=)
FIGURE 7.25

UC voltage (charging mode). (a) Total time duration. (b) Zoom in between 10
and 10.001 s.

To avoid a surge of current during the charging period, the initial condition
of the UC is set to 70.3 V, 95% of the reference voltage. As seen in Figure
7.25b, a 10 kHz ripple can be found due to the switching frequency of the
converter.

7.5 Conclusion



This chapter explained the applications of fuel cells to the utility power
systems, stand-alone applications, and power electronics interface design for
stand-alone fuel cell and UC-based power system. To validate the power

interface design of the fuel cell-based hybrid system, the MATLAB-
Simulink-based simulations have been carried out.
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Control and Analysis of Hybrid Renewable
Energy Systems>X<

8.1 Introduction

Due to its capacity and operating characteristics, fuel cells normally work
together with other alternative sources, for instance, the wind and solar.
Several main issues including system configuration design, control methods,
and power-conditioning system design need to be considered. Hybrid
renewable energy power systems (HREPS) combine two or more energy
conversion devices, or two or more fuels for the same device, that when
integrated, overcome limitations inherent in either of them. Characteristics of
distributed energy resources are (1) normally located at or near the point of
use; (2) locational value; and (3) distribution voltage [1].

The advantages of hybrid renewable energy systems are [1]:
* Enhanced reliability

Incorporating heat, power, and highly efficient devices (fuel cells,
advanced materials, cooling systems, etc.) can increase the overall
efficiency and conserve energy for a hybrid system when compared
with individual technologies.

e Lower emissions

HREPS can be designed to maximize the use of renewable resources,
resulting in a system with lower emissions than traditional fossil-
fueled technologies.

* Acceptable cost

HREPS can be designed to achieve desired attributes at the lowest
acceptable cost, which is the key to market acceptance.

Different alternative energy sources can complement each other to some
extent, and multisource hybrid alternative energy systems (with proper



control)have a great potential to provide higher quality and more reliable
power to customers than a system based on a single resource. Because of this
feature, hybrid energy systems have caught worldwide research attention
[2-12].

8.1.1 Wind Power

Wind power has been available for centuries as a source of mechanical power,
and since the 1890s as a source of electrical power. Producing power from the
wind is now more important than ever. It is currently one of the fastest-
growing sources of renewable energy in the United States with an
approximately 30% annual increase over the last several years.

As a result of recent advances in technology, wind is becoming
economically competitive with fossil fuels for power generation, especially in
areas where electricity is expensive [13]. Lighter and stronger materials allow
for greater energy capture and increase the lifespan of mechanical
components. The newer generation of power and control electronics used in
the conversion of wind into electricity includes the insulated gate bipolar
transistor (IGBT) and the DSP. The latest IGBTs (insulated gate bipolar
transistors) have both faster switching times and higher power ratings than
previous generations, and the modern DSPs have more computing power and
higher speeds than previous digital controllers. Faster switching and higher
speed processing means higher-quality power is generated with less harmonic
distortion. Higher power ratings and greater computing capability in a single
chip allow for reduction in the total number of electronic components, which
means smaller, less-expensive systems.

Technological advances are not the only reason for the recent growth in the
wind industry. Today, we are much more aware of the environmental and
political problems that are associated with using fossil fuels than we were a
few decades ago. Although there is a wide spectrum of positions on
environmental issues such as air pollution, global warming, and holes in the
ozone layer, the debate now centers on the extent of the damage, and not
whether the damage is actually occurring. No one seriously believes that
humans are not doing at least some damage to our environment. We will
inevitably have to address this problem. Wind is obviously a much more
environmentally friendly source of energy than fossil fuels. No harmful
emissions are produced and no water is consumed when generating power
from the wind. One fact not widely known is that fossil fuel power generation
consumes as much as 39% of the domestic freshwater usage in the United
States [14,15]. In the drier areas of the country, for example, west Texas,



optimizing water usage is critical for the sustainability and future growth of
the populated areas, both urban and agricultural.

In addition to the environmental advantages of wind over fossil fuels, there
are also political benefits to using wind power. Wind is both plentiful and
renewable—the fuel is free and does not need to be conserved. There is more-
than-enough wind available within our own borders to meet all of our power
demands far into the future. With the continued development and expansion
of electric and hydrogen-powered vehicles, we could reduce the amount of
time, effort, and money spent on securing our foreign oil and gas supplies,
which are also a part of the hidden costs of fossil fuels. By producing a larger
portion of the country’s required power from domestically available
resources, we could greatly reduce the potential for problems related to
international politics.

8.1.2 Hybrid Power

The energy content of the wind varies with the cube of the wind speed. From
Newton’s laws, it is known that the kinetic energy of a given mass is
proportional to the square of the velocity. Added to this is the fact that
increasing the speed of the wind also increases the mass of wind passing
through a given plane proportionally. The result is that doubling the wind
speed yields an eightfold increase in the available energy.

However, the main disadvantage of the wind as a source of energy is its
inherent variability. Wind energy comes in a form that typically varies with
time. The energy can be collected only when it is available, which makes it
unsuitable as a primary source. The traditional solution to this problem,
particularly for isolated rural systems, is to supplement the wind turbine with
a diesel generator; however, the wind—diesel combination does not entirely
eliminate the problems associated with fossil fuel use.

8.1.3 Fuel Cell Power

An alternative remedy is to supplement the wind with hydrogen fuel cells,
which offer the availability lacking in the wind while retaining many of the
advantages. Wind turbines are efficient for collection of energy, while fuel
cells are efficient at producing electrical energy from hydrogen. Moreover,
fuel cells continue to operate efficiently under part load conditions, while the
efficiency of diesel generators drops substantially when operating away from
rated capacity.

Pure hydrogen is a clean, nonpolluting fuel. But it should be noted that the
source of the hydrogen is an important consideration for a truly renewable



power source. Hydrogen is potentially renewable if an electrolyzer is used
with renewable sources such as wind or solar power. Effectively, water (for
the electrolyzer) is the only required fuel for such systems. Also, the hydrogen
generated from electrolysis is generally of a much greater purity than
hydrogen from steam reformation of hydrocarbons.

Fuel cells alone could supply clean energy reliably, but at a much higher
cost than the wind. Fuel cells typically cost 3—-5 times more per kilowatt of
generating capacity than wind turbines currently, and they require fuel [16].
An integrated system would use wind and fuel cells in a complementary
fashion, offering the chance to provide steady renewable power at a lower
cost. This can be achieved when hydrogen is generated by an electrolyzer and
stored whenever wind power exceeds the load demand. Such a hybrid system
could be connected to the utility network, adding reliability and security to it
through distributed generation. A stand-alone version of the system could also
provide power on demand for locations that are remote from the utility grid.

In this chapter, we will introduce several typical designs of hybrid
renewable energy systems.

8.2 Hybrid System Consisted of Wind and Fuel Cell Sources
8.2.1 Hybrid System Simulation Components and Equations

Figure 8.1 illustrates the hybrid wind turbine—fuel cell system model
considered in a recent study [17], and Table 8.1 contains the associated
system parameters and their values. The system is modeled using MATLAB
and Simulink software and is similar to that previously described by Igbal
[18] with some modifications and corrections. In particular, the following
changes were made to the simulation model presented in Reference 18:

* Fuel cell stack equations replaced with a model provided by the U.S.
DoE [19,20] with the DoE fuel cell controller modified to regulate
stack voltage instead of fuel utilization.

* DC load replaced with a DC-AC inverter and AC load model.

* A wind turbine and fuel cell system interconnection (not specified by
Igbal), consisting of a filter capacitor and inductor, was added.

e Mathematical errors in the wind turbine model derivation were
corrected.



Wind

FIGURE 8.1

Wind

¥

turbine |«

Electrolyzer H,
i i
i i v
T
DC . PEM il H,
generator ’ fuel cell [™ storage

"-‘? Load

-

DC-AC
inverter

Tl N
\

Complete hybrid wind turbine—fuel cell system.

TABLE 8.1

Parameter List for Wind Turbine—Fuel Cell System

Parameter Value Description
R 3.25m Wind turbine rotor radius
0p 2° Fixed pitch of rotor blades
Jeg 85 kg m? Drivetrain moment of inertia
B, 0.5 N m s/rad Drivetrain damping factor
N 14 Gearbox ratio
R, 2.639 O Armature resistance
L, 34.6 mH Armature inductance
Ry 3350Q Field-winding resistance
Ly 156 H Field-winding inductance
K, 0.08912 Generator constant
Ky 56 Field circuit voltage gain
n 220 Number of cells in the fuel cell stack
Ac 136.7 cm? Cell active area
Va 6.495 cm3 Volume of anode
Ve 12.96 cm? Volume of cathode
25 mH System interconnection inductance



C 25 mF System interconnection capacitance

A description of each of the subsystems and the governing equations is
presented in the subsequent sections.

8.2.1.1 Wind Turbine Subsystem

Wind energy is converted into electricity through the variable-speed turbine
and DC generator. The point wind speed u;, as measured by an anemometer,

1s first translated to an effective wind speed u, for use in the wind turbine
model to account for the variations in forces and torque applied to the entire
swept area of the turbine rotor. The effective wind speed is found by using a
spatial filter in state-space form [21]

duy /dt = —0.6467u;u; — 0.084335u2uy + u; 8.1
dU2 /dt = ux

where u; and u, are the state variables used to calculate the effective wind
speed

ue = 0.2242u;u; + 0.084335u2u, (8.2)

The power coefficient Cp is the ratio of the mechanical power removed
from the wind to the total power available in the wind passing through the

turbine. The instantaneous Cp for a given wind turbine geometry is based on
the tip speed ratio A [22], which is the ratio of the speed of the rotor blade tip
to the incoming wind speed: A is one of the defining quantities used to
determine the aerodynamic performance of a wind turbine. The tip speed ratio
1s thus given by

A =wR/Vp (8.3)

where W 1is the rotational speed of the turbine and R is the rotor radius [22].
By allowing the rotor to change its speed as the wind speed changes, A can be

held constant, which means the Cp also remains constant, an important factor

for maximum energy capture. A typical maximum Cp for real wind turbines is
0.4 due to losses.

The corresponding torque coefficient C, may be found by
C, =Cp/A (8.4)

The aerodynamic torque 7, induced on the rotor is defined as



Ty = (1/2) prR*uZC; (A) cos? (6) 8.5)

where C, is a function of A. The © in Equation 8.5 refers to the yaw
misalignment angle between the wind velocity and the turbine axis. In
Reference 17, the yaw misalignment is assumed to be zero. The following
equation is used to determine the torque coefficient C, from the
manufacturer’s data for the considered wind turbine:

C, (A) = —0.0281 + 0.0385X — 0.0046)2 + 0.000148)3 (8.6)

The maximum value of C, corresponds to a tip speed ratio of
approximately 5.8. The torque calculation is subject to a modification due to

unsteady aerodynamics. The expected torque 7,, on the rotor shaft is

calculated from the aerodynamic torque 7, using a lead-lag filter in state-
space form given by [21]

dTy/dt = —0.0793u. Ty + Ty, (8.7
Twe = —0.0293u.T7 + 1.37T,,

Finally, the equation describing the complete drive train torque balance on
the wind turbine side is given as

Jeq (dw/dt) + Begw = Tye — NTe (8.8)

where J,, is the equivalent moment of inertia for the drive train and B, is the
equivalent frictional damping coefficient. 7, is the electrical torque from the

generator, which is multiplied by the gearbox ratio N: the gearbox is used to
step up the shaft speed of the generator.

Wind speed input to the model is introduced as a constant speed, a step
change in speed, or a variable-speed profile. The variable-speed wind 1is
simulated by the SNwind v1.0 program, originally developed at Sandia
National Laboratories and subsequently modified by the National Renewable
Energy Laboratory (NREL). The SNwind program generates full-field
turbulent wind data in three dimensions for specified meteorological
conditions. The desired conditions for the SNwind simulation are given in an
input parameter file. The parameters include turbulence intensity, turbulence
spectral model, average wind speed at a reference height, and height of the
turbine rotor hub.

8.2.1.2 DC Generator Subsystem

A 5 kW DC generator with a separately excited field circuit is assumed to be



used for converting the mechanical energy from the wind turbine into
electrical energy. The armature circuit is connected to an external load
through a commutator and brushes for unidirectional current flow. The DC
generator provides good speed and torque regulation over a wide operating
range and is more easily implemented for variable-speed operation than an
AC generator.

The field circuit is a series R—L circuit independent of the armature circuit.
The differential equation describing the field circuit is

dig/dt = (1/Ly) (K¢ Vi — Ryiy) 8.9)

where if 18 the field current, Rf the field-winding resistance, and Lf 18 the field
inductance. Vj is the input voltage to the field controller and is multiplied by
the gain K, to give the actual voltage V,applied to the field circuit as

Vi = K;Vyi (8.10)

The armature circuit located on the rotor is also modeled as an inductance

and a resistance in series with a voltage. The voltage E, across the armature,
also called the air gap voltage, is related to the current in the field windings by
the equation

E, = Kgwm (206.7i53 — 760.75i4% + 982.3i5 + 5.26) (8.11)

Equation 8.11 is derived from the generator saturation characteristics

provided by the manufacturer: K, is a constant that depends on the
construction of the generator—rotor size, number of rotor turns, and other

details, and W,, is the generator rotor speed, which is N times faster than the
wind turbine rotor speed W as a result of the gearbox. The differential
equation describing the armature circuit is

dig/dt = (1/L,) (Eq — ta (R + R,)) (8.12)

where i, is the armature current, R, is the armature resistance, and L, 1s the
armature inductance. Equation 8.12 is similar to Equation 8.9 for the field

circuit; however, the equivalent load resistance R; is added to the armature
resistance R, in the case of the armature circuit. The electrical torque
generated is found by dividing the electrical power (voltage E, times the
armature current i,) in the armature circuit by the generator rotor speed so that

T. = Eig /wm (8.13)



8.2.1.3 Wind Turbine and DC Generator Controller

The controllers used for the generator portion of the combined wind—fuel cell
system model in Reference 17 are discrete-time PID controllers derived by
the backward difference method. The backward difference method is based on
Euler’s method and is unconditionally stable [23]. The general transfer
function for the controller is [24]

G()=(p+az'+az?)/(1-271) (8.14)
The form of the controller used in the simulation is
y(k) =y(k—1)+ qoe (k) + qre (k— 1) + ge (k—2) (8.15)

where e(k) is the error (controller input) signal and y(k) is the controller
output signal. The g terms are obtained from the PID constants

90 = K, (1 + (Ta/Ts)) (8.16)
@ = KP ((Ts/Ti) —2 (Td/Ts) - 1)
@2 = Kp (Td/Ts)

where Kp, T;, and T, are the proportional, integral, and derivative constants,

respectively. A sampling time of 7 is used for the controller. The original
form of the controller used by Igbal was kept; only the gains were adjusted.
All PID control parameters are listed in Table 8.2.

TABLE 8.2

Parameter List for Discrete-and Continuous-Time PID Controllers.

Parameter Value Description
K, 0.003 Omega-control proportional constant

T; 5 Omega-control integral constant

T, 1 Omega-control derivative constant

T, 0.25 Omega-control sample period

Kplm 25% 1074 Lambda-control proportional constant
Tiim 0.08 Lambda-control integral constant

Taim 0 Lambda-control derivative constant

Toim 0.25 Lambda-control sample period



Kpfe 4 Fuel flow-control proportional constant
Kif 1 Fuel flow-control integral constant

Kyfe 1 Fuel flow-control derivative constant

For the below-rated wind speed condition, the wind turbine is operated in a
variable-speed mode. The lambda-controller attempts to maintain a constant
tip speed ratio of A = 6.5 by adjusting the field voltage applied to the
generator. The value of A = 6.5 rather than the optimal value of 5.8 was used
for convenience, since proper regulation to this lambda value then results in a
rotor speed (in rad/s) that is simply twice the wind speed (in m/s). Above the
rated wind speed of u, = 8 m/s, the wind turbine is regulated by the omega-
controller to a constant rotor speed of W = 16 rad/s. Again, control is achieved
by adjusting the generator field voltage.

8.2.1.4 PEMFC Subsystem

This is described here for the sake of completeness. The model of the PEMFC
in Reference 17 begins with the ideal potential defined by the Nernst equation
as described by Larminie and Dicks [25], which relates the concentrations of
reactants and products to the potential difference produced by an
electrochemical reaction under equilibrium conditions. The fuel cell model
provided by the DoE for the 2001 Future Energy Challenge student design
competition [19,20], was then used to construct the cell voltage equation as

V=N (00V+ Lol {%;é’%)} _ L) (8.17)

which has also been previously described in Chapter 3.

The actual voltage produced by the PEMFC is derived by subtracting the
irreversible losses L from the ideal potential defined above [25]. These

irreversible losses fall into four primary categories: activation losses, ohmic
losses, concentration losses, and internal current losses. The voltage losses L
can be described by

L:(i+z‘n)r+a1n("+"") —bln (1‘+_,) (8.18)

as discussed in Chapter 3.

The partial pressures of hydrogen, oxygen, and water are defined as the
three state variables of the system. Also, since water management affects the
fuel cell’s performance, humidifiers are used on both anode and cathode sides



to control the humidity inside the cell. The consideration of water on the
cathode side is more complicated than on the anode side because it includes
not only the water supplied from the humidifiers, but also the byproduct of the
reaction.

Figure 8.2 is an illustration depicting how these gases flow in and out of the
cell.

On the basis of the ideal gas law P*V = n*R*T, the partial pressure of each
gas is proportional to the amount of the gas in the cell, which is equal to the
gas inlet flow rate minus gas consumption and gas outlet flow rate. Thus the
state equations are

dPH,
dt
dPO, R*T
= (02in - O2used - O2out)
dt Ve

dPH,0p  R*T
s = v (H200m — HyOcproduced — HzOcout)

- .1
= VaT (H2in - H2used - H2out) (8.19)

where H2in’ OZin’ and Hzocin
water of cathode, respectively; Hyg i, Osoue @and H,O, ¢ are the outlet flow
rates of each gas. Furthermore, Hy e eq. Opyseds @nd HyO progucea TePresent

are the inlet flow rates of hydrogen, oxygen, and

usage and production of the gases, which are related to output current / by

Fuel cell

Hy, + H,0,

2 gin

|_> Anode |:{>
—

H,, . + H,O

Zout 2 mout
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I\"'JII'LI.H. 4 1"bil.'ll.l'. F Hlt}:.'(lll'.

FIGURE 8.2
[llustration of gas flows of the PEMFC.

Haysed =202yu5ea=H2 Ocproduced =2K,I = 2K1'Ac'i (8.20)

where K, = N/4F in mol/C, A, is the cell active area in cm?, and i is the
current density in A/cm?.

Since the inlet flow rates and output current are measurable, the outlet flow
rates can be defined by the equations

(8.21)



H2out = (Anodein — 2K,~Ac’l,) FH2
OZout = (C’athodein - KTAC’I:) F02
HsOpput = (O’a,thodein + 2K,-Ac1:) FH>0,

where Anode;, and Cathode;, are the summations of anode inlet flow and
cathode inlet flow, respectively, as defined in Figure 8.2; FH,, FO,, and

FH,O0,. are the pressure fractions of each gas inside the fuel cell. For this DoE

model
FH, = %2 (8.22)
FO, = 2%
FH,0, = 2%
op

where it is assumed that the cell pressure remains constant at P, a steady-
state operating pressure of 101 kPa.

8.2.1.5 Fuel Cell Controller

A continuous PID controller adjusts the fuel flow rate of the hydrogen at the
fuel cell inlet to control the fuel cell stack voltage. The controller transfer
function is described by

G (s) = Kpje + (Kige/8) + sKaje (8.23)

Again, the controller parameter values are listed in Table 8.2.

The flow rate for the air in the simulations performed in Reference 17 was
fixed at a large-enough value that is more than sufficient to match the
hydrogen flow needed to satisfy the given fuel cell current demands. The fuel
flow controller’s objective is to regulate the inverter input voltage to a steady-
state value of 200 V after the stack is activated to supplement the available
wind power. If the voltage starts to fall below this value, the hydrogen flow
rate is increased to compensate. If the voltage starts to rise above this value
(when the wind power is sufficient to supply the load), the flow rate signal is
reduced by the controller, and the fuel cell current drops to zero.

8.2.1.6 Electrolyzer Subsystem

When the available wind power is insufficient to supply the load, the fuel cell
delivers additional electricity by converting the stored hydrogen. But if the
wind is strong enough to completely supply the load, the fuel cell is inactive,
and any excess wind energy can then be sent to the electrolyzer to recharge



the hydrogen storage.

The unipolar Stuart electrolyzer’s operation is governed by the equation
Xp, = 5.18¢ 84, (8.24)

where Xy, 1s the flow rate of hydrogen in mol/s and i, is the current through
the electrolyzer [26], which is equivalent to 0.0128 mol/s A.

8.2.1.7 Egquivalent Load and System Interconnection

For the hybrid wind—fuel cell system described in Reference 17, the

equivalent load is in parallel with a filter capacitor C. A series inductor L, is
used to allow for a voltage difference at the interconnection of the DC
generator and the fuel cell during transient events. The combined current from
each subsystem flows to the load. The capacitor and inductor are ideal
components and consume no real power. Figure 8.3 illustrates the details of
this interconnection.

The next equation shows the calculation for the current iy drawn from the
fuel cell through the inductor as

tfe = (l/Lfc) f(Vstack —Vi)dt+ ifc (0) (8.25)
ig i
L e
: s | +
e | cJ— 2r, e | PEM
generator | —|_ < S fuel cell

FIGURE 8.3

Equivalent load resistance with an interconnecting capacitor and inductor.

where V. and V; are the stack voltage and load voltage, respectively, and

ir(0) is the inductor’s initial current. V; is equal to the voltage of the DC
generator and is calculated by

Vi =(1/C) [{ia +ige — (Vo /RL)}dt + VL (0) (8.26)

where i, is the armature current from the generator, V;(0) is the initial voltage

of the capacitor, and R; is the equivalent load resistance representing the DC—
AC inverter and AC load [27].

8.2.2 Simulation Results

Simulation runs were conducted with the wind—fuel cell system model in



Reference 17 for above-and below-rated wind speed (8 m/s) conditions and
for loads that were greater than and less than the available wind power. The
different operating conditions simulated in these runs correspond to step
changes in wind speed and equivalent load resistance and then to a more
realistic wind speed profile.

8.2.2.1 Below-Rated Wind Speed Conditions (Wind Power >
Load)

The fuel cell is not producing power when the available wind is greater than
the load. For this case, it is assumed that the system is in operation at a wind

speed of 6 m/s with an equivalent load resistance R; of 30 (). Figure 8.4
shows the response of the rotor speed and inverter input voltage for a step
change (at 10 s) in the input wind speed from 6 to 8 m/s. The lambda-
controller regulates the rotor speed to 12 and 16 rad/s, respectively, for these
two wind speeds.
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FIGURE 8.5

System response to step change in load resistance (wind turbine generator
only).

Figure 8.5 shows the response of the rotor speed and inverter input voltage

for a subsequent step change in R; from 30 to 20 Q with 8 m/s wind. The load
resistance change emulates a change in the demand or the addition of the
electrolyzer to take advantage of the “excess” available power. Again, note

the effective regulation of the rotor speed provided by the lambda-controller
to 16 rad/s.

8.2.2.2 Above-Rated Wind Speed Conditions (Wind Power >
Load)

For this case, the fuel cell is again not producing power, and R; is 20 Q. It is
assumed that the system is in operation at a wind speed of 8 m/s. Figure 8.6
shows the response of the rotor speed and inverter input voltage for a step
increase (at 30 s) in the input wind speed from 8 to 10 m/s. Note that the rotor
speed is now regulated by the omega-controller to 16 rad/s as the input wind
speed exceeds the rated value.

21 T T T T e I
1 1 1 1 1 1 1 ] 1 1
1 1 1 1 1 1 1 ] 1 1
- i i i i i 400 |---- L (R S |
_ﬂ 1 1 1 1 1 ) 1 ] 1 1
—= i i i i i o i i i |
L U e e o 1 - 8 = i i i i
= i i | i i = i ' : '
3 i Al 4 A ek o e R R
- . 1 1 1 1 1 e 1 1 I 1 1
y 16 R e i i = i i | i i
h ] ] ] ] ] = ] ] | ] ]
= i i i i i T i i | i i
i i : i i =l VS e e e ek e
14 ---- e et EEEEE EE et === 5 i i i i i
1 1 1 1 1 1 ] 1 1
1 1 1 1 1 1 1 ] 1 1
| | i | | i i i i i
12 | | | | | 920 | | | | |
0 20 10 i B0 100 120 0 20 40 60 80 100 120
Time (s) Time (s)

System response to step change in (above rated) wind speed (wind turbine
generator only).



100

[ [ | I [
I I 1 I I 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 P R R P e (B opene) 2y | | i | |
i i i i i = T i i i i
= N g “’}*F-
;; 1[‘1 | ___:_ ] 1 | =1] I I I I I
& | i : | i = 3 i i i
P 1 1 1 1 1 = 1 1 1 1 1
= i i i i i = ' d : h i
R R T S e S i o R SRR
e ] ] ] ] = I I I I
. 1 1 1 1 1 e 1 1 1 1 1
= ] ] ] ] ] . I ] I I I
= I A i i = & i i i i i
= i i ! i i g acpl---- Losmalemarala s aaalivan Lssme)
I i i 1 I o i i 1 i i
13 p---- e L BTSSR T i | i i i
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
12 | | | | | 200 | L | |
0 20 40 a0 B0 100 120 ] 20 440 il 80 100 120
Time (s} Time (5)

System response to step change in load resistance (wind turbine generator
only).

Figure 8.7 shows the response of the rotor speed and inverter input voltage
for a subsequent step change in the equivalent load resistance from 20 to 15
Q. Again, note the effective regulation of the rotor speed provided by the
omega-controller to 16 rad/s.

8.2.2.3 Below-Rated Wind Speed Conditions (Wind Power <
Load)

For this case, the wind power is insufficient to meet the load so that the fuel
cell produces the additional power needed to ensure a minimal inverter input
voltage. It is assumed that the combined system is in operation at 6 m/s wind
speed with an equivalent load resistance of 15 (). Figure 8.8 shows the
response of the rotor speed, inverter input voltage, generator current, and fuel
cell current for a step decrease (at 10 s) in input wind speed from 6 to 5 m/s.
Note the regulation of the rotor speed provided by the lambda-controller to 12
and 10 rad/s, respectively, for these two wind speeds, as well as the regulation
of the inverter input voltage with a maximum undershoot of 1.8%. It is
preferred, but not essential, for the voltage deviation to be kept to +3% of the
nominal value; the inverter will further regulate the actual output delivered to
the load. A total of 200 V is deemed to be the minimal voltage for effective
operation of an inverter to produce utility-quality 115 Vrms output.

Figure 8.9 shows the response of the rotor speed, inverter input voltage,

generator current, and fuel cell current for a subsequent step change in R;
from 15 to 20 Q). The decrease in the demand results in a corresponding drop
in the fuel cell current. Again, note the effective regulation of the inverter
input voltage provided by the fuel cell controller to 200 V with a 3.8%



maximum overshoot and a 3.6% maximum undershoot as the current drawn
from the fuel cell is reduced.
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8.2.2.4 Turbulent Wind, Below-Rated Wind Speed Conditions
(Wind Power < Load)

For this case, the wind speed is established by the SNwind generated profile.
The mean wind speed is set to 5 m/s, and the turbulence characteristics are
determined by the SNwind input file parameters. The actual mean wind speed
generated 1s 4.705 m/s. Figure 8.10 shows the response of the rotor speed,
inverter input voltage, generator current, and fuel cell current for an initial
equivalent load resistance of 15 (). Since the fuel cell is active, the fuel cell
controller attempts to regulate the inverter input voltage to 200 V. The
lambda-controller seeks to maintain an average rotor speed of 9.41 rad/s for
the changing wind.
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System response to step change in load resistance (combined system).

We can also see in Figure 8.10 that the generator and fuel cell currents are
complementary. As the wind speed decreases, the generator current decreases
and the fuel cell current increases accordingly. The combined current from the
generator and the fuel cell is shown in Figure 8.11 along with the wind profile
for the same case. With the voltage regulated to 200 V and an initial average

combined current of 13.33 A, the system attempts to provide a constant power
of 2.67 kW to the load.

Then at 30 s, a 33% step change in the value of R; from 15 to 20 Q 1is
applied. The fuel cell controller again regulates the inverter input voltage to
200 V. The maximum overshoot is 4.5%, and the maximum undershoot is
5%. The lambda-controller seeks to maintain an average rotor speed of 9.41
rad/s for the changing wind conditions, corresponding to the desired lambda
value of 6.5.

Figure 8.10 also shows that the generator current maintains an average
value of approximately 4.25 A after the step change in equivalent load
resistance while the fuel cell current’s average value drops from
approximately 9.08 to 5.75 A. With the inverter input voltage regulated to 200



V and a step change in the average combined current (fuel cell plus generator
current) from 13.33 to 10 A as shown in Figure 8.11, the power output to the
load changes from 2.67 to 2 kW.
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response (combined system).

8.2.3 Conclusions

Wind is a renewable energy resource that is growing in importance as a
means to address the national and global issues of air pollution, grid
reliability, dependence on foreign oil, climate change, etc. However, the wind
varies over time and there is less of it (on average) at sites around major load
centers, which are two of the technical and economic challenges to the
establishment of power generation facilities solely relying on the wind. But
hybrid systems, such as wind turbine—fuel cell systems, have the potential to
rectify these shortcomings and also make the greater decentralization of
electric power generation in the United States possible, thus easing the
transmission and distribution system’s bottlenecks while increasing its overall
reliability and security without sacrificing the quality of power delivered to
the customer. Furthermore, wind turbine—fuel cell systems can achieve these
results in an environment-friendly manner without producing harmful
emissions.

The study by Carter and Diong [17] described the development of a
simulation model and the associated control schemes for a small-scale,
prototype wind turbine—fuel cell system that will enable the further study and
optimization of the performance, sizing, cost, etc., of such hybrid systems.
For this study, models of a variable-speed wind turbine and DC generator, a
PEM fuel cell, and an electrolyzer unit were combined to simulate a
regenerative hybrid wind—fuel cell AC power-generating system. The system
model with appropriately designed controllers was then exercised and found
to perform effectively, both below and above the rated wind speed of 8 m/s,
for delivering power to an AC load and/or electrolyzer while regulating to the
necessary minimal inverter input DC voltage of 200 V. Simulations of this
model have also shown that the system adequately responds to significant
changes in wind speed (both step and turbulent) and load demand for various
representative cases.

The simulations indicated that such a hybrid system can be made to deliver
utility-grade electricity reliably and effectively from the combined energy
sources. These results are encouraging from the standpoint of utilizing
regenerative hybrid wind turbine—fuel cell systems as a means to address
some of the current challenges facing the electric power industry, the nation,
and the world, such as air pollution, grid reliability, dependence on foreign
oil, and climate change.




8.3 Hybrid Renewable Energy System for Isolated Islands

The output power of wind turbine generators is mostly fluctuating and has an
effect on system frequency. Senjyu et al. [28] tried to solve this problem by
using hybrid renewable energy systems. Its configuration is given in Figure
8.11.

Where P is the power supply to the load; P, is the generating power of
diesels; Py. is the actual generating power of a fuel cell; P, is the output
power of a wind turbine; and P, is the power flowing to an aqua electrolyzer.

This system consists of wind generators, diesel generators, fuel-cell
generators, and aqua electrolyzers. The aqua electrolyzers are used to absorb
the rapidly fluctuating output power from wind turbine generators and

generate hydrogen as fuels for fuel cells. Power supplied to the load is P,.

8.3.1 Simulation Models

To simulate the proposed system configuration in Figure 8.11, the simulation
model in Figure 8.12 is used to test it.

It should be noted that the wind power is modeled as an input power to the
load. A detailed model and control method for the wind turbine are not
presented in Reference 28.
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Simulation model.

8.3.2 Control Methods



From Figure 8.12, we can see that a proportional—integral (PI) controller is
applied to the fuel cell, the electrolyzer, and the diesel generator, which are
shown in Figures 8.13 through 8.15.

8.3.3 Simulation Results

In this simulation study, four cases, whose conditions are shown in Table 8.3,
have been simulated. The gains of PI controllers for each case are shown in
Table 8.4. These parameters are determined by the trial-and-error method
such that supply error and the frequency deviation of the power system is
small. In Case 1, the system consists of only diesel generators and wind
turbines; the system of Case 2 consists of diesel generators, fuel-cell
generators, wind turbines, and aqua electrolyzers, which is the system
proposed in Reference 28. The system of Case 3 uses the same equipment as
the system of Case 2. The system of Case 4 consists of diesel generators,
wind turbines, and batteries. In Case 4, the supply power is represented as
follows:

1.0 pu
I
AP, —>G—+{ I . U,
.
A 0puw
j"lfr Controller {electrolyzer)
Af
FIGURE 8.13
PI controller for an electrolyzer.
0.3 pu.
AP, Bl —F—s 1,

* !
0 pou.

A
firi‘.i Controller {Fuel cell)

Af
FIGURE 8.14
PI controller for a fuel cell.
0.8 p.u.
AP, —3Q—io PL (= / > L,
05+ 1 i £
0 po.
-s_., Controller (Diesel}



FIGURE 8.15

PI controller for a diesel generator.

TABLE 8.3

Four Cases of Simulations

Case 1 Case 2 Case 3 Case 4

Diesel generators O O O O
Fuel cells X O O X
Aqua electrolyzers X O O X

Batteries X X X O

Wind turbines O O i O

Note: O in use; x, no use; and /%, limited use such as wind turbines use for aqua electrolyzers only.

TABLE 8.4

Gain Values in PI Controllers

Case Equipment Propositional Gain Integral Gain
Case 1 Diesel 4.7 1.3
Case 2 Diesel 4.7 2.5
Fuel cell 11.5 3.7
Electrolyzer 16.8 5.8
Case 3 Diesel 8.7 5.7
Fuel cell 55 23
Case 4 Diesel 4.7 23
Battery 1.4 0.4
P,=P,+P,+P, (8.27)

where P, 1s the charge or discharge power of batteries.

Simulation results for Case 1, Case 2, Case 3, Case 4—1, and Case 4-2 have
been given in Figures 8.16 through 8.20, respectively.



8.3.4 Remarks and Discussion

From the above simulations, Table 8.5 shows the feature of each power-
supply system, from Case 1 to Case 4. Among these four cases, Case 1
simulation system is the most inexpensive system, but it cannot supply high-
quality power to load demand when the output power of wind turbines
changes suddenly. Case 3 can supply very high-quality power to load demand
when the output power of wind turbines changes suddenly, but this system is
not an effective system since all of the total output power generated from
wind turbine generators is used only in electrolysis.
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Simulation results with a diesel generator only (Case 1). (a) Demand power
P.* and supply power P,. (b) Error in supply demand AP,. (c) Generating
power of a wind turbine P,,. (d) Generating power of a diesel generator P,. (e)
Frequency deviation of a power system Af.

CN

(e

10
0E

kn

Generating power
P (pa)

Command power PP paa)
Actml power Pipu.)

04
05 o
0z
ol o = —
[ b ] 4 &0 RO 100 i
Tirne (s)
b) (f)
i 3 06,
o] z |
r E= nal) ;
E i | | | ; |
. 8o 02
X E { ! !
& # ol
ki iy o 20 & &0 & 100 120
’ Timne (5]
(c) (gl
- = 100 ¢ . = - =
= 2 W
E ‘é 4 g M N
S E a & Lk
E
a : : - L i
[1] 20 i 1) B 100 13 0 H 40 =] RO 100 131
Time (3] Time (5]
(d) (h
¢ 10 5 006
£ os B 0m i |
[y p—— o EZ oo | '
b T Fa 1= = 5 n A |
g8 . e e e, Pl 0
B T E Sr-0.02 i
= 2" _nos |
4} a A E 006 |
0 3 ] I B pg 120 = [ i ) ol BT o T
Time (] Time (5]
FIGURE 8.17

Simulation results of the proposed system (Case 2). (a) Demand power P¢*
and supply power P.. (b) Error in supply demand AP,. (c) Generating power
of a wind turbine P,,. (d) Generating power of a diesel generator Pg. (e)
Generating power of a fuel cell Py. (f) Input power to aqua electrolyzers P,.
(g) Fuel tank capacity. (h) Frequency deviation of power systems Af.

In addition, this system needs a large capacity of diesel generators, fuel-cell
generators, aqua electrolyzers, and a fuel tank. The Case 4 simulation system
can supply high-quality power to load demand. However, this system is very
costly since this system needs a large battery capacity. In addition, the battery
charges and discharges many times, which makes the lifetime of the battery
very short. The Case 2 simulation system is a more effective and inexpensive
system compared with the system in Cases 3 and 4, and maintains the load
frequency of the system in Case 1. However, the configuration of Case 2 is



expensive compared with the system in Case 1.
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Simulation results for Case 3. (a) Demand power P+ and supply power P,. (b)
Error in supply demand AP,. (c) Generating power of a wind turbine P,,. (d)
Generating power of a diesel generator P,. (¢) Generating power of a fuel cell
Py.. (f) Input power to aqua electrolyzers P,. (g) Fuel tank capacity. (h)
Frequency deviation of power systems Af.

8.4 Power Management of a Stand-Alone Wind—Photovoltaic—
Fuel Cell Energy System

Due to the ever-increasing energy consumption, the soaring cost and the
exhaustible nature of fossil fuel, and the worsening global environment,
power industry becomes more and more interested in green (renewable and/or
fuel cell-based energy sources) power generation systems [29]. As we know,
wind and solar power generation are two of the most promising renewable
power generation technologies. The growth of wind and photovoltaic (PV)
power generation systems has exceeded the most optimistic estimation



[30-32]. Fuel cells (FCs) also show a great potential to be green power
sources of the future because they have many merits (such as high efficiency,
zero or low emission of pollutant gases, and a flexible modular structure) and
the rapid progress in FC technologies. However, each of the aforementioned
technologies has its own drawbacks. For instance, wind and solar power are
highly dependent on climate while FCs need hydrogen-rich fuel.
Nevertheless, because different alternative energy sources can complement
each other to some extent, multisource hybrid alternative energy systems
(with proper control) have a great potential to provide higher quality and more
reliable power to customers than a system based on a single resource. Because

of this feature, hybrid energy systems have caught worldwide research
attention [2—12].
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Simulation results for Case 4—1. (a) Demand power P+ and supply power P..
(b) Error in supply demand AP,. (c) Generating power of a wind turbine P,,,.
(d) Generating power of a diesel generator P,. (¢) Generating power of a fuel
cell Py.. (f) Battery capacity. (g) Frequency deviation of power systems Af.
Many alternative energy sources including wind, PV, FC, diesel system,

gas turbine, and microturbine can be used to build a hybrid energy system
[2-12]. Nevertheless, the major renewable energy sources used and reported



are wind and PV power [2—12]. Due to the intermittent nature of wind and
solar energy, stand-alone wind and PV energy systems normally require
energy-storage devices or some other generation sources to form a hybrid
system. The storage device can be a battery bank, supercapacitor bank,
superconducting magnetic energy storage (SMES), or an FC-electrolyzer
system.
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Simulation results for Case 4-2. (a) Demand power P+ and supply power P..
(b) Error in supply demand AP,. (c) Generating power of a wind turbine P,,,.
(d) Generating power of a diesel generator P,. (¢) Generating power of a fuel
cell Py... (f) Battery capacity. (g) Frequency deviation of power systems Af.

TABLE 8.5

Simulation Results for Each Case

Effective Utilization of Wind Energy Quality of Electronic Power Cost

Case 1 O X @




Case 2 O O
Case 3 X @
Case 4 O O

Note: O effective; X, ineffective; @ very effective; and A, moderate.

> O

Wang and Nehrir [29] proposed a stand-alone hybrid alternative energy
system consisting of wind, PV, FC, electrolyzer, and battery. Wind and PV
are the primary power sources of the system to take full advantage of
renewable energy, and the FC—electrolyzer combination is used as a backup
and a long-term storage system. A battery bank is also used in the system for
short-time backup to supply transient power. The different energy-storage
sources in the proposed system are integrated through an AC link bus. The
details of the system configuration, system unit sizing, and the characteristics
of the major system components are also discussed in this chapter. An overall
power management strategy is designed for the system to coordinate the
power flows among the different energy sources. Simulation studies have
been carried out to verify the system performance under different scenarios
using a practical load profile and real weather data.

8.4.1 System Configuration

The system configuration for the proposed hybrid alternative energy system is
shown in Figure 8.21. The wind and PV power play the primary roles in this
design while the FC—electrolyzer combination serves as a backup and storage
system. If excess wind and/or solar generation becomes available, the
electrolyzer starts to produce hydrogen, which is then delivered to the
hydrogen-storage tanks. On the other hand, when there is a deficit in power
generation, the FC stack will begin to produce energy using hydrogen from
the reservoir tanks, or in case they are empty, from the backup hydrogen
tanks. The design also uses a battery bank to supply transient power to load
transients, ripples, and spikes. Different energy sources are connected to the
AC bus through appropriate power electronic-interfacing circuits. A detailed
system design can be found in Reference 29.

In the design, DC/AC converters are used for the wind energy, solar
energy, and FC stack because this hybrid renewable energy system is applied
in utility power systems. The details of the components in the system can be
found in Reference 29.

8.4.2 Power Management Strategies



In the overall control scheme shown in Figure 8.22, the wind energy
conversion system is controlled by a pitch angle controller, while a PV
electricity generation unit is controlled by a maximum power point tracking
(MPPT) controller. The wind energy conversion system and PV electricity
generation unit are the main energy sources to feed the load. The power
difference between the generation sources and the load demand is calculated
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System configuration of a hybrid renewable energy system.

where P 1s the self-consumed power for the operating system.

(8.28)

Two modes are needed to be considered in the operations: excess mode and

deficit mode.

1. Excess mode



When the power difference between the generation and the demand

P,.; 1s larger than zero, the excess wind and PV-generated power P,
is supplied to the electrolyzer to generate hydrogen that is delivered
to the hydrogen-storage tanks through a gas compressor. The power
balance equation becomes

Pwind + PPV = IJload + Pelec + Pcomp' Pnet >0 (8.29)
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FIGURE 8.22

Block diagram of the overall control scheme for the proposed hybrid



alternative energy system. (Adapted from C. Wang and M.H. Nehrir, IEEE
Transactions on Energy Conversion, 23(3), 957-967, 2008.)

where P, is the power consumed by the electrolyzer to generate
hydrogen and P, is the power consumed by the gas compressor.

2. Deficit mode

When there is a deficit in power generation (P,,, < 0), the fuel cell
stack begins to produce energy for the load using hydrogen stored in
the tanks. The power balance equation is

Pyind + Ppy + Prc = Pigag®  Pret <0 (8.30)
where P is the power generated by the fuel cell stack.

8.4.3 Simulation Results

The proposed wind—-PV-FC—electrolyzer energy system has been developed
using MATLAB-Simulink. In order to verify the system performance under
different situations, simulation studies have been carried out using practical
load-demand data and real weather data (wind speed, solar irradiance, and air
temperature). The system is designed to supply electric power demand of five
houses in the southwestern part of Montana. A typical hourly average load
demand for a house in the Pacific Northwest regions provided in Reference
33, is used in this simulation study. The total hourly average load-demand
profile of five houses over 24 h is shown in Figure 8.23. The weather data are
obtained from the online records of the weather station at Deer Lodge,
Montana, affiliated with the Pacific Northwest Cooperative Agricultural
Weather Network (AgriMet) [34].
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Hourly average demand of five typical homes in the Pacific Northwest area.

Simulation studies are conducted for the proposed power management
scheme during a typical winter day and a summer day. The load demand is
kept the same for the two cases.

A. Winter scenario: The weather data for the winter scenario simulation
were collected on February 1, 2006. Figure 8.24 shows the output
power from the wind energy conversion unit in the hybrid energy
system over the 24-h simulation period. Figure 8.25 shows the
effect of temperature on the PV performance. Used by the
electrolyzer to generate H,, the available power profile over the 24-
h simulation period is given in Figure 8.26. The corresponding DC
voltage applied to the electrolyzer and the electrolyzer current is

shown in Figure 8.27. Figure 8.28 shows the actual power delivered
by the FC stack.

B. Summer scenario: The output power from the wind energy
conversion system and the PV array in the hybrid energy system
over the 24-h simulation period are shown in Figures 8.29 and 8.30,

respectively. When P,,, > 0, there is excess power available for H,

net
generation. Figure 8.31 shows the H, generation rate over the
simulation period. When P,,, < 0, the sum of the wind-and the PV-
generated power is not sufficient to supply the load demand. Under
this scenario, the FC stack turns on to supply the power shortage by
using the H, stored in the storage tank. Figure 8.32 shows the
corresponding H, consumption rate. Figure 8.33 shows the tank
pressure variations over the 24-h simulation period for the summer
scenario study.
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FIGURE 8.24
Wind power for the winter scenario study.
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PV power for the winter scenario.

8.4.4 Summary

This section proposes an AC-linked stand-alone wind—PV-FC alternative
energy system. The wind and PV generation systems serve as the main power
generation sources, the electrolyzer acts as a dump load using any excess
power available to produce hydrogen, and the FC system serves as the backup
and supplies power to the system when there is power deficit. The
characteristics of the main components in the system including the WECS,
PV, FC, and electrolyzer are provided, and the overall control and power
management strategy for the proposed hybrid energy system is described. The
simulation model of the hybrid system has been developed using
MATLAB/Simulink. Simulation studies have been carried out to verify the
system performance under different scenarios (winter and summer) using the
practical load profile in the Pacific Northwest regions and the real weather
data collected at Deer Lodge, MT. The simulation results show the
effectiveness of the overall power management strategy and the feasibility of
the proposed hybrid alternative energy system.
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Electrolyzer voltage and current for the winter scenario.
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H, generation rate for the summer scenario study.
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H, consumption rate for the summer scenario study.

64 v T - - - -

H, pumped in

{electrolyzer on) H, pumped
: J

out (FC on)

H, storage tank pressure (atm)
th
&

i H, pumped out
. 2% (FC on) -
52 ] i i i i
0 4 8 12 16 20 24

Time (hour of day)

FIGURE 8.33

Tank pressure over 24 h for the summer scenario study.




8.5 Hybrid Renewable Energy Systems in Load Flow Analysis

Power distribution system is one of the three parts in power grids. Traditional
power distribution systems normally consist of a power source (substation) at
the root of the feeder and loads along the feeder. Load flow analysis is a
powerful tool for distribution automation (DA) and demand-side management
(DSM). Several typical load flow algorithms have been proposed for
traditional power distribution systems.

With the advent of distributed generation (DG), the advantages of
distributed generators make them to be a promising source to be installed in
power distribution systems. The installation of distributed generators in
distribution systems may cause the reverse power flow and power injections
to the feeder. The problems involving the integration of DA, DGs, and DSM
are not easy to deal with. Furthermore, the installation of DGs in distribution
feeders and the participation in system operations, makes it necessary to
restudy the problems including power flow, power quality, ferroresonance,
voltage control, loss reduction, protection device coordination, voltage flicker,
etc. Since voltage profiles are directly related to power quality and customer
satisfaction, an efficient and robust three-phase load flow method with the
considerations of DGs should be developed first [35].

This chapter serves as a brief introduction to load flow analysis with the
considerations of distributed generators. In order to achieve that goal, a brief
introduction to load flow analysis and its typical algorithms is provided first.

8.5.1 Load Flow Analysis for Power Distribution Systems

Load flow analysis has been well developed for power transmission systems.
Typical approaches include Gauss—Seidel approach, Newton—Raphson, and
fast decoupled approaches. All these approaches can be directly applied to
power distribution systems. However, due to its own characteristics of radial
structure, new approaches have also been developed for power distribution
systems.

Four typical load flow analysis approaches have been developed for power
distribution systems: Gauss—Seidel approach, Newton—Raphson approach,
DistFlow approach, and a rigid approach. In this section, we will provide a
brief introduction to these three approaches.

1.  Gauss—Seidel approach: For transmission networks, the Gauss—
Seidel algorithm is a basic iterative numerical procedure with a merit
of a simple procedure. It can be directly used for power distribution
systems. The Gauss—Seidel algorithm is an iterative numerical



procedure that attempts to find a solution to the system of linear
equations by repeatedly solving the linear system until the iteration
solution is within a predetermined acceptable bound of error. It is a
robust and reliable load flow method that provides convergence to
extremely complex power systems. The iterative procedure of
Gauss—Seidel algorithm is given as follows:

(8.31)

(+1) _ 1 [ B—iQr N (3)
v = (- v )

where V,(*D and V(9 are the voltage values at bus k for (i + 1)th and
ith iterations; P, and Q, are the real power and reactive power

injection at bus k; and Y}, and Y}, are the elements in the admittance
matrix.

2. Newton—Raphson approach: One of the disadvantages of Gauss—
Seidel approach is that each bus is handled independently, that is,
each correction to a bus requires subsequent correction to all the
buses to which it is connected. However, Newton—Raphson approach
is based on the idea of calculating the corrections while considering
all the interactions.

To solve a nonlinear equation f{x) = b, Newton’s method is to drive the

error in the function f{x) to zero by making the adjustment Ax to the
independent variable associated with the function.

The Tylor expansion of the function f(x) about a specific x° is

Az+e=b (832

z=z0

f (@) + 22

By setting the error € to zero, we get

Ao = (42

(8.33)

)" (-7 ()

The above equation is the calculation of the adjustment in each iteration.

z=20

By applying the above idea to power systems, we could obtain the
Newton—Raphson method derivation for power flow analysis.

For each bus i, we have the following power balance equation:

P, +3jQ; =V, I} (8.34)



where P; + jQ, is the complex power of bus i, and V; and I; are the voltage
and injection current phasors of bus i.

The variables are the voltage magnitudes 1V and voltage angles 6,. Thus,
we need to write the power balance equation as follows:

. 8.35
P+ iQs = Vi(SE, YaWi) = VPY; + S, Yivivy .
ki

Obtaining the derivative of the above equation and considering the real and
imaginary parts of this equation, we obtain the following equation:

N_ ap. (8.36)
AP; = ;kaoHZaMl
- v i=12,...,N
0Q; 0Q;
AQ; = AG AV,
Q ;601{ k+;6le| %

According to Equation 8.36, we can obtain the adjustment calculation for
iterations

— [J]—l AZ (8.37)

where

Ab, (AP,
AV AQ1
AX=| A6 | Az=|AR |, [J
A Vs AQ>

ron o
38, v "
0Q, 0P,
00, oWy

For details of Newton—Raphson method of power flow analysis, the readers
can refer to any books of power system analysis or calculations.

3. DistFlow approach: This approach has been developed by Mesut E.
Baran and Felix F. Wu, for the purpose of solving the optimal
capacitor placement.



According to the structure nature of radial distribution systems, the power
flow equations, called the DistFlow equations, of a radial distribution system,
comprise branch flow equations and the associated terminal conditions for
each lateral including the main feeder that is treated as the Oth lateral. They
are of the following form:

Triv1 = friv1 (Xpi» Uki1) k=0,1,...,1 (8.38)
Tho = Lok, Thn = Thn, =0 2=0,1,...,nk—1 (8.39)

where

X = [w;fp...w;‘ron]T, T = [wgo wgn]T

For a radial distribution system consisting of a main feeder and m primary

laterals, we need to solve the following 2(m + 1) equations:

Pon = Pon (Z00, Z1o, - - - Zio, [Vin|) = 0 (8.40)
Py, :ﬁan (Z00s Z10y---Zjo, |Voo|) =0 j<k, and k=1,2,...,m
Qkny, = @knk (Zoos Z10, -+ - Zjo, |Vool|) = 0

or in vector form

H(Z)=0 (8.41)

where Z = [Z,,] ... Z;yZy,"] is the state variable vector.

Using Newton—Raphson method, we can solve this load flow problem:

Step 1: For a given estimate Z°, calculate the mismatch of H(Z?).
Step 2: Build the Jacobian matrix J (Z°) = (0H/0Z)|,_

Step 3: The solution of the following system of equations to update the
state Z:

J(2°) AZ° = —H(2°).
Details of DistFlow method can be referred to in References 36 and 37.
8.5.2 Modeling of Distributed Generators in Load Flow
Analysis

Modeling distributed generators in load flow analysis is an important problem
for the distribution system operations and control. Some efforts have been
made to solve parts of the problems [38—40]. Feijoo and Cidras [40] proposed



some useful DG models for distribution load flow. Some works have been
proposed to satisfy some of those requirements [41—43]. Chen et al. [41] used
the Gauss implicit Z-matrix method to solve the three-phase load flow
problem. The transformer and cogenerator were also modeled for rigorous
system analysis. The Gauss method is traditionally used for the load flow
solution of general meshed networks; however, distribution systems typically
have a radial or weakly meshed structure. Therefore, research reveals some
new ideas to deal with the special network characteristics of distribution
feeders [42,43]. Cheng and Shirmohammadi [42] proposed a compensation-
based technique, where the forward/backward-sweep algorithm was adopted
in the solution scheme. A sensitivity matrix, used to calculate the incremental
relation between the voltage magnitude and current injections, was derived
and used for a voltage-specified generator bus. A direct-approach technique
for solving the three-phase distribution power flow that fully exploits the
network characteristic of a distribution feeder was proposed in Reference 43.
Two developed matrices, the bus-injection to branch-current (BIBC) matrix
and the branch-current to bus-voltage (BCBV) matrix, and matrix
multiplications are utilized to obtain the power flow solution. However, the
integration of different types of DGs was not proposed in Reference 43.

Internal
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cell cell turbine 3
engine
| | B i
l 4’ W 4’ l L d
Static Synchronous Induction

power
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+
Power system interface, communication
measurement and protection devices
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FIGURE 8.34

An example of the combination of DGs.
Figure 8.34 shows an example of the combination of distributed generators
for distribution systems. A fuel cell, PV cell, and wind turbine forming a

hybrid renewable energy system, connect to the distribution network through
a static power converter and a power system interface.

Teng [35] proposed three models of distributed generators for load flow



analysis.

8.5.2.1 Several Models for Distributed Generators
8.5.2.1.1 A Constant Power Factor Model

A constant power factor model is a commonly used model in power systems.
It is applicable for the controllable DGs, such as synchronous generator-based
DGs and power electronic-based DGs. In this model, the values of real power
output P; , and the power factor pf; , of the DG need to be specified. Once
these two values are given, the reactive power of the distributed generator and
its injected current can be calculated accordingly

Qig = Pigtan (cos™ (pfig)) (8.42)
I (Pi,gﬂ'Qi,g) (8.43)
9 — V;’;

where Q; 2 I; 2
output voltage at the kth iteration of the distributed generator, respectively.

8.5.2.1.2 Variable Reactive Power Model

Distributed generators using induction generators as power conversion
devices act nearly like variable reactive power generators. A typical example
is the induction generator-based wind turbine, whose real power output can be
calculated by the wind turbine power curve. The reactive power consumed by
a wind turbine can be represented as a function of its real power [40]

and Vl-,gk are the reactive power, injected current, and the

Qig =—Qo— Q1Py — QP (8.44)

where Q,, Oy, and Q, are experimentally obtained.

According to the equivalent circuit given in Figure 8.35, the reactive power
output can be calculated as

Qig = @i, + Q5 (8.45)

8.5.2.1.3 Constant Voltage Model

This model is normally used for large-scale controlled distributed generators.
The real power output and bus voltage magnitude are specifically valued. For
the three methods introduced in Section 8.4.1, the reactive power output value
needs to be calculated for iterations



AQE = Vi (21X,)™ (8.46)
v = () - (wsml) 87

[X,] = img ((BCBV;] [BIBC;]) (8.48)

where AQ?:;" is the required reactive power variation for the mth inner
iteration and the kth outer iteration, V;Zis is the square voltage mismatch
between the specified voltage and the calculated voltage for the mth inner
iteration and the kth outer iteration, [BIBC;] the column vector of [BIBC]
corresponding to bus i, and [BCBV,] is the row vector of [BCBV]
corresponding to bus i.

|'I|
‘ P +iQY, P +i@+ )

—
| () » —— ¢
=} 0 i3
N/ L 3¢
f[?l-_‘. AT :
] Distribution
'4' network

FIGURE 8.35

Equivalent circuit of an induction generator-based wind turbine.
Two matrices [BIBC] and [BCBYV] are defined as follows:

1. [BIBC] describes the relationship between current injections [/] and
branch currents [B].

[B] = [BIBC] [I] (8.49)

2. [BCBYV] describes the relationship between branch currents [B] and
bus voltages [V]:
Vo] - [V] = [BCBV] [B] (8.50

By applying the three load flow analysis models to the load flow analysis,
one can calculate the state of distribution systems.

8.5.2.2 Test Results

The proposed models have been implemented by Borland C++ language on a
Windows-XP-based Pentium-III PC. The following feeder is used for the test
(Figure 8.36).
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Test feeder.

Tables 8.6 and 8.7 are the load data and line length for this feeder,
respectively. Figure 8.37 shows the bus voltage profiles for phases A, B, and
C without the distributed generator installation. Figure 8.37 also shows that
this feeder is unbalanced, and therefore, a three-phase load flow analysis can
give an exact solution.

A test that two wind turbines (WTs) are replaced by power converter-based
fuel cells and operated at constant voltage, the voltage profiles from the
simulation as shown in Figure 8.38 can be obtained. In this case, the specified
voltage magnitude is 0.97 p.u. Therefore, from Figure 8.38a, it can be seen
that the voltages at Bus 29 are 0.97 p.u. and the unbalanced condition of this
feeder is improved. Figure 8.38b shows the voltage profiles for Buses 1-10.
The proposed distributed generator constant voltage model was used in the
load flow analysis, and the results are displayed in Figure 8.38.

TABLE 8.6
Load Data of Test Feeder



Phase A Phase B Phase C
Bus Number P (kW) O (KVAR) I (kW) O (KVAR) P (kW) O (KVAR)

1 1309 G4 319 20.6 319 20.6
2 0 a a a a o

3 284 45.3 56.0 04

4 154.1 73.8 74.6 245 74.6 245
5 101.5 76.2 101.5 76.2 183.4 124.7
] 20.9 [EARY 75.5 9.1
7 261 126 26.1 126 84.0 40.7
B 7T 67.1 770 0.9
] 105.0 20.2 M6 56.2

10 84.0 63.0 84.0 63.0 141.5 98.7
11 113.2 61.1 113.2 61.1 2124 1081
12 165.1 61.3 214 db.1 814 db.1
13 367.3 133.3 367.3 133.3 367.3 333
14 305 13.9 30.5 13.9 105.9 583
15 75.3 85.9 B5.5 —6.5
1l 205 33.2 104.6 39.6

17 744 6d.6 3.0 1.1

185 67 44.5 14.2 2

19 67.5 109.5 1285 -3.7
20 084 236 36.2 13.1 36.2 13.1
21 7.8 5.5 11.5 -24

2 200 16.1 73.9 441 299 16.1
23 37 65.3 721 349 721 349
24 47.9 -3.5 754 69.7
25 58.2 23.2 26.0 45.5

26 D7 19.0 5.7 19.0 2000 519
27 235 2 7.2 66.3
28 795 44.3 795 49.3 187.7 1304
Total demand 2053.7 1046.2 1787.1 1085.4 2350.7 1038.2

8.5.2.3 Summary

This section proposed the mathematical models of distributed generators for
the application in the three-phase distribution load flow program. According
to the characteristics of power output, distributed generators can be specified
as a constant power factor model, constant voltage model, or variable reactive
power model in the load flow analysis. Test results show that the proposed
method can be used to analyze the penetration of distributed generators to
distribution feeders effectively and efficiently. Besides, the structures of the
proposed matrices and the performance of the original load flow method are
maintained. The proposed BIBC and BCBV matrices have the potential to be



applied in other applications such as an asymmetrical short-circuit current
calculation, optimal capacitor placement, feeder reconfiguration problem, and
SO on.

TABLE 8.7

Line Length of Test Feeder

Line Number From Bus To Bus Length (m)
1 S/S 1 1060
2 1 2 1

3 2 3 33.7
4 3 4 31.6
5 4 5 180
6 5 6 68.4
7 6 7 121
8 7 8 26.3
9 8 9 115.8
10 9 10 252.5
11 1 11 50
12 11 12 54.7
13 2 13 242
14 13 14 294.2
15 14 15 52.6
16 15 16 50
17 13 17 17.9
18 17 19 21
19 18 19 474
20 4 20 21
21 20 21 3
22 5 22 21

23 5 23 25
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Voltage profiles of a test feeder without DG installation.
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GURE 8.38

Voltage profiles of DGs operated in a constant voltage model. (a) Bus voltage
profiles of a test feeder. (b) Bus voltage profiles for buses 1-10.
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9

Optimization of PEMFCs

9.1 Introduction

Owing to these multiple advantages of PEMFCs mentioned in Chapter 1, the
PEMEFCs become popular for an alternative power source in transportation
and stationary power systems. First of all, in order to commercialize the
PEMEFC, the cost and the efficiency need to be taken into account
simultaneously. So, an optimal PEMFCs system design considering cost and
efficiency of PEMFCs together has become a hot topic in recent years. For
stationary and transportation applications, the efficiency of fuel cells is
required to achieve higher or equal to 40% comparing the internal combustion
engine [1].

Since the efficiency decreases as the power output increases [1], more cells
are to be integrated to achieve a high efficiency for the maximum power
output by considering its economic aspect. In this chapter, using a
multiobjective optimization technique, the SQP (sequential quadratic
programming) method, the efficiency, and the cost of a fuel cell system have
been optimized under various operating conditions. The system pressure,
hydrogen and air stoichiometric ratios, the fuel cell current density, and the
fuel cell temperature are defined as design variables.

Section 9.2 gives a concept of PEMFCs’ efficiency. Section 9.3 addresses
the design of PEMFCs cost model for the optimization. In Section 9.4, the
multiobjective optimization for the PEMFC is presented. Section 9.5 provides
the results and discussion in regard to the optimization.

9.2 PEMFC:s Efficiency Model

In practice, especially, the Ballard mark V [2], its fuel cell voltage per cell is
described in Equation 9.1, which has specific coefficients given in Table 9.1.

Ve = Eye — 71— Cln (i) — mexp (ni) ©.1



TABLE 9.1
Ballard Mark V PEMFC Coefficient

Coefficients Values (T in °C)
E,. (V) 1.05

C (V) 401 x102-1.4x104T

r (kQ/cm?) 477x10%-332x10°T

m (V)T > 39°C 11x10%-12x10°T

m (V)T < 39°C 33x10°-82x10°T

n (cm*mA) 8.0x 1073

Source: Adapted from J. Hamelin et al., International Journal of Hydrogen Energy, 26, 625-29, 2001.

The detailed explanation of each voltage loss can be found in Reference 2.
In the Nernst equation, the ideal standard potential E, for a PEMFC is 1.229
V with liquid water product, or 1.18 V with gaseous water product [4]. Under
the assumption that pressure on both the cathode and the anode is
approximately the same, the Nernst equation is transferred into a function of

the system pressure P, [2,5] given as follows:

sys

9.2)

* .gL/2 *
E=N [E + &1y ("’; ) + BTy (Psys)]

where Q, B, and O are constants depending on the molar masses and
concentrations of H,, O,, and H,O. Each partial pressure can be expressed by

these constants and the system pressures.

PHg = aPsys ©-3)
P02 = ,BPsys
PI-120 = 6Psys

With assuming that a, [, and & are constants, Equation 9.3 shows that the
electromotive force (EMF) of a fuel cell is increased by the system pressure

P, Although Py, is able to use optimization design variables, the predefined
Q, B, and O are required for the optimization, so that the system pressure can
be considered in the compressor model of Equation 9.7. For the
multiobjective optimization, the specification of the fuel cell stacks has to be

identified in advance and then each optimization model will be delivered
(Table 9.2).



First, the fuel cell efficiency optimization model is derived based on
Reference 6, and the output power of the fuel cell system is described by the
following equations:

TABLE 9.2
Specification of the Fuel Cell System

Items Specification
Nominal power output 50 kW

Stack temperature 353 K (80°C)
Inlet Hy/air humidity 100%

Cell open voltage, E,, 1.05V

Entry air temperature, T, 288 K (15°C)
Specific heat constant, ¢, 1004 J/K kg
Compressor efficiency, N, 0.75
Compressor connecting efficiency, n,, 0.85

Inlet pressure, P;, 105 Pa

Source: Based on J. Larminie and A. Dicks, Fuel Cell Systems Explained, Wiley, New York, 2002.

Pfcs = Pgiger, — Pprs 94
Pyoe =N-i-V,- A=50kW 9.5
Pp'rs = LFeomp + P, 9.6)
Te Pyys 0.286 . (97)

PcO‘lnp = cp N Mt (( P:l ) - 1) m
m=357x1077 x X, xix Ax Nkg/s ©9.8)

where Py is the net power of the fuel cell system and Py, 1s the stack
output power. The parasitic power consumed by the compressor is P, and
the power consumed by others 1s P ;. Even though P, was assumed to be a
constant of 2 kW in Reference 6 based on 62.5-kW-rated stack power, here,

P,,, 1s assumed to be 2.5 kW that i1s 5% of the nominal power out of 50 kW
by including the unexpected power consumption. The flow rate of air m is
related to the air stoichiometry, the cell current density, and active cell area.
Before proceeding to build the efficiency optimization model, let us consider



how to decide the optimal cell number and cell area. Once an optimal current
density and a cell voltage have been achieved, the total active cell area (N x
A) is able to be calculated by using optimal power density, the product of V.
and i, namely, we can decide a number of cells as long as a single active cell
area is given. The system pressure of the fuel cell is always higher than the
atmospheric pressure in a certain range because the compressor cannot
provide a pressure under the atmospheric pressure.

According to Barbir [7], P, must be 0.02 MPa higher than the inlet air
pressure P;, and therefore, this requirement is included as one of the
constraints in the optimization study. Thus, if using the lower heating value
(LHV), the fuel cell efficiency optimization model is obtained to achieve a
maximum efficiency of the fuel cell as follows:

‘/c’uf'(Pstack _Pprs)
1.25-Pyiock

max 77fc (Psys7 )\I-Iz ) )\aira ‘/;7 7’) -
S.t.

Py > 0.12MPa 9.9)
Am, > 1

Aair > 1

V.20V

7> OmA/cm2

where u, is the fuel utilization rate, which is the reverse of hydrogen
stoichiometric ratio [8]. The air stoichiometric ratio must be over the
minimum limit in order to prevent the depletion of oxygen at this minimum
limit. The hydrogen stoichiometric ratio is also greater than 1 unless it runs in
the hydrogen dead-ended mode [8]. Normally, higher air and hydrogen
stoichiometric ratio are preferred in low-power ranges. The ranges of cell

voltage and current density will be based on the V-I polarization curve. Since
the cell voltage is a function of the cell current density as seen in Equation
9.1, we can reduce the four optimization parameters such as system pressure,
air and hydrogen stoichiometric ratios, and cell current density. By using four
optimization parameters, the fuel cell efficiency optimization model has been
built. In the following section, the fuel cell cost optimization model will be
described.

9.3 PEMFCs Cost Model



For this analysis, we are particularly interested in the small-and middle-size
fuel cell systems. We use a 50 kW PEM fuel cell system for transportation
applications as the example of our study. For the fuel cell cost model for
optimization, the cost of fuel cell stack and BOP components for water,
thermal, and fuel management have been assessed. Owing to a lack of latest
data about hydrogen storage, power electronics, electric drive motor, and
hybrid batteries for PEM fuel cell system, the fuel storage and fuel generation
components were excluded from the scope of this study. The target cost is the
cost of the fuel cell stack and BOP system given as follows:

C =Cs + Cpop (9.10)

where C, is the cost of the fuel cell stack and Cpp 1s the cost of balance of

plants (BOPs). For assessing of fuel cell stack cost Cy,, currently, two types of
fuel cell stack cost models are available in References 9 and 10. One is

represented by the following equation [10]:

_ A-1054 , 17.56-Ly-Cp Pg-(1+d)™ 9.11)
Conn = M- [( 0 T 380 ) 2 +B]

where
M = Fixed cost markup (1.1 default)

A, B = Cost parameter that depends on production volume (see Table
9.3)

L, = Fuel cell platinum loading for both electrodes (mg/cm?)
C, = Cost of platinum ($/troy ounce)

P = Fuel cell gross DC peak power (kW)

P, = Fuel cell power density (W/cm?)

d = Annual fuel cell degradation (%/year)

N = Planned fuel cell lifetime (years)

The parameter A is the power-dependent term in terms of dollar per square

meter of the membrane area, and the parameter B is the fixed cost for the fuel
cell stack.

In Reference 9, the annual fuel cell degradation is assumed to be a 6% drop
per year and the planned fuel cell lifetime is assumed to be 87,600 h, 10 years.

The platinum loading L), is defined as 0.4 mg/cm? and the cost of platinum C »



is 1160 $/troy ounce. Although this Cg; ($) model is used in Reference 12, it

is not logically understandable because suddenly many constants and
parameters M, A, and B are involved in Equation 9.11 without justification.

TABLE 9.3
Fuel Cell Stack Cost Parameters

Production Volume Cost Parameter, A ($/m?) Cost Parameter, B ($)
100 811.77 1311.3
1000 722.54 363.33
10,000 454.45 428.51
30,000 329.24 405.79
60,000 312.26 160.98

Source: Adapted from L. You and H. Liu, International Journal of Hydrogen Energy, 26, 991-999,
1991.

Thus, a more reasonable stack cost model C, [10,13] is chosen for our study.

The C,,, ($/kW) is described as follows:

(Cn+Ce+Ch+Cpt+Co) 9.12)

Cst2 = P + Ca,
Cpt = Cupt X Yyt 9.13)
P=10xV, x4 (9.14)

where C,, is the fuel cell stack cost per kW ($/kW), C,, is the membrane cost
($/m?), C, is the electrode cost ($/m?), C, is the bipolar plates cost ($/m?), Cpy
is the cost of platinum catalyst loading ($/m?), C,,p 18 the weight of platinum
catalyst loading (g/m?), Y, 1s the unit cost of platinum ($/g), C, is the cost of
peripheral materials ($/m?) that include end plates, a plastic frame, and thrust
volts, C, the assembly cost ($/kW), V. the cell voltage, and i is the cell current

density (A/cm?). In References 10 and 13, the cost of each component of a 50
kW PEM fuel cell stack was estimated based on an automatic production line
with an annual production capacity of 18,000 vehicles. Table 9.4 shows the
specific cost for components in a PEM fuel cell stack.

With respect to the cost of BOPs Cppp, the cost model can be found in
Reference 9. Cpop, including the air blower, humidification, radiator, a



stainless-steel pump, iron pump, control electronics, actuation, piping, and
valves, 1s approximated by a quadratic equation in the fuel cell output power
and varies with the production volume as the following equations [9]:

For 100 production units:

Co = 3343.5 + 39.942 - Pz — 0.0454 - Pé 9.15)

TABLE 9.4
Specific Cost for Components in PEM Fuel Cell Stack

Components Cost
Nafion membrane 500 $/m?
Platinum (24 g/mz) 32-64 $/m>
Electrode (max. 0.8 mm for single cell) 177 $/m?
Bipolar plate (max. 4 mm) 1650 $/m>
Peripheral parts 15.6 $/m?
Assembly 7.7 $/kW

Source: Adapted from E.J. Carlson et al., Cost Analysis of PEM Fuel Cell Systems for Transportation,

TIAX LLC, Cambridge, Massachusetts, 2005; S. Kamarudin et al., Journal of Power Source,
157, 641-649, 2006.

For 10,000 production units:

Co = 2980.2 + 35.654 - Pg — 0.0422 - Pé (9.16)

Unfortunately, since Equations 9.15 and 9.16 are not only with respect to a
stationary PEM fuel cell, but also out of date, which was published in 1999,
they cannot be applied to this analysis. Therefore, using most updated data

[13], Cppp 1s estimated to 34% of the fuel cell system cost as Cy; including
assembly, that is assumed to be contributing to approximately 66% of the fuel
cell system cost. Even though the breakdown of the fuel cell system is for an
80 kW direct hydrogen system, the same breakdown is applied to a 50 kW
fuel cell system because the cost analysis is only integrated in the stack and
BOP costs (Figure 9.1).

In order to build the cost model sharing the same optimization parameters,
the cost model is likely to be a function of the efficiency as in Equation 9.17,

which is able to investigate the impact of the cell voltage, V. and current



density, i as well as other optimization parameters on the fuel cell cost. In our
study, the costs of the fuel cell stack and BOP are considered. And the
maximum fuel cells system cost is obtained as the maximum efficiency is
achieved. Thus, this cost optimization model can share the same optimization
parameters with the system efficiency optimization model and each feasible
range of the parameters will be used as a constraint of this optimization
problem. The base production volume is chosen as 18,000 units, which can be
a mass production for the mobile 50 kW PEM fuel cell system.
H, blower Misc (valves,

and ejector sensors, and
4% l"'-. piping)

Membrane \ 6% Assembly
humidifier t A 3%
4% \

Enthalpy wheel
humidifier
3%

CEM and air
filtration
13%

Stack
63%

Hx, coolant
pumps, and fan
4%

FIGURE 9.1

Breakdown in stack and BOP component cost contribution for an 80 kW
direct hydrogen fuel cell system. (Adapted from C.E. Tomas et al., Cost
analysis of stationary fuel cell systems including hydrogen cogeneration
ACG-8-18012-02, National Renewable Energy Laboratory, Colorado, 1999.)

min CFC (Psys, )‘Hg ’ Aaira ‘/::7 7') = (Cst + CBOP) X nfc
S.t.

Py, > 0.12MPa 9.17)
AHz >1

Agir > 1

Ve>0V

7> OmA/cm2

As explained in the section on the cell voltage and current density, two of
the optimization parameters of the cost model could be reduced to just the cell
current density.

In the following section, the multiobjective optimization will be presented



with the consideration of both the efficiency and the cost optimization.

9.4 Multiobjective Optimization of PEMFCs

According to the above considerations, the multiobjective optimization
problem is formulated as follows:

. . Vc"u'f'(Pstack_Pprs)
min7fe (Psys, )\H2 ’ )‘airvz) — (_1) ’ 1.25- Pyyqer,

min Crc (Psysa }‘Hg ) }‘air,":) = (Cst + CBOP) X Nfe

S.t.

Py, > 0.12MPa (9.18)
A, >1

Aair > 1

i > 0mA/cm?

In the multiobjective optimization problem, both objective functions have
to be minimized simultaneously. Normally, the objectives in such a problem
often have the issue of the conflict between the objectives. From Equation
9.18, when the efficiency is increased, the cost is increased as well. Thus,
during the optimization process for such a problem, there is no single
optimum solution to improve both the objectives, which means a number of
optimal solutions exit. As the solution to the multiobjective problem is a set of
points that represent the best tradeoffs between the objective functions, for
each solution, there is no way to further improve an objective function
without worsening at least another one. Such points are called Pareto optimal
points or noninferior points. The set of all the Pareto optimal points is called
the Pareto optimal set or the Pareto frontier.

In this study, the MATLAB Optimization Toolbox [14] for a multiobjective
optimization problem is used to find the Pareto frontier solution set.
MATLAB has two functions to solve a multiobjective problem: fminimax and
fgoalattain. Even though both the methods use the popular nonlinear-
programming algorithm, a SQP, the fminimax method is more appropriate to
be applied to our optimization study than the fgoalattain method because the
fgoalattain method is more complicated than the fminimax due to the defining
weighting coefficients. The general form of fminimax method is

H}Binm?lx{flaf%'“fm}



such that

Ax <b (9.19)
Aggz = beg

C(z)<0

Ceqg () =0

Ly, <z<U

where x is the design variable vector; f1, f5, ..., f,, are the objective functions;
matrix A and vector b are the coefficients of the linear inequality constraints;
matrix A,, and vector b, are the coefficients of the linear equality constraints;
C contains the nonlinear inequality constraints; C,, contains the nonlinear

equality constraints; and L, and U, are the lower and upper bounds,
respectively.

In order to search for an optimal design value x, the fminimax method
iteratively minimizes the worst-case value (or maximum) of the objective
functions subject to the constraints. The advantage of this method is to easily
find the optimum design point from an arbitrary initial design point.
Furthermore, less function and gradient evaluation are required compared to
other constrained nonlinear optimization. However, the main disadvantage of
both methods, fminimax and fgoalattain, is that the objective functions must
be continuous and each method has a limitation to search for global solutions.

9.5 Results and Discussion

In this section, the fminimax method is executed to solve the multiobjective
optimization. To avoid the unrealistic design criterion, the upper bounds of
the system pressure, air and hydrogen stoichiometric ratios are specified at 10

MPa, 10 and 10, respectively. According to the polarization V-I curve in

Figure 1.2, the cell current density will lie within the range of 0—1 A/cm?,
which is used as one of the bound limits for the optimization. The bound
limits of the design variables are given as follows:

0.12MPa < Py, < 10MPa (9.20)
1< A, <10

1< Aair <10

0<i<1A/cm®

With various initial conditions of the design parameters, Py, )\Hz’ A,;» and



i, the corresponding tradeoff (Pareto) solutions are obtained. So to speak,
these solutions are in the Pareto set, that is, as one objective is improved in
the set, the other 1s worsened.

For simplicity, the initial conditions are able to be described in the column
sys? )\HZ’ A

the vector, In 1 = [0.12 MPa, 2, 2, 800 mA/cm?], Figure 9.2 shows the
tradeoff solution based on the vector In 1. In Figure 9.2, as the efficiency is
improved in the set, the cost is increased as well. In changing the initial
condition, this Pareto frontier will be changed because the fminimax method
will find a local solution in the changed initial condition.

vector, such as [P i]. If an arbitrary initial condition is defined as

air

First, when In 1 is changed to In 2 = [0.24 MPa, 2, 2, 800 mA/cm?], that is,
the system pressure becomes 2 times bigger than that of the In 1, Figure 9.2
shows how this change affects the optimization of the fuel cell system. As
seen in Figure 9.2, the higher system pressure is able to achieve the cost-
effective and high-performance model compared with the model given by the
In 1. For instance, in Figure 9.2, at the efficiency of 0.45, the In 2, Pareto
frontier is corresponding to about 420 $/kW, whereas, In 1 Pareto frontier is

almost over 700 $/kW, that means In 1 is a less economic condition than the
In 2.

However, in the case of a much higher pressure, the change from the In 1 to

In 3 = [0.36 MPa, 2, 2, 800 mA/cm?] as shown in Figure 9.3, although the
better optimum model than In 2 is obtained, the efficiency range of the In 3
becomes unrealistic because the fuel cell system efficiency is not normally
greater than 0.6 [1]. Hence, the initial condition In 2 is more recommendable
than the In 3. Second, if the initial hydrogen stoichiometric ratio is changed

from 2 to 1.5 such as In 4 = [0.12 MPa, 1.5, 1, 800 mA/cm?], the less cost-
effective and bad performance model is found in Figure 9.5. Hence, around
the hydrogen stoichiometric ratio, 2 is more preferable than 1.5.
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Pareto frontier based on the In 1(In 1 = [0.12 MPa, 2, 2, 800 mA/cm?]).

(Adapted from W. Na and B. Gou, Journal of Power Source, 166(2), 411-
418, 2007.)
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In the case that the air stoichiometric ratio is changed from 2 to 1.5 as the

In 5 =[0.12 MPa, 1.5, 1, 800 mA/cm?], a more cost and efficiency effective
model is achieved in Figure 9.6. However, if the air stoichiometric ratio keeps



decreasing to 1, the efficiency is not applicable to the real system as seen in
Figure 9.6. Therefore, the ratio around 1.5 is more preferable than 2 and 1.
For the current density, as it decreases, the cost and efficiency effective model
is achieved. Through the trial and error, the optimal current density is

approximately estimated to 450 mA/cm?. By comparing with In 1, the In 7
has a better efficiency and cost-effective model as shown in Figure 9.8. With

the recommended current density of 450 mA/cm? and V-I polarization curve
in Figure 3.2, the optimal cell voltage can be calculated to 0.72 V and the

power density will be 3.2 kW/m?2. If 50-kW rate power output is selected, then

the total active cell area is 15.625 m?, which means the stack will need to
contain 174 layers of a single cell with 30 cm x 30 cm active cell area. Thus,
the optimal current density allows us to determine the total active cell area
and even provide the information about the cell number to be required for the
target stack if a single cell area is given.

Figures 9.3-9.10 indicate that the change of each design variable gives a
severe impact on the cost and efficiency of the fuel cell. Specially, since the
current density is closely associated with the fuel cell area, it affects more
directly on the fuel cell cost and efficiency rather than any other variables.
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When selecting the preferable initial condition, In 8 = [0.24 MPa, 2, 1.5,

450 mA/cm?] based on the above discussion, the Pareto solution is achieved
in Figure 9.9, but it is definitely not applicable to the real system due to an

Pareto frontier change from In 8 to In 9 (In 9

FIGURE 9.10



impractical high efficiency. Therefore, In 8 must be adjusted such that the
Pareto solution lies in the realistic ranges. As In 8 = [0.24 MPa, 2, 1.5, 450
mA/cm?] is adjusted to In 9 = [0.24 MPa, 1.75, 1.5, 450 mA/cm?], this
condition can be used for the design of an economic and high-performance
fuel cell. Any initial condition can be chosen as long as it is within the bound
limits and the corresponding Pareto solutions are applicable in practice.
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Power Electronics Applications for Fuel Cells™

10.1 Introduction

Lately, the plug-in-hybrid electrical vehicle (PHEV) and fuel cell vehicles
(FCVs) have emerged in the market by incorporating hybrid technology, and
even adding the function of plug-in-charging from the utility grid. The main
driving force of PHEVs and FCVs in a market is that PHEVs and FCVs can
not only improve the fuel economy, but also produce less pollutants compared
to conventional ICE vehicles. Also, renewable energy systems such as solar
and wind systems have drawn attention to the increasing demand for
renewable energy sources. Therefore, wind and solar power generation, which
are both environmentally friendly and economically competitive, have
become a popular option for electricity power generation. Both electric
vehicles (EVs) including FCVs and renewable energy systems have a similar
power converter structure consisting of a DC-DC power converter, an
inverter, and a power factor corrected (PFC) converter for a PFC specially in
PHEYV applications [1-6]. In this chapter, designs of sliding mode controllers
(SMCs), and linear controllers for a PFC and bidirectional (buck/boost)
converter are described. Also, controls of predictive controller for a FCVs
applications are explained.

10.2 Linear Controllers

10.2.1 PFC Converter

In terms of PHEVs, the high-energy battery pack is to be charged with power
factor correction from an AC outlet [3,7]. The most common topology for the
PHEV battery charger is a two-stage approach with cascaded PFC AC-DC
and DC-DC converters [4]. In the PFC stage, AC single phase is rectified and
boosted with power factor correction. The output of the boost converter is
connected to the DC bus, and a bidirectional converter for the battery charger
1s also connected to this DC bus.



The power circuit and its control configuration for the PFC boost converter
are realized with a two-cascade control structure as shown in Figure 10.1.

The main objective of PFC is to make the input sinusoidal current, i, in

phase with the utility voltage, V, [7] as shown in Figure 10.2. The voltage
controller in Figure 10.1 generates a reference inductor current by multiplying
the voltage controller output with the absolute value of the input voltage
IV(#)| for PFC. The current error between the reference and the measured
inductor current becomes the input for the current controller, and then the
output of the current controller will determine the control voltage to generate
a PWM signal for the switching device. Since the motion rate of the inductor
current is much faster than that of the output voltage in practice, and the
current controller is normally very sensitive to system parameters and
disturbances [8], this chapter simply focusses on developing current
controllers rather than voltage controllers. The error between the reference

current i ; and measured inductor current i; is amplified by a current
controller, and then the current controller produces the control voltage
between 0 and 10 V, that is compared with a triangular waveform 10 V peak
to peak with the switching frequency 30 kHz to produce the PWM switching
signal. The implementation of generating PWM as well as the current
controllers can be easily realized by any DSP such as TMS320F2812 or
28335 DSP from Texas Instruments and so on. In order to design a current
controller, a simplified small signal transfer function, G, . [7] for the
inductor current to the duty ratio in the PFC boost converter is used in the
following equation:
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FIGURE 10.1

PFC boost converter with controllers.
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Gps_pfc =

(10.1)

where 7, is the inductor current perturbation, d the duty ration perturbation,

L, the inductor, and V,, the DC-bus voltage are defined.



The current controller, G, ,..(s), with a PI controller with gain k; and k,, for
this PFC current control has to be designed such that it has a desired phase
margin as Qpy, = 60° of the loop transfer function, Gj(s), at the crossover
frequency, and also the actual current value tracks the reference current as
quickly as possible with minimum oscillations [7]. The loop transfer function
is defined as

Gri (3) = Gps_pfc (3) : Gc_pfc (3) (10.2)

However, in this case, since the PI current controller has one zero pole, the
phase margin, Qpy LG (s) + 180° at the crossover frequency, 90° is

acceptable based upon the Bode plot of Gy (s) (Figure 10.3).

Bode diagram
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FIGURE 10.3
Bode plot of Gy (s).

The PFC current loop crossover frequency, f; . is set to 1 kHz, (W; ¢ =
21t x 1 x 103 rad/s) because it is recommended to select 1-2 orders of
magnitude smaller than the switching frequency of the boost converter in
order to prevent interference in the control loop from the switching frequency
noise [7]. The required phase angle of G, .(s), the PFC current controller at
the crossover frequency, 1 kHz is calculated as follows [7]:

LG (s) |fci_p.fc = ZLGps_pfe (s) |fci_pfc + LG pfe (3)|fci_pfc (10.3)



£Gr1 (8) |feipfe = —180° + dpan (10.4)

and the current controller gain for the PFC control can be calculated using the
following equation:

|Gy (s)lfc_pfc = |Ge pfe (3)|fc_pfc X |Gpwmi (s)lfc_pfc X |Gps_pfe (s)lfc_pfc (10.5)
X kFB =1

where the feedback gain kpp is set to 1 and | Gpyy,;(s) | = 1/V, (V, is the
triangular waveform peak to peak voltage, 10 V). According to Equation 10.5
and the Bode plot analysis of Figure 10.3, we can determine the gains of the
PI controller for the PFC current controller.

10.2.2 Bidirectional Converter (Boost + Buck Converter)

By using a Buck and Boost converter, a bidirectional converter can be
designed as shown in Figure 10.4.

The output V,, of the PFC boost converter in Figure 10.4 is connected to the

DC bus across the capacitor C,. From the DC bus, the 48 V, Li-ion battery
can be charged through the buck converter. As mentioned earlier, designing
of current controllers are focussed for the PFC boost converter and
bidirectional converter, specially buck (charging) mode, not considering
battery discharging mode because the design procedure of this boost converter
is almost identical to the PFC boost converter. The buck (charging) mode can
be achieved by utilizing the switching S1 and the antiparallel diode D2 in
Figure 10.4.

As shown in Figure 10.4, like the PFC boost converter, a two-cascade
control structure is required to regulate the battery voltage to 48 V, precisely
with a good control performance. The error between the measured battery
voltage V,,,, and its reference V;*, can be amplified to produce the battery, or
the inductor current reference, 4y, which is compared with the measured
inductor current. To design the current controller G. ,;, the small signal

transfer function G, ,; [7] for the output voltage to the inductor current in the
bidirectional converter is used as follows:

Vo R(1+srC 10.6
Gpa.ti (5) = 22(s) = e (109

where R is the small signal resistance connected to the battery in parallel,
given as 100 k(), and the value of the battery capacitor value to build a small

signal model 1s set to 10 F, r is equivalent series resistance (ESR) of the



battery as 0.1 Q.
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FIGURE 10.4

PFC boost converter + bidirectional converter.

(/a8

FIGURE 10.5

Bi-directional converter (charging mode).

The crossover frequency of this buck converter is chosen as 1 kHz.

According to Figure 10.6, LGp 1i($)ly; i 18 O

frequency. The small signal transfer function G, has a gain
1Gpg i) pi(s) = =204 in Figure 10.5. The P and I gains of the current

controller G, ,; for the bidirectional converter can

similarly in the PFC boost converter.

degree at this crossover

be determined such that a
desired phase margin of the loop transfer function is to be ¢py, = 60°,

10.2.3 Simulation and Experimental Results

10.2.3.1 Simulation

The nominal values of parameters for the simulation are shown in Table 10.1.

Powersim (PSIM) software is used for this simulation.



TABLE 10.1

Simulation Parameters

Parameter Values
L, (PEC) 1 mH

L, (bidirectional) 500 uH

C, 3000 uF

Rioad 100 Q (initial)

fs 30 kHz

Vbat (battery) 48V

Vs 120 Vs> 60 Hz

|24 300 V

Bode diagram
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Frequency (rad/s)
FIGURE 10.6
Bode plot ¥, /41,

In the simulation, a step load change is applied. The value of the initial load
is set to 100 (), and at 0.4 s, the step load change occurs from 100 to 50 Q.
Figure 10.7 shows the PFC boost converter inductor current, its reference, and



the scaled input voltage (0.04 V s). As shown in Figure 10.7, the inductor
current and the input voltage are in phase because of the PFC control.

Figure 10.8 shows the DC link voltage during the discharging mode of the
battery and Figures 10.9 and 10.10 show the battery current and its reference
during the discharging mode. The DC link voltage is well regulated within 0.1
s under the load step change. Figure 10.11 shows the battery voltage during
the charging mode. Figures 10.12 and 10.13 also show the battery current and
its reference during the charging mode. As shown in Figures 10.10 through
10.13, with the proposed controller, the battery voltage and current are
properly regulated under the load change.

10.2.3.2 Experiment

In the preliminary experiment setup of Figure 10.14, IRFP460A N-Type
Power MOSFET, NTES5328—bridge rectifier, and the diode, VS-
HFAS0PA60CPBF are used to build a boost converter. The controller is
realized with a 32-bit fixed-point DSP TMS320F2812 in Figure 10.14 and the
PWM pulses are generated through the digital output of the DSP. The
preliminary experimental result is shown in Figures 10.16 and 10.17. In
Figure 10.18, the experiment results of the boost converter and PWM output

are shown. The DC link voltage, V, is regulated to 9.98 V shown in Figure
10.16a when the output voltage reference is 10 V, and the inputis 5 V.

b

| opyV, —8

0.36 0.38 0.4 042 0.44 0.46 0.48
Time (s)

FIGURE 10.7

The current and the input voltage of the PFC boost converter.
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The DC link voltage during the discharging.
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FIGURE 10.9

The inductor current and its reference of the bidirectional converter during the
discharging mode.
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Zoom in the inductor current and its reference of the bidirectional converter
during the discharging mode.

A Simulink model is built as shown in Figure 10.15 to run the control for
the buck converter using the DSP. When the Simulink file is compiled, it
generates a C code file in Code Composer and loads it into the DSP. When
testing with the small-scale model with the input of 20 V, we could expect the
output to be smaller than the input as a buck converter such as 10 V in the
case of the duty cycle 50%. The outputs were very accurate as shown in
Figure 10.15 when the duty cycle is 50% and 25%, respectively.

0 0.l 0.2 0.3 0.4 0.5 0.6

Time (s)

FIGURE 10.11
The battery voltage during the charging mode.
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FIGURE 10.12
The inductor current and its reference of the bidirectional converter during the
charging mode.
The same method described previously was used to calculate the PI
controller’s gains using a small-scale boost converter. After testing them in

PSIM, a MATLAB-Simulink-based DSP program to run the boost converter
shown in Figure 10.16 is built. This again was compiled into Code Composer

to generate C code for the DSP to run.
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FIGURE 10.13
Zoom in the inductor current and its reference of the bidirectional converter

during the discharging mode.



FIGURE 10.14
(a) TMS 320F2812 DSP board and (b) its experiment setup.

C281x

WM
WM

C2E1x
A

ADC
ADC1

FIGURE 10.15

Boost converter control system in Simulink.

Gaind  Viltage divider

With a 5-V input into our system we can expect the output to be larger than
that. As shown in Figure 10.17, the output voltages matched the constant
reference value accurately as 10 V when the duty cycle is 50%.

10.2.4 Summary

Based upon small signal models, design procedures of linear current
controllers for the PFC boost converter and the bidirectional converter for
PHEV applications were explained in detail. Using the Bode plot analysis of



the small signal transfer functions, 7 L / d and D, / 1 L, the gains of each current
controllers can be determined. The design methods for the linear current
controllers can be validated through the PSIM power electronics circuit
simulation tool. Also it can be implemented using a simple MATLAB-
Simulink-based DSP program, and was tested with a small-scale prototype
without problems.

10.3 Sliding Mode Controller for Power Converters

Since each power converter is inherently operating with high-frequency
switching devices, with easily above 100 kHz switching frequency in the case
of using MOSFETs, highly nonlinear behaviors are observed during
parameter variations and disturbances. SMC has been a good candidate in
nonlinear control applications in terms of power electronics converters
because an SMC technique is naturally suited for on—off switched controlled
systems such as PWM-based power converters, particularly in a AC-DC
rectifier, or DC-DC converter, or DC-AC inverter [8]. In addition, the main
advantages of using the SMC technique [8] are the following:

1. The order of the system can be reduced.

2. Sensitivity under parameters variation and disturbances can be
reduced.
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Results from the closed loop buck converter: Output voltage (upper) and
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FIGURE 10.17

Boost converter control system in Simulink.
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In this section, designs of SMC for a PFC converter and bidirectional
converter were explained.

10.3.1 SMC for a PFC Converter

SMC is designed such that the system can achieve the low sensitivity to
system parameter variations from the high-frequency switching PFC boost
converter. A dynamic model of the boost converter for a sliding mode current
controller in the PFC boost converter, is to be built during the continuous
conduction mode (CCM) using Kirchhoff voltage law (KVL) and Kirchhoff
current law (KCL) as follows:

@ =—(1—u) %:1:2 +2 (10.7)

. 1 1
ty = (1—u) 521 — 3522 (10.8)

The state-space representation forms of Equations 10.7 and 10.8 are
rewritten as

(10.9)
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where L, 1s the inductor on the PFC converter, C, DC is the link capacitor
value, R is the load resistance, v, is the input voltage, x; = i;, 1s the inductor
current, x, = V, is the output voltage, and u; is the switching control function.
The switching function for sliding mode current control is defined as

81 =1 — I} (10.10)

where 7 is the reference inductor current and 7 = I4 sin wt. Since it is
assumed to be a lossless system, the input active power is equal to the output

power under this R load [9], and then the following equation is derived:

1 \%; (10.11)
oldVe=%

Using Equation 10.11, 7, can be determined as

2v2 (10.12)

Ids = R.VS

The switching control function for the current control loop, u#; is then

designed to enforce the sliding mode on the surface s; = 3 — 7 = 0[8].

u; = 1(1 - sign(s1)) (10.13)

By solving the equation § = &; = 0, the equivalent control of u,, becomes

V-V, sin wt—wL gl cos wt (10.14)
\Z]

Ueg =
The sliding mode on the sliding surface s; = 0 exists when the condition
81 81<0 is satisfied.
For sliding mode to exist, 1 §1 <0 holds or s; > 0(x; = 0), and §1 <0.
One of the sliding mode conditions in this system is

Vs sin wt
Lg

T2
L_a<0

(10.15)

$1 = — wly coswt —
Rearranging Equation 10.15 we get

xo >V, sinwt — wLgly - coswt (10.16)



and x, > V_ because this is the boost converter operation.

The other sliding mode condition is that s; < 0 (#; = 1), and §1 >0 to hold
s181<0.

. V, sin wt
$1 = ’;ldn —wlzcoswt>0

(10.17)

Rearranging Equation 10.17 we get

wt = arctan (%) >0

(10.18)

For a sliding mode to locally exist on s; = 0, the corresponding equivalent
control of Equation 10.14 satisfies

V34—V, sin wt—wLgI; cos wt <1 (10.19)

0< Uegl = Va

This implies that the sliding mode can be enforced as long as all the above
sliding mode conditions (10.16) through (10.19) are satisfied including x, >
%

10.3.2 SMC for a Bidirectional Converter

The buck or boost converter can be realized with a two-cascade control
structure as shown in Figure 10.19 [7,8]. For example, the buck
(charging)mode can be achieved by utilizing switch S1 and the antiparallel
diode D2 in Figure 10.19. Likewise, the boost mode is achieved utilizing
switch S2 and the antiparallel diode D1 of switch S1 in Figure 10.19. The
aforementioned two-cascaded control structure requires regulating the battery
voltage to 48 V, for instance precisely with a good control performance. The
error between the measured battery voltage, V,,,, and the reference V;*, can be

amplified to produce the battery or inductor current reference, 2;,, which is
compared with the measured inductor current.
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FIGURE 10.19

Bi-directional converter (buck mode).
10.3.2.1 Boost Mode

To design a SMC, the dynamic models of the boost converter and buck
converter are to be built during the CCM using KVL and KCL.

Vi .
by = — (1—up) Loy + Bt (10.20)
:i34 = (1 — U2) %:173 — %:34 10.21)

Equations 10.20 from KVL and Equation 10.21 from KCL are for the boost
converter operation. Where L is the inductor value in the bidirectional
converter, C is the DC link capacitor value, R is the load resistance, x3 = i 1s
the inductor current, x, = V, 1s the output DC link voltage, and u, is the

switching control function. The desired current is obtained from the outer
voltage loop as [8]

v (10.22)
R-Vpat

*
Iy =

where V} is the desired voltage output.

From the SMC theory [8], the state variable error forms the sliding function
to enforce the current to track the desired current &% as given below

The switching control function for the inner control loop, u;, is designed as

to enforce the sliding mode surface s; = 0 [8]



up = (1 — sign(s2)) (10.24)

Also, by solving $,=13=0 [8], the equivalent control of u, [8] is achieved.

Voat (10.25)

Ueq2 = 1-— r

The suitable SMC law is achieved by applying the conversion condition
8989<0 [8].

Ve
Zy4>Viee or 0<uep=1- :c”—: <1 (10.26)

This implies that the sliding mode can be enforced as long as the output DC
link voltage is higher than the battery voltage.

10.3.2.2 Buck Mode

Likewise in (1) boost mode, the dynamic model of the buck converter is as
follows during the CCM using KVL and KCL.:

. Vi
. 1 1
L5 = —G¥3 ~ Ro s (1028

where L is the inductor value, C is the DC link capacitor value, R is the load
resistance, x; = iy 1s the inductor current, x5 = V,, is the battery voltage, and

uy is the switching control function. The desired current is obtained from the
outer voltage loop as [8]

Vi (10.29)

*
T3 = 4%

where Vi¥. is the desired battery voltage, in the simulation, 48 V is used for
the desired battery voltage.

From the sliding mode control theory [8] that has exact tracking properties,
a sliding function is enforced as

s3 =3 — 23 =0 (10.30)

Similarly, the switching control function, is designed as Equations 10.24
and 10.25 to enforce the sliding mode surface s3 = 0 [8].

uz = %(1 — sign (s3)) (10.31)

Also, by solving §3 = &3 = 0 [8], the equivalent control of u [8] is achieved.



Uegs = f,—z (10.32)
The proper SMC law is achieved as by applying the conversion condition
§$<0 [8].

O0<zs<V; or 0<ueq3:f,_3<1 (10.33)

This implies that the sliding mode can be enforced as long as the output DC
link voltage is higher than the battery voltage as seen in the boost mode.

10.3.3 Simulation and Experimental Results
10.3.3.1 Simulation

The nominal values of parameters for the simulation are shown in Table 10.1.
PSIM software is used for this simulation. SMC controller in the simulation is
implemented with SR flip-flop, comparator, 1 + delta and 1 — delta input that
indicates the reference current = the hysteresis band in Figure 10.20. The
reference current, i_reference in Figure 10.20 is generated from the voltage
controller (Figures 10.21 and 10.22).

In the simulation, a step load change is applied. The value of the initial load
is set to 100 Q, and at 0.4 s in the PFC converter, the step load change occurs
from 100 to 50 Q). And at 0.5 s, a step load change is enforced from 100 to 50
Q in the bidirectional converter as well. Figure 10.23 shows the DC link
voltage during the discharging mode of the battery (Figure 10.24). Figures
10.25 and 10.26 show the battery current, and its reference during the
discharging mode, the DC link voltage is well regulated within 0.1 s under the
load step change.

e, i+ delta
L L V3

i_reference £

{5 Q} PWM

|R_Qf

i_actual

FIGURE 10.20
SMC controller in PSIM.
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FIGURE 10.21

The inductor current and the input voltage of the PFC boost converter.
10.3.3.2 Experiment

The SMC is realized with a MATLAB-Simulink program using a 32-bit
fixed-point DSP TMS320F2812 and the PWM pulses are generated through
the digital output of the DSP. The Simulink code is shown in Figure 10.27.
The experimental result is shown in Figures 10.28 and 10.29. In Figure 10.28,
experiment results of the PFC boost converter and PWM output are shown.

The DC link voltage, V,; and the inductor current are well regulated.
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FIGURE 10.22

Zoom in the reference inductor current, i, and the actual inductor current i;,
of the PFC boost converter.
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FIGURE 10.23
DC-bus voltage.

For the boost converter, V, is regulated to 20 V as shown in Figure 10.29a
when the output voltage reference is 20 V when the input is 5 V. Due to the
nature of the SMC controller, inconstant switching frequency varies from 2 to
20 kHz, although the voltage is well controlled to 20 V, the inductor current
shown in Figure 10.29b enters in the discontinuous conduction mode when
the load resistance is 200 ().
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50
Time (s)
FIGURE 10.24

The output voltage of the boost converter.
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FIGURE 10.25
The inductor current and its reference of the boost converter.

10.3.4 Summary

An SMC based for EV and energy applications has been explained. By
adopting sliding mode control, robust control performances are expected with
a simple MATLAB-Simulink-based DSP in a real-time operation. An
experimental test bed has been built using a Texas Instruments 32-bit fixed-
point DSP TMS320F2812 and each mode of SMC operation such as the PFC,
and bidirectional modes has been validated throughout the DSP test bed with

a PSIM simulation.
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Zoom-in figure of Figure 10.25 around 5 s when a load change is enforced.
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DSP real-time MATLAB-Simulink SMC program. (a) Overall program
including a sensing block and (b) controller block including the SMC.

10.4 Predictive Controller for FCVs

In this section, a predictive current-controlled fuel cell boost converter, UC
bidirectional converter, and brushless DC (BLDC) motor drive are used to
provide a better dynamic response than a conventional PI controller-
basedsystem. The concept of predictive control is introduced for hybrid FCVs
in Reference 24, which focusses more on a prediction of the load power and
an optimal system control based on a simulation analysis to minimize fuel
consumption. In contrast, in this section, component level predictive current
controllers are explained for the fuel cell boost converter, UC bidirectional
converter, and BLDC motor drive to control them independently.
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FIGURE 10.28

Experiment results of the PFC boost converter. (a) PWM and the current and
(b) PWM duty cycle and the voltage.
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Experiment results of the boost converter. (a) PWM (upper) and output
voltage (lower) and (b) PWM (upper) and inductor current (lower).

Normally, a fuel cell boost converter and UC bidirectional converter
employ an outer voltage loop and an inner current loop, while the BLDC
motor controller has only a torque (current) controller. In nature, all these
current controllers are supposed to be faster than the outer loops, voltage loop,
or speed loop. The following systems based on three independent predictive
current controllers for the boost converter, UC manager, and motor drive
provide a faster dynamic response on the DC-bus side, feeding the motor
current for a faster torque response. In addition, the faster dynamic responses



of the boost converter and UC prolong battery life reducing the burden of the
battery due to less peaking current and harmonics. The details of the system
configuration and its controller followed by the system modeling, simulation
verifications are described in subsequent sections.

10.4.1 System Configuration and Modeling

Figure 10.30 illustrates the overall electrical system configuration of the fuel
cell powered hybrid vehicle. The system is targeted for light FCVs such as
motor cycles or scooters. There are five key components in the system: (1)
fuel cell system (FCS); (2) motor driver (MD); (3) battery manager (BM); (4)
boost converter (BC); and (5) UC manager.
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FIGURE 10.30
Overall system circuit configuration of the light FCV.

Maotor driver

Fuel cell Boost A DCrAC
converter | | 1 EA [ inverter

Relay

Ultracapacitor

manager MAanager

Battery l

FIGURE 10.31

System structure of the fuel cell hybrid electric vehicle (for light vehicles).

(Adapted from W. Na et al. IEEE Transactions on Vehicular Technology,
60(1), 2011, 87-97.).



For FCV applications, the DC-bus voltage needs to be boosted to increase
the motor power density lowering the motor current for the same traction
power. Therefore, a boost converter is typically employed between the fuel
cell stacks and the DC bus. In the hybrid system, a UC can be used for faster
response, and to protect the battery from over charging and over discharging
currents. The DC-bus voltage of the system is quite low for light vehicles, and
thus isolated converters are not considered for this application.

Figure 10.31 illustrates the overall system configuration of the light fuel
cell hybrid electric vehicle. When the main switch is on, the fuel cell
controller, boost converter, battery relay, UC manager, and BLDC MD
modules are sequentially on to be ready for a driver command. When a driver
shuts off the main power, the motor drive module is shut off first, turning off
all inverter switches. Then, the UC, battery, boost converter modules, and fuel
cell controller are shut off sequentially.

For the analysis of FCVs, a previous simple fuel cell circuit model in
Chapter 1 is considered.

10.4.2 FCVs Based on the Predictive Controllers

In this section, the design methodologies of the proposed predictive
controllers for the boost converter, UC bidirectional converter, and BLDC
motor drive are explained.

10.4.2.1 Predictive Control for the Fuel Cell Boost Converter

The goal of this predictive current control (PCC) method [10-14] is to ensure
that the inductor current of the boost converter follows the reference current
predicting the next step dynamic response. By assuming that the fuel cell

voltage, vy, and DC-bus voltage, v,., are slowly varying compared to the
currents, they can be considered to be constant during the switching period.

The sampled inductor current, if(n), at the time n7 is a function of the
previous sampled value, i;(n — 1), the applied duty ratio, dy[n], the input
voltage, Vi the output voltage, v,., the inductance, L, and the switching
period, T as

cdc Ts e —Vde 1—dc T 10.34
ife (n) =i (n—1) + vy, fL[n] " (vie—va )(L eln]) ( )

Equation 10.34 will be simplified as

. . cTs 1_d C Ts 1035
Lfe (n) =1fc (n - 1) + 7JfL - %( i,f [n]) ( )




At the next cycle

. . cdsc[n+1]T, —Vgc ) (1—dsc[n+1])Ts 1036
ife (n+1) = ige () + 20 Crmra) (odletd) (1036)

Then, Equation 10.36 yields following equation by substituting Equation
10.34 into Equation 10.35
g (n+1) =ige (n— 1)+ 2L tellndellT | vredrlrill (1037

L L L
(vfc—vdc) (l—dfc [n+1])Ts
L

+

Equation 10.37 can be reduced as follows:

’U_chs Vde (l—dfc[n])Ts Vde (l—dfc)[n"'l]Ts (10.38)

ifc(n+1)=z'fc(n—1)+2 T T T

Assuming that the next sampling current signal is equal to the reference

command signal (ir. (n + 1) = i*;,), the next step duty ratio can be derived
based on Equation 10.38 as follows:

die(n+1) =2 —dg [n] + L [i}c — e (n— 1)] — 2% (10.39)

vacTs

According to Equation 10.39, the next step duty ratio d[n + 1] will be

predicted based on the previous duty ratio, d[n], and the inductor current, i(n
— 1). The theoretical inductor current waveform is illustrated in Figure 10.32.

— d(n)T, ;14 »4— dn: 1T, »

o E— r ke T_\ g
FIGURE 10.32

Inductor current waveform based on the PCC.

As depicted in Figure 10.32, it should be noted that the predictive current
controller initially assumes that the error of i*,. — ix(n — 1) at the (n — 1)y,

sampling will disappear at (n + 1)4, sampling time, and hence the predictive



controller is inherently stable for all operating points [12].
10.4.2.2 Predictive Control for the UC Bidirectional Converter

During the boost mode from the UC to the main DC bus, the control principle
is similar to that of the fuel cell boost converter. Thus the duty ratio of the UC
bidirectional converter at the boost mode is

duc.up [0+ 1] = 2 = duc_up [0] + 35 [i%c — fuc (n = 1)] — 292 (10.40)

where i,,.1s UC inductor current.
However, during the buck mode, the energy flows from the main DC bus to
the UC yielding

— e \1—dgeln)) Ts 10.41
iuc (’n,) = /]:un (n _ 1) + ('Udc vuc)]_‘fuc_d[n]Ta _ Vd, (1 ‘j_:f [ ])T ( )

Similarly, for the buck mode the duty ratio is obtained based on Figure
10.33 and Equations 10.39 through 10.41.

L
Vde Ts

duc_down (n + 1) — —Uyc_down [n] - [ztl,c - iuc (n - 1)] + 2%2 (10.42)
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FIGURE 10.33
UC inductor waveform based on the PCC. (a) Boost mode and (b) buck mode.

The theoretical UC inductor current switching waveforms in the boost and
buck mode are described in Figure 10.33.

10.4.2.3 Predictive Control of the BLDC Motor Drive

Figure 10.34 illustrates the system control structure including the BLDC
motor control configuration. A typical BLDC motor drive system consists of
the BLDC motor, power inverter, and digital controller. The voltage source
inverter is connected to the DC bus. The digital controller energizes each
phase of the BLDC motor in a sequence synchronizing with the rotor position
in order to produce constant torque (120° current conduction case). Therefore,
the system requires a mechanical position sensor (Hall sensor)that is usually
attached inside the BLDC motor in order to provide rotor position feedback
for the controller. The typical BLDC motor drive system with the position
feedback [14] is shown in Figure 10.34 with the boost converter, BM, and UC
converter.
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BLDC motor drive configuration in the fuel cell hybrid drive system.

In order to derive a PCC law, the motor voltage equation is considered
during a switching cycle as

dm - Ve — (1 = dm) - Vge = Rim + LA™ | By (10.43)

where i,, is the motor line to line current, L and R are the motor inductor and
resistance (line-to-line), respectively, and Ej, ., is the back EMF, and d,, is the

duty ratio. Then, the nth sampled motor current can be expressed based on the
previous sampled value and the duty ratio as

BraatTo | PacdmllTe 2047y (10.44)

im (1) = im (n — 1) — ®AIT,) T (RiLTy) (R+LT,)

where T, is the sampling period. Similarly, the predicted duty ratio is
calculated as follows:

(RHIT) (., . Fhac 10.45
T, Lo — m (= 1)] = S0 (1049

dnn+1]=2—dy[n] -

The concept behind Equation 10.46 is that the controller 1s to force the (n +
1)y, sampled current to be the reference value such that the error between the
desired current reference and the sampled current is reduced at the end of the
switching cycle. To improve the current controller performance under the



motor parameter inaccuracies and the nonideal inverter operation, the current
error correction approach [15,16] has been applied. Then, the current

reference, i*, in Equation 10.46 can be replaced with the newly updated

m

current reference, i* based on the following equation:

m_new

- - ie(s) 10.46
tmn—new (3) =1%m (3) + E ( )

where i*,, .., 18 the new current reference; i*,, is the old current reference; i,

is the current error (i, = i*, — i,); and g, is an error correction gain. In the

discrete time domain with a sampling time, 7, Equation 10.46 can be
approximated as

tnnew (R +1) =it (R + 1) + 32 57 (it (4) — im (5)) (10.47)
Thus, the updated predictive duty ratio is written as
R+LT,) . , '
dm ['I’L + 1] =2- d’m [n] - (2.:;61"8) [l:n_new —im (n — 1)] — E’Ub:cdc (10.48)

Unlike the predictive controllers in the boost converter and UC converter,
an error correction gain is applied along with the proportional gain and the
feed forward term related to the back EMF in the predictive BLDC motor
controller. The detailed PCC block diagram for the BLDC motor is described
in Figure 10.35.

10.4.3 Simulation Verification

The outer voltage control loops for the fuel cell boost converter and the UC
bidirectional converter are designed to provide a maximized bandwidth
considering high inner current loop dynamics. The crossover frequency of the
outer loop is set to maximize the phase lead of the controller [7] as

dinm} m One sample delay
Ref. motor current: § — R+LT, -:*:
- o Cmomew ) st | — %M s [0 4
(X e <) > dln +1)
& — ¥ 2
‘Current ermor Ty 2
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- Vo h— Var
n_n)'{'u It actual motor current Feadforward term

FIGURE 10.35
PCC block diagram for the BLDC motor.

1
fr = o (10.49)



The PI controller for the outer voltage control loop is designed to obtain a
satisfactory phase margin of 45° [17] with the crossover frequency of 2 kHz.
To compare the proposed PCC with a conventional PI current controller, the
PI current controllers in the boost converter and UC converter are set to have
the loop crossover frequencies of 10 kHz and the phase margin of 60° as
recommended in Reference 17. For the BLDC motor controller, the step
current reference is applied to evaluate the dynamic response of the
controllers (conventional PI versus the proposed predictive controllers). To
design an appropriate PI current controller in the BLDC motor for a
comparison purpose, a simplified open-loop transfer function [18] is used as

o s R (10.50)
GrorL (8) = [1 + k,;/kp]kpwmm

PI—controller

where k,,, 18 the ratio between control signal and peak control signal; R is
the motor phase resistance; and T, is the electrical time constant of the motor

(L/R). To cancel the motor pole at 1/T,, the following condition is used [17]:
kp = ki (10.51)

Based on a the crossover frequency of 1 kHz for the PI current controller
for the BLDC motor, the PI controller gains can be calculated to avoid
interference with the switching frequency noise [17] as

L. — waR (10.52)

kg

TABLE 10.2

Simulation Parameters

Parameter Values
L, (PFC) 1 mH

L,, (bidirectional) 500 uH

Cy 3000 uF

Rioad 100 Q (initial)

fs 30 kHz

Via: (battery) 48V

v, 120 Vi, s 60 Hz



V¥4 200 V

where W, is the crossover frequency. Table 10.2 shows system parameters,

which include each crossover frequency f., and phase margin @ in the
controller. The switching frequency is set to 20 kHz. The system parameters
of the PI controllers are shown in Table 10.3.

The simulation is performed and the results justify that the proposed
predictive current controllers have advantages over the PI controller
respective to battery protection and longer battery life because the fast current
response of all other components can lead to less battery current drain. For the
control performance comparison, the load current is step changed from 2 to 5
A at 0.3 s in Figure 10.36. The predictive controller demonstrates a faster
current response and less overshoot compared to the PI controller case.

Figure 10.37 presents the boost converter current response and DC link
voltage under the step load current change from 5 to 2 A. Similarly the
predictive controller generates a less DC link voltage overshoot and a faster
current response. Figure 10.38 illustrates the motor torque and phase current
waveforms when the motor current command is step changed from 5 to 10 A.
At the transient period, the discrepancy of the torque responses between the
conventional PI controller-based system (PI current controllers are used for
boost, UC converters, and the BLDC motor drive) and the predictive
controller-based system is recognizable (faster torque response is observed).
According to Figures 10.36 through 10.38, the advantages of the predictive
controller can be observed.

TABLE 10.3

System Parameters

Boost Converter UC Converter BLDC
Inner loop £, 10 kHz 10 kHz 1 kHz
Inner loop @ 60° 60° 90°
Outer loop f,; 2 kHz 2 kHz
Outer loop @ 45° 45° N/A

Source: Adapted from W. Na et al. IEEE Transactions on Vehicular Technology, 60(1), 87-97, 2011.
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Simulation results: boost converter inductor current (upper) and DC link
voltage (lower) under the step load change (2 = 5 A). (a) PI controller and (b)
predictive controller.

10.4.4 Summary

In this section, the predictive controllers for a fuel cell powered light hybrid
vehicle have been discussed. The predictive controllers are implemented in
the boost converter, UC manager, and BLDC motor drive. In that way, each
component and traction drive has faster response and less current ripple. The
faster responses from the boost converter, UC, and motor drive help decrease
the battery current variation (di/dt). Therefore, improved battery protection
and longer battery life are expected. Simulations have been performed and
results verified using this predictive control approach. Details of the
experiment set-up and its experimental verification using DSP for the
predictive control approaches can be found in Reference 18.
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Simulation results: boost converter inductor current (upper) and DC link

voltage (lower) under the step load change (5 = 2 A). (a) PI controller and (b)
predictive controller.

(Adapted from W. Na et al. IEEE Transactions on Vehicular Technology, 60(1), 87-97, 2011.)
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10.5 Conclusion

In this chapter, designs of linear controllers, SMCs for a PFC and
bidirectional (buck/boost) converter have been explained. And one of the
digital control algorithms, predictive controllers for FCVs applications have
been described in detail. In order to validate each controller, computer
simulations, and DSP-based power electronics tests have been performed.
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11

A PEM Fuel Cell Temperature Controller”

11.1 Introduction

In general, there are several kinds of fuel cells such as PEMFCs, SOFCs,
PAFCs, MCFCs, AFCs, DMFCs, ZAFCs, and PCFCs [1]. Among these fuel
cells, PEMFC is suitable for fuel cell vehicles and distributed generators
because it has high power density, solid electrolyte, a long cell and stack life,
and low corrosion. Moreover, PEMFCs can easily operate at low
temperatures (50-100°C), which enables them to have a faster startup time.
However, in order to generate a reliable and efficient power response and to
prevent membrane damage and oxygen depletion, a sophisticated control
technique is crucial for the operation of fuel cell systems [2,3]. Several
control approaches have been developed for PEM fuel cell systems [2-5] to
achieve an optimal air supply, hydrogen flow rate, and pressure. The steady-
state electrochemical model of PEMFCs has been developed in References 6,
7 and a new dynamic model has been introduced [8,9]. However, even though
the temperature significantly affects the operation of fuel cell stack, a control
strategy for temperature has mostly not been considered. In Reference 10, an
optimal temperature control study has been conducted based upon the
consideration that the humidity and temperature are limited in boundaries,
instead of a detailed control analysis by checking Bode plots. There are many
literature PEMFC studies regarding control approaches for PEMFCs [2-5],
PEMFC modeling studies [6-9,11-14], and PEMFCs applications regarding
power electronics, power systems, and auxiliary system control [12,15-21]. In
References 2—-22, because temperature has a slow dynamic compared with
other parameters such as air, hydrogen flow, and pressure, the stack
temperature is assumed to be constant so that a simplified control-oriented
dynamic model was derived. However, in reality, the change of the fuel cell
stack temperature dramatically affects the output current as well as the output
power of the fuel cells system. Thus, this chapter is focused on the fuel cell
temperature model based upon an electrical aspect to design a better accurate
fuel cell temperature controller. In this study, the thermal equivalent circuit of



PEMEFC described in Chapter 6 is used to design a temperature controller,
which makes it easier to develop a temperature control algorithm for PEMFC.
With the PEMFC thermal equivalent circuit model, the fuel cell system can be
viewed as one of electrical systems, and the design procedure of the controller
i1s almost the same as the design for the conventional power converter’s
controller explained in Reference 23. Therefore, the analysis of the fuel cell
controller can be simply done by checking the phase margin and magnitude of
the transfer function of Bode plots.

This chapter is organized as follows. Section 11.2 addresses the design of
PEMFC temperature controller based on the thermal equivalent circuit.
Sections 11.3 and 11.4 provide analysis results of the PEMFC thermal
transfer functions and its simulation data verification, and Section 11.5
concludes the chapter.

11.2 PEMFC Temperature Controller Design

In PEMFC:s, the temperature 7(?) 1s a function of the fuel cell voltage V,, the

st
fuel cell current I;, the cooling pump control variable, u. described in
Chapter 6, and other temperature values such as ambient temperature 7,,,,,,
assumed to be perturbed in the range of +5%. In order to obtain a stable
temperature under any disturbances, it is necessary to adjust u, in the
cooling/heat exchanger system. The typical open-loop PEMFC for
temperature control is illustrated in Figure 11.1. Because the voltage depends

on the current in the fuel cell system, only two disturbances, i. and ¢

amb> It

considered by ignoring v, (7). To adjust the u. automatically under any
circumstance, the feedback control system in Reference 23 is utilized as

presented in Figure 11.2. The output stack temperature, () is measured using
a temperature sensor with gain H(s). The sensor circuit is usually a voltage
divider consisting of high precision resistors. The sensor output signal
H(s)t(s) 1s compared with the reference input temperature, tref(s) to make
H(s)t(s) being equivalent to tref(s) so that r(s) follows tref(s) during
disturbances in the system.
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Feedback loop PEMFC for temperature control.

The small signal ac transfer functions of a thermal equivalent circuit can be

derived assuming that the variation of £, (¢), 1 fe (t), £ amp (t), and g are
relatively small [23]. According to the transient energy balance equation (6.1)
and Figure 11.1, the stack temperature variation can be expressed as follows:

ts(5) = Gui () igc (8) — Gru () W () + Gt (5) L amp (5) (D
where G,(s) is the fuel cell current to output thermal transfer function as
_ (N/2F)AH-V(s) (11.2)

Gii (s) = sCi+(1/R;) | Ua=0

t amb=0

where AH is the enthalpy change for hydrogen (285.5 kJ mol/s), N is the
number of the fuel cell, F is the Faraday constant, R, is the thermal resistance,
and C, 1s the thermal capacitance.

For details of those parameters in Equation 11.2, please refer to Chapters 6
and 7.



G,,(s) 1s the control input to output transfer function as

G () = G (s) / (sCt + (1/Rt))|i,=0 (11.3)
tamb=0
where

Ga (8) =ke/ (14 Acs) (11.4)

where T, is the time delay constant, 70 s, and k. the conversion factor, 1.5 are
assumed.

The ambient temperature to output transfer function G,/(s) as

(11.5)
Gtz (8) = (Lams (5) /Re) / (sCt + (1/Rr))

i5.=0

Ug=0

To analyze this system, the reference and error of the stack temperature
perturbed are defined as follows:

bref (t) = Tref + i:ref (t) (11.6)
te (t) = T + te (t)

Using the small signal ac transfer functions of a thermal equivalent circuit,
the PEMFC block in Figure 10.2 can be redrawn by adding an FC thermal
block described by Equation 11.1 (Figure 11.3).

The output stack temperature variation, t 5, can be reconstructed as

s N GGy ] Gy n Gu (117)
te = —tref TTHG.Gry T e TiHG.Gr T Lo TTHG.Gry
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Complete feedback loop PEMFC for temperature control.

Equation 11.11 can be rewritten assuming that L = HG .G, as

~

£, =—1 G (11.8)

4 Gy ?
ref%H_LL + Yieirr + tambH__L
where L = L(s) = H(s)G_(s)G,,(s). The loop gain L(s) in Equation 11.8 is an
important quantity to identify the system performance when a controller is
adopted. Further detailed analysis of the loop gain is described in the
following section.

11.3 Analysis of the PEMFC Thermal Transfer Function

To analyze the transfer function a Bode plot is used. First of all, the loop gain
L(s) 1s constructed by the transfer functions, H(s), G.(s), and G,,(s), to draw
the Bode plot. The loop gain L(s) is

o (e k) (11.9)
L(s) T 151:Ct s(s+(1/75))(8+(1/R:Cy))

where H(s) = 0.1/(1 + T,s) represents the sensor gain function with the sensor
time delay 70 s, which means that in the case of 100°C stack temperature, 10
V is used as the input of the controller ranging 0—10 V depending on the stack

temperature. The lag compensator, G, which is a PI controller with gains k;
and kp (G (s) = (k; + kps)/s) is used in Equation 11.9, since the lag
compensator is required to increase the low-frequency loop gain, which leads
to a rejection of low-frequency disturbance. The variation of temperatures

usually exists in the low-frequency region. The Bode plots of L(s) are
illustrated in Figure 11.6 when the k; is varying from 0.1 to 50, and k,, from 1

to 50. As presented in Figure 11.4, the small gains (k; = 0.1, k, = 1) are
desired to make the system stable, because the phase margin @; of the loop

gain L(s) is to be positive and the L(s) contains no right half plane pole.

Then, the phase margin can be calculated as
wr = 180° + ZL (27 f,) (11.10)

where f. is the crossover frequency where the magnitude of the loop gain is
unity:

|T (527 fc) || =1=0dB 11.11)



Bode plot of the loop gain
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The Bode plots of loop gain L(s) with lead compensator.

Therefore, the phase margin of L(s) is approximately 40° in the case of the

small gains of the lag compensator, that is, k; = 0.1 and k, = 1. If the gains

were selected with high values (i.e., k; = 50, k, = 50), the phase margin would
be negative, and hence the system would be unstable, which is absolutely not

recommended.

11.4 Verification of the PEMFC Temperature Controller

For the model verification, the experimental results (Ballard MKS-E) [11] are
compared with our simulation results during the load step up condition. As

shown in Figure 11.5 at O s, the load step up change occurs based on the
assumption that the start-up times of the fuel cell is not considered, but in the

proposed works, 2500 s after thermal time constant which is mentioned in

Chapter 2, the load step up 1s imposed. For this step up condition, since the

temperature 1s increased from 40°C to 60°C in Figure 11.5, and the explained
temperature controller is designed so that operating fuel cell system

temperature 1s within 80°C, this case does not need to activate a temperature

controller. As shown in Figure 6.1, at 72°C, a better fuel cell V-I polarization
curve can be achieved. However, at high temperature, cooling system

(temperature controller) is required to prevent degradation of the fuel cell



characteristics from the high thermal stresses.
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Load step up condition. (Adapted from Hamelin, J. et al. International
Journal of Hydrogen Energy, 26, 625-629, 2001.)
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Temperature changes based on the proposed model.

In Figure 11.6, the simulation results match with the experimental results
(<5% error). Especially the thermal time constant (2059 s) is almost same.

The simulated stack current changes in Figure 11.7 also matches well with
the experimental results [11]. However, in the experimental result, the greater
stack voltage drops are observed (Figure 10.5) than the simulated voltage in
Figure 10.8 since the practical fuel cell system has little more losses than the
fuel cell model in the simulation (Figure 11.8).
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Figure 10.9 illustrates the temperature change due to the sudden load

Up to date data related to the fuel cell temperature controller are not
change (20-190 A) at 2500 s in Figure 11.10. As shown in Figure 10.9, the

commercially available. Thus, based on the simulation results, the validity of

the described temperature controller can be evaluated.
solid line indicates the temperature change based on the temperature

dotted line shows the temperature change with no controller, whereas the
controller explained (Figure 11.9).

Stack voltage changes by using proposed model.

FIGURE 11.8
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With the temperature controller, the operating fuel cell temperature can be
limited to 80°C. However, without the controller the temperature is increased

up to 120°C.

When the load change from 20 to 190 A is enforced in Figure 11.10, the

voltage drop can be observed from 29 to 25 V at 2500 s in Figure 10.11

(Figure 11.11).
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Stack voltage changes.

11.5 Conclusion

This chapter explains the design of a fuel cell temperature controller based on
the thermal equivalent circuit in Chapter 6. The analysis for the design of the
PEMFC temperature controller is performed using Bode plots of the transfer
functions using the thermal equivalent circuit. The Bode plots indicate that the
lag compensator with small PI gains is an appropriate option for the design of
the temperature controller for PEMFC. Based on this temperature controller,
the temperature of PEMFC is controlled for limiting the temperature less than
80°C. The analytical results in this chapter provide useful guidelines for the
design of a temperature controller for PEM fuel cell systems.
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12

Implementation of Digital Signal Processor-
Based Power Electronics Control*

12.1 Introduction

Today, digital signal processors (DSPs) are widely used in many areas, such
as aerospace, communication, automatic vehicles, power systems, etc. DSPs
have superior abilities in terms of automatic control and signal process. One
of the advantages is that DSPs can handle complex control algorithms. In this
chapter, the description for controlling DSPs in power electronics applications
are based on the case of 32-bit TMS320X28xxx series DSPs (Texas
Instruments) which provide advanced capabilities, processing a 32 x 32 bits
multiplication or two 16 x 16 bits multiplication within one clock period.
With the help of the short interrupt response time, 28xxx DSPs can protect
key registers in time and accurately respond to asynchronous events.

Generally, in order to implement DSP-controlled systems, designers need
to carefully select proper DSPs by considering their analog-to-digital
converter (ADC) sampling rate, system clock frequency, resolution of high-
frequency PWM signals, etc. In addition, the physical characteristics of the
desired systems as well as the software development environment, its
interface between the signal process systems, and power process systems
must be taken in account. This chapter intends to provide a practical guideline
for utilizing the C2000 series DSPs in power electronics applications. The
implementation of DSP-controlled power electronics for Sliding Mode
Control is briefly mentioned in this chapter.

12.2 Overview of DSP

DSPs are the processors that can promptly process digital signals converted
from analog signals. Based on an enhanced Harvard architecture and
combined multiple types of digital arithmetic and signal process hardware,
DSPs are extremely faster than traditional microprocessor units (MPUs) in



terms of speed of computation. Currently, DSPs are the fundamental elements
contributing to areas of communication, computation, automatic control,
commercial electric product, and so on.

12.2.1 Development of DSP

The development of DSP can be generally categorized into three stages:
invention of DSP concepts in the 1970s, popularization in the 1980s, and
prompt improvement in the 1990s. Before DSPs were invented, the
processing of digital signals had been only relying on the traditional
microprocessor unit (MPU), but the low-processing speed of MPUs could not
meet the requirement of high-speed real-time control. Until the 1970s, the
early stage of fundamental DSP theories and algorithms had been developed.
At that time, DSP technologies were premature because the concepts of DSPs
were only introduced in textbooks. Even though some DSP systems were
created at that time, those DSP systems consisting of separated parts were
used only for military and aerospace purposes.

As the technologies of large-scale integrated circuits were heavily
developed, the first DSP in the world was created in 1982. Such DSPs were
manufactured using N-channel MOSFET transistor (NMOS) technologies.
Although the power consumption of the first-generation DSPs was relatively
high, the processing speed of the DSPs in 1982 was 10 times faster than that
of the traditional microprocessor unit. Therefore, the first-generation DSPs
were widely used for voice synthesizers, coders, and decoders in sound
applications requiring a high speed of processing speed of the programs.

In the 1990s, as DSP technology improved, the fourth and fifth generation
DSPs were popularized in commercial markets. The DSPs that are widely
being used today can be categorized as fifth generation DSPs. For the fifth
generation DSP product, the DSP core and peripheral parts are heavily
integrated on a single chip.

12.2.2 Characteristics of DSP

Although DSPs are utilized in various areas for different objectives, most of
the DSP’s inner architectures are very similar. A DSP normally consists of
one processor core, instruction buffers, data memory, ROM, I/O
(input/output) interfaces, program address bus, program data bus, address bus,
data bus, etc. The processor cores have the following characteristics:

e The architecture of DSPs is an enhanced Harvard architecture [2]. In
the architecture, there are two buses, data bus and program bus. The
data section and program section are separated. Both of them have



their respective address bus and data bus so that the operation of
obtaining instructions and operation of reading data can be handled
simultaneously.

e Execution of each instruction is divided into several consecutive
parts: reading instruction, decoding, reading data, execution, etc. The
whole flow operations are concurrently handled by multiple function
units.

* In each instruction period, a DSP handles one or multiple multiply-
accumulate (MAC) operations.

* In a DSP, there are multiple address generating units supporting
circular addressing and bit-reversed instructions so that in processing
of FFT or convolution, the speed of addressing, sorting, and
computing are considerably increased. For example, the typical
computation time of 1024-bit FFT is less than 1 us.

* A DSP consists of one or more independent DMA control logics. As a
result, the bandwidth of data input/output can be improved.

* DSPs support iterative computations for avoiding consuming
unnecessary time caused by circular operations.

* DSPs provide multiple serial/parallel 1/O interfaces for achieving
specified data process and control.

12.2.3 Selection of DSPs

DSPs can be used to implement various systems for the functioning of various
areas, while they face their limitations in terms of clocking frequency,
capabilities of noise-isolation, power consumption, etc. Hence, before
practically constructing a designed system, the physical characteristics of the
system, the cost, and the development period must be taken into account. The
general considerations for selecting a desired DSP are as follows:

* Objectives: Every DSP i1s specialized in high performance in one or
several specified areas, so the selection of a DSP can be determined
by the objectives of the system to be designed. As examples of DSPs
manufactured by Texas Instruments, C2000 series DSPs provide
multiple peripheral parts required by control systems. Hence, the
C2000 series can be used for control systems and power electronics
systems. The C5000 series have advantages regarding high
computation speed, low power consumption, and low cost. In
consequence, C5000s are normally used for mobile devices and



consumer electronics. Compared to the C2000 and C5000 series, the
C6000 series have an extreme fast computation speed and high data
precision, thus C6000s are suitable for contributing areas of
communication and image processing. In other word, based on the
objective of the system to be designed, designers may choose
appropriate DSPs for their applications.

Algorithm format: The digital signal process involves multiple
algorithms. Various systems and algorithms require different
algorithm format and real-time processing accuracy. Float-point
arithmetic is a kind of complex arithmetic and adopts float-point data
for establishing wide ranges of dynamic data. In fact, DSPs with
float-point arithmetic systems do not involve concerns of handling
dynamic range and dynamic precision. Such DSPs are more suitable
for implementing a high-level programming language. Compared to
fixed-point DSPs, float-point DSPs are very user-friendly in terms of
high-performance software programming, although the cost and
power consuming of float-point DSPs are higher than those of fixed-
point DSPs.

System accuracy: The demand for system accuracy directly
determines the algorithm format to be adopted as well as the data
width. Now, developers can use low data width processors to achieve
high-data width operations, for example, users can use 16-bit DSP
processor for executing 64-bit data exchanges that may need a lot of
efforts in case of using an MCU.

Processing speed: Processing speed should be considered as the first
priority of DSPs. The processing speed is determined by the
instruction period, and reflects the operation period of various core
functions such as finite impulse response and infinite impulse
response. Some DSPs contain very long instruction word (VLIW)
architecture so that they can implement multiple instructions in a
single instruction period. Since the processing speed is closely related
to the system clock, the higher system clock normally can accelerate
processing speed.

Power consumption: DSPs are widely used in mobile devices such as
cell phones and personal assistants (PDAs). Power consumption is
always a significant concern for designers.

Multiprocessor support: In certain applications, interconnected



multiple processors are required for large volume data exchanging.
Compatibility of DSPs will become an important concern in terms of
system internal communication and time delays.

12.3 Texas Instruments DSPs

Texas Instruments manufactured the first-generation DSP products that can
make a modem implement 5,000,000 instructions in 1 s, which was the great
breakthrough for real-time signal processing. From TMS32010 to
TMS320C2000/5000/6000 products, the latest TI DSPs have advantaged
architectures and faster speed compared to old generation DSPs. The
environment of the development of DSPs has become very comprehensive.
For helping designers quickly construct their desired DSP systems, Texas
Instruments provides multiple development tools including coding,
debugging, and code optimization adjustment. Texas Instruments

development tool, Code Composer Studio IDE is provided for accelerating the
progressing of DSP development. Figure 12.1 presents the development tools

and software environment of C2000 DSP using Code Composer Studio
(CCS).

PC Development package
Code composer studio Software framework
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FIGURE 12.1
C2000 DSP development tools and software.

DSP development generally involves four steps: Apps design, code editing
and compiling, testing, and debugging and analysis.

* Apps design: In this stage, the designer needs to consider the structure



of the program (application level). Also, the designer should decide
how many ADC channels, interrupts, timers, GPIOs, and PWM
generators should be used for the implementation as well as the
proper flow chart of the control algorithm.

* Code editing and compiling: At this stage, the designer should select
proper software framework and code editor.

» Testing and debugging: At this stage, the designer may make a lot of
effort to test the functionalities of the code in terms of grammar errors
and logic errors. Multiple common problems may be seen in this
stage, for example, undeclared variables and functions, using local
variables as external variables, inappropriate value assignment, etc.

* Debugging and analysis: In addition, different code and data structure
can lead to various results, therefore the designer should consider the
operating time for each subroutine, especially in cases of
communication and high-frequency signal control.

12.3.1 Introduction to CCS

The official programing environment for C2000 series TI DSP is the CCS. In
this chapter, the introduction of the CCS v3.3 is described. If the DSP
application engineer is already familiar with programing environments (based
on PC operation systems) such as Microsoft Visual Studio or Borland C++,
the designer will find that the CCS programming environment is similar to
other integrated development environment (IDE). The difference between the
DSP development and general PC-based apps development is that the PC-
based apps developments do not require that the users link the programming
environments to the hardware systems because most PC-based apps only
operate in the OS level such as Microsoft Windows. In the C2000 DSP real-
time development programming environment, users need to use CCS to
generate instructions and executive files in PC operation systems and then
users should download the executive files to DSP real-time hardware for
debugging purposes. For some simple projects, users may not necessarily
download the executive files to the DSP simulator, which means that users
can also run simple projects with simulators in the OS level. For each stages
of the DSP development, the tools and their functions are summarized in
Table 12.1.

12.3.2 First Step of CCS

After the user installs the CCS v3.3 in the Windows environment, two icons



will be automatically created on the desktop. They are “Setup CCStudio v3.3”
and “CCStudio v3.3,” respectively. These icons are shown in Figure 12.2.
Setup CCStudio v3.3 app is used to configure the target DSP and hardware
settings. CCStudio v3.3 is used to startup the CCS IDE development
environment for coding and debugging purposes. To build a reliable
connection between the programming environment and the target hardware
throughout emulators, the corresponding hardware drivers must be installed in
PC operation systems, for example, if users want to program using the TI
F28335 DSP, the Flash driver and header files of F28335 must be installed in
the Windows OS before the user begins to program into the F28335 DSP.
Note that different driver files support various software/hardware systems.
For detail, please refer to Texas Instruments official website:
http://www.ti.com/tool/ccstudio-msp?keyMatch=ccs&tisearch=Search-EN-
Everything.

TABLE 12.1

Development Tools and Related Functionalities

Application Design Code and Build Debug Analyze and Tune
Select target Code generating tools Debugger Real-time analysis
DSP/BIOS setting Project management Simulation Description

Arithmetic standard ~ Editor Processor Visual data

Power management = Power supply management Data exchange RTDX Code manipulation

High priority task trigger High-speed buffer analysis

Script edito

Connect/disconnec

-

CCS5tudio Setup

CCStud...

&
u' B

FIGURE 12.2
Icons of CCStudio v3.3 and Setup CCStudio v3.3.

12.3.3 Configuration of the Target System

This section will mainly introduce the configuration of the single processor


http://www.ti.com/tool/ccstudio-msp?keyMatch=ccs&tisearch=Search-EN-Everything

and IDE. CCS setup app allows users to configure the software settings
referring to their DSP boards. Before executing the CCS IDE, the system and
emulator must identify the exact type of DSP board, and related information
such as emulator and JTAG cables. The steps to configure the target system
are as follows:

1. Click the icon of CCS setup app, the main window will be similar to
Figure 12.3.

2. Before configuring the settings, designers can click File shown on

the top menu, and select the option, Remove all, for clearing the
previous settings (see Figure 12.4).

3. Search the column, Available Factory Boards, for finding the target
board and emulator to be used in the implementation. For
conveniently finding the target board, the user can use the filters on
the right top menu. The approach is shown in Figure 12.5.

4. Select system hardware from the system configuration, and right
click for checking the attributions (for details see Figure 12.6).

5. After checking the board configurations and properties, click the
button, Save & Quit. This will lead the CCStudio Setup to be closed,
and will automatically start the CCS IDE v3.3 (see Figures 12.7 and
12.8).
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FIGURE 12.3
The main window of the CCStudio Setup v3.3.
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Use filters to find the target board.
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Board configurations and properties.

6. If the screen shown in Figure 12.8 appears on the PC screen after the
CCStudio Setup v3.3 is automatically terminated, then the designer
should be on the right track. The DSP board used for demonstration
in this chapter is TI F28335, and the emulator is XDS100 USB. If the
previous steps are properly followed, the main screen of the



CCStudio IDE v3.3 should be similar to what is shown in Figure
12.9.

7. Note that the information highlighted by the rectangular box shown
in Figure 12.9 is “DISCONNECTED (UNKNOWN).” This
information means that the PC programming environment has not
connected to the DSP hardware system. So, the user needs to click
the option, Debug, on the top menu of the CCStudio IDE v3.3. And
then select the option, Connect. This procedure is presented by
Figure 12.10. If the programing environment is successfully
connected to the DSP board, a result similar to Figure 12.11 can be

seen.
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FIGURE 12.7
Click the Save & Quit button to automatically startup the CCStudio v3.3.
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FIGURE 12.8
The startup screen of the CCStudio IDE v3.3.



8. Now, the user can download the executive files to the target DSP
board and run the program. The names of executive files for TT DSP
are normally with extension name, “.out.” Assuming that the user
already has a complied executive file and wants to implement the
program throughout the DSP board, the first step is to download the
executive file to the DSP, which is exhibited in Figures 12.12 and

12.13. The user can click the option, File, on the top menu and select
the suboption, Load Program. To run the program, the user can click

the blue button highlighted by the rectangular box shown in Figure
12.14.
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FIGURE 12.9
The initial main window of CCStudio IDE v3.3.
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FIGURE 12.10
Connect to the DSP board.
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Demonstration for successful connection between CCStudio v3.3 to board.

In this section, the steps for configuring the programing environment and
downloading the executive file to DSP boards are introduced. The following
buttons that are generally used for coding and debugging are explained with

simple statements:

#4  Only compile the files that were changed

#  Rebuild all files

&M  Set breakpoints
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Select the executive files.
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For viewing the data stored in data registers and control registers during the
process of executing the program, the user can easily observe those register
values by clicking the options listed in the top menu. The details are

demonstrated in Figure 12.15.
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Run the program.
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Menu for viewing data registers and control registers.

In CCStudio IDE v3.3, the designer will be familiar with the following
types of files:

*pit CCS project file

*c C program source file
*.a* or *.g%* assembly language file
*h C program header file
* lib library file



*.cmd link command file

*.0bj compiled file

*.out executive file for DSP boards

* wks programming environment setting file

*.cdb CCS database file supporting DSP/BIOS API

12.3.4 Edit Source File

CCStudio IDE v3.3 can be used for editing “*.txt” files, C/C++ code, and
assembly language code. In the CCS environment, the embedded editor
supports the following functions:

1. Distinct highlight display: Key words, annotations, strings, and
assembly language instructions are highlighted by various colors.

2. Search and replace: Users can search/replace strings in single file or
multiple files. The searching and replace dialog is shown in Figure
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The dialog for finding/replace strings.



B-2] Source -~
T [B) asdctest
&) wactest_main.c
4 12 DEPEANte_Adce
M B D522z ADC_calasen
w [#) DsP223ae CodeStartBranct
M) DEPEIGe_ CpuTimersc
n 3 DEPEE3ke Defaultisr.c
P B DsP2as3e DiAe
3] D5P2ezae_ GlobalVarabisDs
el 3] D5P28TI MemCopy.c Tanget Fle B ekl
= ] DSPOL3R Feltric [ Prograns Fies\ MATLAR 201 1b'bachon el ‘wsden = :
] j. DEP2333x_PieVectc re
3 DsP2233e Syalhrle = " Ae & Dosumeni  Browse Cument Dascument
B | |« »
— Dwfmatl Hrres lgrom
i | #Bogmarks | A
E [ File View | ABockenarks = = miTniE
[ Leadeg whisscacs | ————
[ox ] oo | L |

1 will enable XINTFxl6 during De
nable XINIF in code prior to use.
PU Registers can be found via GEL-*Watch FPU Registers.

AR cer output f
Wy = [HALTED

FIGURE 12.17

The dialog for comparing difference between files.

3. Files comparison: Users can check the differences between two files

by using the function, Difference between files, in the option, File.
The dialog is shown in Figure 12.17.

4. Grammar error automatic check: The embedded C program can
automatically check grammatical errors while the user are coding.

5. Hot key: With using the hot keys, the user can shorten the
development time.

12.3.5 TMS320X28335 C/C++ Programming

TMS320X28xx and TMS320X28xxx series DSPs are mainly used in
embedded control systems. For simplifying coding procedures and improving
the efficiency of C/C++ language implementation, Texas Instruments
provides Hardware Abstract Layer (HAL) for simplifying the procedures for
accessing peripheral registers. This HAL adopts register files structure and
bit-defined formats for easily accessing registers and specified bits of
registers. The implementation of this approach is simpler than the way of
macro defined formats. In this section, the principles for programming C2000
DSP will be introduced.

12.3.5.1 Traditional Macro Definition

In view points of traditional C/C++ programing, users normally access
hardware registers by using macros. Macro definitions are always seen in
C/C++ header files, and every definition starts with “#define.” For illustrating
the approach-macro definition, an example of programing serial



communication interface (SCI) is provided as follows. Table 12.2 [3] presents
the functionalities of registers and register addresses.

Users can use macro definitions (#define macros) for defining SCI
registers. Each macro definition provides a register address identifier or
pointer and clarifies the physical address of registers.

In the procedure of coding, each macro definition can be directly used as a
pointer pointing to the respective register address. Users can use pointers to
access the corresponding registers. The macro definitions are illustrated in

Figure 12.18. The approach to access registers through macros is shown in
Figure 12.19.

The advantages of adopting macro definitions for accessing registers
include:

* Defining macros is relatively easy and quick, which means that the
coding is easy for users.

* Variable names can be directly denoted by using register names for
programing purposes.

TABLE 12.2
SCI-A and SCI-B Register Files and Register Addresses

SCI-A Registers SCI-B Registers

Function Function
Register Address Description Register Address Description
SCICCRA 0x7050  Communication SCICCREB 7750 Communication
control register control register
SCICTL1A 0x7051  Control register]  SCICTL1B 7751 Control register]
SCIHBAUDA  Ox7052  Baud rate (M5B) SCIHBAUDE — n7752  Baud rate (MSE)
setting register setiing register
SCILBAUDA  0x7053  Baud rate (LSB) SCILBAUDBE  Ix7753  Baud rate (LSE)
setting register setiing register
SCICTL2A 0x7054  Control register2  SCICTL2E 7754 Control register
SCIRXSTA Ox7055  RXstatus SCIRXSTE 7755 RX status register
register
SCIEXMEMUA  0x7056  RX emulator SCIRXEMUB  (h7756  RX emulator
data buffer data buffer
SCIEXBUFA  Ox7057  RX databuffer — SCIRXBUFE 7757 EX data butfer
SCITXBUFA  Ox7050  TX data buffer — SCITXBUFE — Ix7750  TX data buffer
SCIFFTXA (x705A  FIFO RX register SCIFFTXB 775A FIFO RX register
SCIFFEXA %7058 FIFO TX register SCIFFRXB 7756 FIFO TX register
SCIFFCTA 0x705C  FIFO control SCIFFCTB 775C  FIFO control register
register
SCIPR1A 0x705F  Priority control ~ SCIPR1B x775F  Priority control




Source: Adapted from TMS320x2833x, 2823x Serial Peripheral Interface (SPI) Reference Guide
(SPRUEU3A).
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#define Uintlh unsigned int
#define Uint3Z2 unsigned long

#define SCICCRA (volatile Uintlf =)0x70°¢
#define SCICTL1A (volatile Uintlé =)0:
#define SCIHBAIDA (volatile Uintls =)0=
#define SCILBNIDA (volatile Uintlf =)0=
#define SCICTLZA (volatile Uintle =)0
#define SCIRKSTA (volatile Uintlbt =)0;
#define SCIREMUA (volatile Uintle =)
#define SCIRMBUFA (volatile Uintls =)0=
#define SCITHBUFA (volatile Uintls =)
#define SCIFFIXA (volatile Uintls =)0
#define SCIFFRXA (volatile Uintl6 =)0
#define SCIFFCTA (volatile Uintle =)0:
#define SCIPRLIA (volatile Uintle #)0x70

FIGURE 12.18

Macro definition table.
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The approach for using macros.

The disadvantages of tradition macro definitions are

* Inconvenient operation: In case of traditional macros operations,
users always need to read/write the whole register for
obtaining/sending bit information.

* Bit information can be totally revealed in the CCS environment.
* Incomplete implementation of CCS development environment.

* Inconvenient cooperation with peripheral devices.
12.3.5.2 Bit Definition and Register File

Compared to the traditional macros definitions, bit definition and register file
structure can improve the efficiency of programing and be easy to use.

1. Register file structure



Register file structure is the approach to define certain bit
information which will be accessed by external devices in files.
Registers are categorized into different groups in C/C++ files. This 1s
the so-called register file structure. Each register file structure can
directly map external registers to their corresponding memory
locations during compiling, and such mapping allows the compiler to
use CPU Data Page Pointer (DP) to access registers.

2. Bit definition

Bit definition 1s to allocate function bits of registers with
corresponding names and data width. Hence, users can use bit-
defined name to directly access the target bits of registers.

The operations of register file structures and bit definition are explained by
the following SCI example. The operations involved in the following
examples are

* Create new data structure for purposes of utilizing SCI registers
* Map the register file structure variable to the first register address
* Bit-define the SCI register

* Create a community for accessing certain bits of register or accessing
whole registers

* Re-edit register file structure for register to add bit definitions and
community definition

12.3.5.2.1 Define Register File Structures

As the macros definition is described above, users can access the registers of
external devices throughout register file structure. Table 12.3 [3] shows the
address-offset of the SCI registers.

TABLE 12.3

SCI-A and SCI-B Register Files

Register Bit Length Address-Offset Function
SCICCR 16 0 Control register

SCICTL1 16 1 Control registerl

SCIHBAUD 16 2 Baud-rate control register (MSBs)

SCILBAUD 16 3 Baud-rate control register (LSBs)



SCICTL2 16 4 Control register 2

SCIRXST 16 5 RX status register

SCIRXEMU 16 6 RX emulator data buffer register
SCIRXBUF 16 7 RX data buffer register
SCITXBUF 16 9 TX data buffer register
SCIFFTX 16 10 TX FIFO register

SCIFFRX 16 11 RX FIFO register

SCIFFCT 16 12 FIFO control register

SCIPR1 16 15 Priority control register

Source: Adapted from TMS320x2833x, 2823x Serial Peripheral Interface (SPI) Reference Guide

(SPRUEU3A).
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#define Uintle unsigned int
#define Uint32 unsigned long

struct
Uintl6
Uintle
Uintle
Uintl6
Uintle
Uintlb
Uintl6
Uintle
Uintle
Uintl6

SCI_REGS{

SCICCE_REG SCICCR:
SCICTL1_REG SCICTL1:
SCIHBAUD

SCILBAUD;
SCICTLZ2_REG SCICTLZ:
SCIRXST_REG SCIRXST:
SCIREXEMLI:
SCIRXBUF_REG SCIRXBUF:
revdl:

SCITHKBUF :

~~genral cammirnicatian cantrol reg
~weontrol regl
~wHavag-rate control reg. bigh-bhit
~rRavd-rate control regy. Jow-bit
rantrod regs
<Y status reg
<Y Emalator data buffer reg
Y gaata pnffer reag
“resarved space
~=TX data buffer reg

Uintle SCIFFTX_REG SCIFFIX: 73X FIF0 reg
Uintle SCIFFREX _REG SCIFFRX: ~RY FIF0 rag
Uintl6 SCIFFCT_REG SCIFFCT: ~FJIF? control rey
Uintle rsvd2; wresarved space

Uintle rsvd3; <eraserved spEce
Uintle SCIPRI_REG SCIPRI: AFIFD priervity control reg
}

FIGURE 12.20

Create new structure for register files.

Figure 12.20 presents that one can adopt C/C++ structure-define for
grouping SCI registers, the identifier of a register with a lower address is
normally allocated at the position ahead to that of a register with a higher
address. Given that some address spaces should be reversed for the CPU so
that one can use specified variable names for defining those spaces such as
rsvdl, rsvd2, rsvd3, etc. The bit-widths occupied by registers can be defined



by different data type, for example, Uint16 (16-bit) and Uint32 (32-bit).

In Figure 12.20, a new structure, SCI_REGS is created without defining
variables. In the following example shown in Figure 12.21, the approach to
define structure variable is provided.

-----------------------------------

-----------------------------------

volatile struct SCI_REGS SClaRegs: {reate varrable Ffar SCT-A regs
volatile struct S5CI_REGS SCIbRegs: Teate varsable f

FIGURE 12.21

Creating variables for SCI registers.

12.3.5.2.2 Memory Allocation for Register File Structure

The complier generates new data modules and code modules which can be
repositioned, and those modules are called segments. Those segments are
allocated to address spaces specified by system configurations. The detailed
method for allocating each segment is defined in the *.cmd file. In reserved
modes, the compiler will allocate global variables and local variables to the
*.ebss or *.bss segment, such as SClaRegs and SCIbRegs. If the HAL is
adopted, register file variables will be allocated to spaces named with
extension names (.ebss or .bss) throughout the statements, for example, “#
pragma DATA_SECTION.” In C program, the coding method for realizing
the above syntax (# pragma DATA_SECTION) is that:

# pragma DATA_SECTION(symbol, “section name”);
In C++ program, the according coding is that:
# pragma DATA_SECTION(“section name”);

Figure 12.22 provides an example where users can use syntax “# pragma
DATA_SECTION” to allocate variables SCIaRegs and SCIbRegs to data
segments respectively named by “SciaRegsFile” and “ScibRegsFile.” Then
users can directly map those two data segments into the memory spaces
occupied by SCI registers.

Throughout the methodologies shown in Figure 12.22, link command files
will map data files to corresponding memory spaces. Table 12.2 [3] shows
that the start address of SCI-A registers is 0x7050. With the allocated data
segment, the variable, “SClaRegs” will be linked to memory space, the
starting address of which is 0x7050. The according link command file is



given by Figure 12.23.

Users can simply change the structure names for mapping the register file
structure to external register addresses, and directly use those variables to
access registers in the C/C++ environment. For example, to write data to
SCICCR just adopt the following steps:

SciaRegs.SCICCR = SCICCRA_MASK;
SciaRegs.SCICCR = SCICCRB_MASK;

12.3.5.2.3 Bit Definition

When users attempt to access certain bits of a register of an external device,
the approach of bit definition provides a direct way to read/write bit
information, which means that users do not necessarily read/write the whole
register. In the case of macro definition, if users want to check/change certain
bits of a register, the users will have to read/write the whole register. To
define bit-space in C/C++ structures, users can type the name of the defined
bit spaces and add a colon “:” at the end of the name. Then, users can give a
number behind the colon “:” for denoting how much bit spaces should be

occupied by the defined bit-space.

A A I A I I I

* noe & pragwma allocstes varzafde to gets segement

#(Y and ¥+ program adopts dIfferent tpes WItsd respect to
L P e i

®Turiagy compling & (%4 file, camplier will auwltamsticalll
define cpluspdus

o T R R TR R R R R R R

#ifdef  cplusplus

#pragma DATA SECTIONM( "SciaRegsFile')

¥alsa

#pragma DATA_SECTION(SCIaRegs,"SciaRegsFile"):
Hendif

volatile struct 3CI_REGSE SCIaRegs:

#ifdef __cplusplus

#pragma DATA SECTION("ScibRegsFile")

#else

#pragma DATA SECTIOM(SCIbRegs."ScibRegsFile"):
#Hendif

vaolatile struct SCI_REGE SCIhReys:

FIGURE 12.22

Allocate variables to their according data segments.
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Memory space mapping.
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Uintlé revdl:5; A EE reserved

}

FIGURE 12.24

Bit definition.

The operations can be illustrated by Figure 12.24.
12.3.5.3 Community

Bit definition allows user to directly program function bits, while users have
to operate whole register for some reasons. Therefore, bits of a register can be
treated as a whole value and be further operated throughout the approach
named “community.” The illustration is provided by Figure 12.25.
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union SCICCE_REGY

Uintle all;
struct SCICCR_BITS bit:

union SCICTL1_REG{

Uintile all:
struct SCICTL_BITS bit:

FIGURE 12.25

Union definition.

As long as the union is defined in C/C++, SCI register file structure and bit
definition can be both used for coding. The following syntax can provide
ideas about union operations:

SCICCR_REG.all = # Value;

This can be used for rewriting value of the whole register.
Variable Name = SCICCR_REG.all;

This can be used for obtaining value of the whole register.
SCICCR_REG.bit.STOPBITS = # Value;

This can be used for rewrite the stop-bit length of SCICCR where users can
directly access the function bit using such syntax.

Variable Name = SCICCR_REG.bit.STOPBITS;

This can be used for obtaining value of the stop-bit length of SCICCR
where users can directly access the function bit using such syntax.

Note that, for other register read/write operations, some function bits are
only served as read-only, or write-only so that the practical utilization of
union should be referred to specifications.

In this section, the fundamental operations for register read/write and
coding in CCStudio v3.3 environment have been introduced. Programing DSP
1s a procedure to design a proper logic flow for fulfilling the users’ objectives.
The basic operations for DSP control is to read/write data registers and
control registers to realize functionalities of each module embedded into the
DSP board. Table 12.4 provides multiple technical documents supporting TI
F28335 DSP development. Readers can fetch enough information from those



documents, for programming ADCs, ePWMs, eCAPs, interrupt, etc. In the
rest of sections of this chapter, the approaches for using ADCs, ePWMs, and
Interrupt will be mainly explained.

12.4 Interrupt and Related Operations

For achieving periodical control and case-dependent control, there are two
traditional approaches, polling and interruption. In the case of realtime
control, the polling approach may consume plenty of time resources for
checking the status flags of target events and result in inefficient program
structures. Therefore, interrupts are widely used for real-time control projects.

C28x DSP core have 16 interrupt buses consisting of two nonmaskable
interrupt (RESET and NMI) and other 14 maskable interrupts. Maskable
interrupts can be configured throughout interrupt controller for
enabling/disenabling. The overview of interrupt buses is shown in Figure

12.26.
TABLE 124

Technical Support Documents

Document Title

Literature No.

C2000 Guide to Reference Manuals SPRU566L
Serial Peripheral Interface (SPI) SPRUEU3A
System Control and Interrupts SPRUFBOD
Enhanced Quadrature Encoder SPRUGO05As
Serial Communication Interface (SCI) SPRUFZ5A
Multi-Channel Buffered Serial Port (McBSP) SPRUFB7B
Enhanced Controller Area Network (CAN) SPRUEU1
TMS320C28x Floating Point Unit and Instruction Set Reference Guide SPRUEO2Bs
TMS320C28x DSP CPU and Instruction Set Reference Guide SPRU430F
Direct Memory Access Controller (DMA) SPRUFB8D
Enhanced Pulse-Width Modulator (PWM) SPRUGO04A
High Resolution Pulse-Width Modulator (HRPWM) SPRUGO02B
Analog-to-Digital Converter SPRUSI2A



Inter-Integrated Circuit (I12¢) SPRUGO03B

Enhanced Capture SPRUFG4A
External Interface (XINTF) SPRU9%49D
Boot ROM SPRU963A
DSP Peripherals Reference SPRU566L
C28x Assembly Language Tools SPRUS13H
C28x C/C++ Compiler SPRUS514H

TMS320C28x DSP/BIOS 5.x Application Programming Interface (API) Reference Guide SPRU625L

TINT?2 C2000 DSP
TINT1 N
RS
TINTO NMI
[ e e | INT1
1 ADC, PWM, PIE INT2
_I_ E]}L S_CL“'_I (peripheral interrupt extension ) INT3
XINT1 -
XINT2 INT13
PDPINTx - INT14
S
XNMI_XINT13
FIGURE 12.26

Overview of interrupt source and links.

C2000 series DSPs have timerl and timer2 reserved for real-time system
control, and according interrupts are allocated to INT14 and INTI3. Two
nonmaskable interrupts RESET and NMI possess their specified interrupts.
Other 12 maskable interrupts are directly linked to the peripheral INT module
for supporting external interruption and CPU inner peripheral units.

12.4.1 Peripheral Interrupt Extension

C2000 series processors integrate multiple peripherals. Each peripheral device
generates one or multiple interruptions. Given that CPU does not have
capabilities to handle all CPU level interruptions so that C2000 series CPU
contains a peripheral interrupt extension (PIE) for arbitrating peripheral
interruptions. Interrupt arbitration can know the positions of interrupt service
routines (ISRs) referring to the addresses of ISRs where the ISR addresses are
stored in the PIE vector table. The structure of PIE is shown in Figure 12.27

[4].



All interrupts are connected to according interrupt buses throughout PIE
units. The detailed interrupt connections are illustrated in Table 12.5 [4].

12.4.2 Peripheral Interrupts

When the peripheral device generates interrupt, the corresponding of the
interrupt flag (IF) will be set to 1. If the according bit of interrupt enable (IE)
is also set to enable, then the generated interrupt will interrupt request to PIE
controller. If the peripheral interrupt is disenabled, the value of the IF will not
be changed unless software clears the flag. If the interrupt is enabled, and if
the IF has not been cleared, the generated interrupt will keep sending requests
to PIE. Note that IFs of peripheral registers must be clear throughout the
software.

IFR{12:1) IER{12:1} INTM
# INTI _ = R
INTZ - i d_::"'. :‘
L] - - - - 1
— . - - - . =" CPU
» . » . . 0
INTIL - . : _
Nz s z rs b Global
3 Flag} = =i - anable
N (E IaE. (Enable

o e a - g 1x1
P e & o a— L2
il & o= . o O - H._}}i. - From

12 R o - g - I;ﬂ."':_ peripherals or
i - o - r:_. - ]:L’ external

f ;{ f = e 7 interrupts

|Pmuq a o5 S o < INTxS

. - {Enabie) (Flag)
(Enable/Flag) PIEIERx(8:1) PIEIFEx{&:1)

FIGURE 12.27

The structure of PIE. (Adapted from TMS320x2833x, 2823x System Control
and Interrupts [SPRUFBOD].)

TABLE 12.5

Interrupt Connections
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Source: Adapted from TMS320x2833x, 2823x System Control and Interrupts (SPRUFBOD).

12.4.3 PIE Interruptions

The PIE module sends interrupt requests to the CPU throughout multiplexes 8
external interrupt pins. Those interruptions can be divided into 12 groups.
Each group sends interrupt requests to CPU throughout one interrupt signal.
For example, PIE 1st group multiplexes INT1, PIE 12th group multiplexes
INT12. For the nonmultiplexed interrupts, the PIE passes the request directly
to the CPU.

In each group of the PIE, there are IF bit (PIEIFRx.y) and interrupt enable
bit (PIEIERX.y). Besides, each group has one acknowledge bit (PIEACK).



Figure 12.28 [4] illustrates the flow operations with different PIEIFR settings
and PIEIER settings.

{  Start 4 Stage E
IFRx bit set 1
¥
Wait for any Stage A No
PIEIFRx.y =1 PIEIFRxy = 1 Stage F
7 IERx bit = 1
1
Wait for Stage B MNa
PIEIERxy =1 (["]E[Ellx.y =1
7
Stage H
Wait for ][—%PU Tr_':'i _I:JRF'.III.H
S to clear JERx =0, 1ERx =0
e INTM =1, EALLOW =0
PIEACKxbit=0 context save performed
Stage |
Vector fetched from the PIE(A)
Hardware sets PIEIERxy is cleared
PIEACKx =1 CPU branches to 1SR
¥ i Stage | 4
P - nterrupt service routine responds
s Ir'wr!:tj:frl:?quc:l write 1 to PIEACKx bt to clear
3 o o T to enable other interrupts in
et e R PIEIFRx group
on INTx Re-enable interrupts, INTM = 0
return
( End )
PIE interrupt control CPU interrupt control

Typical  PIE/CPU  interrupt response—INTx.y. (Adapted from
TMS320x2833x, 2823x System Control and Interrupts [SPRUFBO0OD].)

As long as the PIE controller generates interruptions, corresponding
acknowledge bits (PIEIFRx.y) will be set to 1. And if corresponding interrupt
enable bits are set to 1, the PIE will check corresponding acknowledge bits for
checking that the CPU will prepare to respond to interrupts or not. If the
PIEACKXx bits are cleared (0), the PIE will send interrupts to the CPU; if
PIEACKX is set to 1, the PIE will keep waiting and send requests to the CPU
after the PIEACKX is cleared (0).

12.4.4 CPU Interruptions

As long as the CPU receives the interrupt requests, the CPU level interrupt
flag bits of interrupt flag register (IFR) will be set to 1. The information of IF
bits will be updated into flag registers. The interrupt request can be responded
to if only the corresponding enable bits of interrupt enable register (IER),



debug interrupt enable register (DBGIER), and interrupt mask registers
(INTM) are enabled.

12.4.5 Interrupt Vectors

The PIE supports 96 interrupts, each interrupt has specified interrupt vectors
stored in the RAM. Those vectors are used to build the interrupt vector table
shown in Figure 12.29 [4]. Users can adjust the interrupt vector table as
required. The CPU can automatically fetch interrupt vectors from the interrupt
vector table, where the CPU will spend nine CPU clock periods on fetching
interrupt vectors and saving registers. The polarity of interruptions can be
controlled through software/hardware. Every interruption can be enabled and
be disenabled in the PIE module.

Ten T
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27 el
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FIGURE 12.29

PIE MUXed peripheral interrupt vector map. (Adapted from TMS320x2833x,
2823x System Control and Interrupts [SPRUFBO0D].)

For accelerating the responding speed of the CPU, the reader can obtain
more information from the technical document, SPRUFBOD. To clarify the

procedure of interrupt settings and help readers to quickly develop DSPs, two
examples are provided.

The ADC channels, ADC sampling rate, and ISRs can be configured in
CCStudio IDE v3.3 through configuring the respective ADC registers, IER,
and IFR. In the following example, ADC interrupt configuration is stressed.
Several function registers are involved in the interrupt settings.

12.4.5.1 IER: CPU Register



The IER is a 16-bit CPU register. The IER contains enable bits for all the
maskable CPU interrupt levels (INT1-INT14, RTOSINT, and DLOGINT).
Neither NMI nor XRS is included in the IER; thus, IER has no effect on those
interrupts. As presented in Figure 12.26, INTI-INT14 is an available
interrupt source for designers. Setting bits of IER can enable/disenable the
corresponding interrupts: setting bit O of the IER to 1 can enable interrupt 1
(INT1); setting bit 1 of the IER to 0 can disenable interrupt 2 (INT2). Figure
12.30 [4] shows the structure of IER.

12.4.5.2 CPU Interrupt Flag Register

The CPU IFR is a 16-bit CPU register and is used to identify and clear
pending interrupts. The IFR contains flag bits for all the maskable interrupts
at the CPU level. If a maskable interrupt is requested, the flag bit in the
corresponding bit of IFR will be set to 1. This indicates that the interrupt is
pending or waiting for acknowledgement. The structure of the IFR is
presented in Figure 12.31 [4].

15 14 13 12 11 10 g g
[RTOSINT [DLOGINT[ INTi4 [ INT13 | INTi1Zz [ INTI1 [ INTio | INT® |
RW-0 R0 RMW-0 R0 RMY-0 R0 R0 R0
& & ) 4 3 p 1 0
[ INTR [ INT7 | INTe [ INTS [ INT4 [ INT3 | INT2Z [ INT1I |
R-0 RW-0 R-0 RW-0 RMY-0 RW-0 R0 RIW-0
Legend: R = Read/Write; R = Read only; -n = value after reset
FIGURE 12.30

Interrupt enable register (IER)—CPU register. (Adapted from
TMS320x2833x, 2823x System Control and Interrupts (SPRUFBO0D).)

15 14 13 12 11 10 9 B
[ RTOSINT [DLOGINT] INT14 | INT13 [ INTIZ | INT11 | INTio | INT9 |
R0 R0 -0 R0 RM-0 R-0 RW-0 RA-0
i b 5 3 3 2 1 (i}
[ INTe [ INT? | INT6 | INTS | INTs | INT3 | INT2 | INT1 |
-0 R0 Ri-0 R0 R0 -0 R0 R0
Legend: B/'W = Read/Write; R = Read only; -n = value after reset
FIGURE 12.31

Interrupt flag register (IFR)—CPU register. (Adapted from TMS320x2833x,
2823x System Control and Interrupts [SPRUFB0OD].)

12.4.5.3 PIE Vector Table

Accessing the interrupt throughout the PIE vector table is relatively easy in
cases of developing C2000 series DSP. To link the ISRs to corresponding
interrupt IDs, users only need to assign the start address of the ISRs to the
interrupt vectors. As an example, such assignment can be written as follows:

PieVectTable.ADCINT = &adc_isr;



The above syntax is to link the ADC interrupt callback function to the ADC
interrupt vector. As long as the ADC interrupt is enabled, at the end of each
ADC conversion, an interruption will be generated. And the ADC interrupt
callback function will be called until the CPU is idle.

PieCtrlRegs.PIEIER1.bit.INTx6 = 1;

The function of the syntax (“PieCtrlRegs.PIEIER1.bit.INTx6 = 17) is to
enable the PIE groupl register. For helping reader to understand the syntax
and related value assignment, Figure 12.32 [4] is provided.

Another significant control register is involved for implementing ADC
interrupt control is the ADC control register2 (ADCTRL2). The following
syntax is generally used for ADC initialization.

AdcRegs.ADCTRL2.bit.INT_ENA_SEQ1 = 1;

The bit, ADCTRL2.bit.INT_ENA_SEQI can be set to 1 for enabling the
SEQ interrupt. On the contrary, this bit can be set to O for disenabling the
SEQ interrupt, where the SEQ is the abbreviation of “sequencer.” The ADC
sequencer consists of two independent 8-state sequencers (SEQ1 and SEQ?2)
that can also be cascaded together to form one 16-state sequencer (SEQ). For
gathering more details, readers can refer to the technical document,
SPRUS812A. An example related to use ADC interrupt is provided as follows:

PIE group 1 vectors—MUXed into CPU INT1
T

INTL1 32 Dx0000 040 2 SEQIINT {ADC) 5 1 (Highest)
INT1.2 33 D000 0042 2 SEQRINT {ADC) - 2z
INT13 34 00000 0044 2 Reserved 3
INT1.4 35 00000 046 2 XINT1 =4 E
INT15 36 00000 0048 2 XINT2 = 5
INTL& 37 Ox 0000 0D A 2 ADCINT {ADC) 5 [
INTL7 38 Ox0000 OD4C 2 TINTO {CPU-Timerd) 5 ki
INT18 30 0x0000 004E 2 WAKEINT {LPMTH 5 B {Lowest)

FIGURE 12.32

Descriptions of bits of PIEIERI. (Adapted from TMS320x2833x, 2823x
System Control and Interrupts [SPRUFBOD].)
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J/Example of ADC interrupt utilization
J /At e A A A A S et A e A S e A e
#include *DSP28x Project.h” // Device Headerfile and Examples
Include File
/{ Prototype statements for functicns found within this file.
_ interrupt void adc_isrivoid);
main(}
{
J4 Step 1. Initialize System Control:
Initsysctrl();
EALLCW;
#if tCPU_FRQ_lSDbﬁ-IZJ // Dafault - 1E0MHzZ SYSCLECUT
#define ADC MODCLE OX3 // HESPCLK =25.0MHZ
#endif
#if (CPU_FR(_100MHE)
#define ADC_MODCLE OXZ // HSPCLE=25.0MHZ
#andif
EDIS;
/f Define ADOCLK clock frequency ([ less than or equal to 25MHz )
Jf Assuming InitSysCtrl() has sst SYSCLEOUT to 150 MH=z
EALLCW;
SysCtrlRegs.HISPCP.all = ADC MODCLE;
EDIS;
Jistep 2. Clear all interrupts and initialize PIE vector table:
//Disable CPU interrupts
DINT;
fi/Initialize the PIE control registers to their default state.
Initpiectrl(];
//Disable CPU interrupts and clear all CFU interrupt flags:
IER = 0x0000;
IFR = 0x0000
J/Initialize the PIE wvector table with pointers to the shell
Interrupt
//8ervice Routines (ISR)..
InitPieVectTakle(] ;
Ji/Interrupts that are used in this example are re-mapped Lo
S/ 18R functions found within this fila.
EALLOW; // This is needed to write Lo ERLLCW protected register
PiaWectTabla. ADCINT = Ladc_isr;
EDIS; // This ies needed to disable write to EALLOW protacted

raegiaters
fi/8tep 3. Initialize all the Device Paripherals:
Initads () ; // For this example, init the aApc

//Enable ADCINT in FIE

PiaCtrlRegs.PIEIER].bit . INTXE =1;

IER |= M_INT1; // Enabla CPU Interrupt 1

EINT; // Enable 3lcbal interrupt INTM

ERTM; // Enable clcbal realtime interrupt DBRGM
J/configure ADC

AdcRegs . ADCMAXCONY.all = 0x0000; // Satup 1 conv's on 2EQL
AdcRegs. ADCCHSELSEQL .bit. CONVOO=0x0; // Setup ADCINAI as
1st SEQl conv.

AdcRegs . ADCTRLZ .bit JEPWM_S0OCAR SEQl=1;

//Enable s0CA from 2PWM Lo start SEQL
AdcRegs.ADCTRL2.bit.INT EMA SEQl1=1; ,// Enable SEQ1
interrupt (every ECQE)

S/Aassumes ePWM1 clock is already enabled in InitsSysctrl() ;
EPwmlE2gs . ETSEL.bit .S0OCAEN=1; // Enable SCC on A group
EPwmlRags .ETSEL.bit.S0CASEL=4; // Select 50C from from CPMA
oI upcount
EPwmlRegs.ETPS.bit.50CAPRD=1; // Generate pulse on 1st evant
EFwmlRegs . CMPA.half . CMPA =0x0080; /7 Set compare & valus
EPwmlEegs . TEFRD = 0XFFFF; /,/ Set pericd for ePWMl
EPwmlERegs . TECTL.bit . CTRMODE = 0; // count up and start

1

__interrupt void adc isr(void]
’ftii’iittiii’iitiriiiittiritiittirttiitttttiitttttiitittiiiiitt
Users can type code here to gather ADC comversicn results.

Note that the ADC isr can be also used for implementing
the digital controller.

A e e

//Relnitialize for next ADC sequencs

AdcRegs.2DCTRL2 .bit.RST SEQl1=1; // Reset SEQ1
AdcRege.ADCST.bit.INT_SEQ1_CLRE=1; // Clear INT SEQ1 bit
PlaCtrlRegs.PIEACK.all =PIEACK GROUPL; // Acknowledge
interrupt to PIE

raturn;

!



In the above example, the ePWM module is used to generate triggers for
starting ADC conversions. In the ePWM module, there is a counter
comparing the counting number to the set threshold value. Each time the
counting number exceeds the threshold value, the ePWM will trigger the
ADC module for starting a new round conversion. After every ADC
conversion finishes, ADC module will generate an interrupt and send an
interrupt request to the CPU. As results, the CPU will handle the ISR as long
as it is idle. And the program pointer will be automatically linked to the
starting address of the interrupt callback function which is the ISR function in
our case.

The next key element for implementing real-time control for most electrical
systems 1is the ADC. Users normally implement digital compensators
throughout DSPs. There will be various requirements for ADC sampling rate
and data precision, given objectives of practical designed systems. The
fundamental control of ADCs of C2000 series DSP will be explained in the
following section by using the examples of TI F28335 ADCs.

12.5 Analog-to-Digital Conversion

ADCs of C2000 series DSPs convert analog signals to digital signals. The
converted digital signals are generally used to generate digital control signals
for purposes of signal filtering and feedback control, especially for power
electronics applications. For describing how to use ADCs of TI DSPs, this
section mainly focusses on the TI F28335 ADC modules.

12.5.1 Features of Analog-to-Digital Conversion for TI F28335

The ADC module has 16 channels which are divided into two independent 8-
channel sequencers. The two independent sequencers can be cascaded to
perform a 16-channel module. Although there are multiple input channels and

two sequencers, there is only one converter in the ADC module [6]. Figure
12.33 [6] shows the block diagram of the ADC module.

Functions of the ADC module include:
* 12-bit ADC core with built-in dual sample-and-hold (S/H)
* Simultaneous sampling or sequential sampling modes
* Analog input: 03 V
* Fast conversion time runs at 12.5 MHz, ADC clock, or 6.25 MSPS



* Sixteen result registers storing conversion values
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FIGURE 12.33

Block diagram of the ADC module. (Adapted from TMS320x2833x Analog-
to-Digital Converter [ADC Module] Reference Guide [SPRU812A].)

The digital value of the input analog voltage is derived by
Digital value = 0, when input <0 V

Digital value

—4096 x Input analog v?’olta.ge-ADCLO

Digital value = 4096, when input >3 V

when 0V<input<3V

» Multiple trigger sources for the start-of-conversion (SOC) sequence
* S/W—software immediate start
* ePWM 1-6
* GPIO XINT2

The significant features of the ADC module are shown above. For
controlling the ADC module and gathering the ADC results, the following
registers (summarized in Table 12.6 [6]) are normally involved.

The initializing settings for ADC sampling involve several steps: set ADC
clock frequency; set maximum conversion channels; select the trigger source
for the start of the conversion; and enable/disenable the ADC interrupt. A
good example of ADC initializations is shown in Figure 12.34.

Reading ADC converted values is relatively simple, compared to ADC



initialization. The syntax for obtaining the ADC values can be written as
Global Vvariable/Local Variable = AdcRegs.ADCRESULTx > 4;

Users may prefer to use interrupts for fetching ADC values in terms of
implementing a practical digital control system. Note that users should keep
in mind that the interrupt flag bits must be set to 0 after the ISR is handled,
and then the SEQI/SEQ2 should be reset at the end of the procedure of
handling the ADCINT callback function. Three-syntax is to be written at the
end of the ISR for ADCINT, for example:

//Reinitialize for next ADC sequence
AdcRegs.ADCTRL2.bit.RST_SEQ1 = 1; // Reset SEQ1
AdcRegs.ADCST.bit.INT_SEQ1_CLR = 1; // Clear INT SEQ1 bit
PieCtrlRegs.PIEACK.all = PIEACK_GROUP1;// Acknowledge INT to PIE

In fact, Texas Instrument provides a convenient method for helping users
quickly develop DSPs based on MATLAB/Simulink. Users can build control
diagrams in the MATLAB/Simulink environment, throughout the Embedded
Coder, where the user can find the Embedded Coder toolbox (shown in Figure
12.35) in the Simulink Library Browser.

TABLE 12.6
ADC Registers and Corresponding Functions

Register Description

ADCCTRL2 ADC module control register2
The function bit/bits involve:
Bit 15—Enable ePWM SOCB for starting sequencers
Bit 14—Reset sequencer to sequencer to state CONV00

Bit 13—Start-of-conversion (SOC) trigger sources S/W, ePWM SOCA, ePWM SOCB,
external pin

Bit 11—Enable SEQI interrupt mode

Bit 8—Enable ePWM SOCA for starting SEQ1

Bit 6—Reset sequencer to sequencer to state CONVO0S
Bit 3—Enable SEQ?2 interrupt mode

Bit 0—Enable ePWM SOCB for starting SEQ2

ADCMAXCONV Maximum Conversion Channels Register
The function bit/bits involve:
Bit 3-0—Define maximum conversion for SEQ1

Bit 6-4—Define maximum conversion for SEQ2



Bit 3-0—Define maximum conversion for SEQ (cascaded mode)

ADCST ADC Status and Flag Register
The function bit/bits of this register involve:
Bit 5—SEQ?2 interrupt clear bit
Bit 4—SEQI interrupt clear bit
Bit 3—SEQ?2 busy status bit
Bit 2—SEQ1 busy status bit
Bit 1—SEQ?2 interrupt flag bit
Bit 0—SEQI1 interrupt flag bit

ADCCHSELSEQx ADC Input Channel Select Sequencing Control Registers
The function bit/bits involve:
Bit 15-12—CONVO03 (e.g., 0x0000 & ADCINAO)
Bit 11-8—CONV02
Bit 7-4—CONVO01
Bit 3-0—CONV00

ADCRESULTn  ADC Conversion Result Buffer Registers

Bit 15-0 presents a Hex number, where this number is the converted value corresponding
to the ADCINAx/ADCINBx

Source: Adapted from TMS320x2833x Analog-to-Digital Converter (ADC Module) Reference Guide
(SPRUS12A).

Users can build control diagrams for programming C2000 DSP by
following these steps:

1. First step is to create a new MATLAB/Simulink model. The second
step 1s to drag the Target Preferences to the new model, where the
component, Target Preferences can be found in the list, Embedded
Targets/Embedded Coder. Figure 12.36 shows the step 1.

#include YDESP2833z Dewice h'
#include “DSPZE33x_GlobalPrototypes. h”
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FIGURE 12.34
The subroutine for initializing ADC module.

2. Users need to click the Target Preferences shown in Figure 12.36 for
setting information of the target DSP board, where the target DSP
board is TI F28335 in our case. The proper configuration is shown in
Figure 12.37.

3. Users can find ADC module in the list, C28x3x/Texas Instruments

C2000/Processors/Embedded Targets/Embedded Coder. TI F28335
Simulink components are shown in Figure 12.38.

4. Users can paste the ADC component to the new model, and set the
ADC module in MATLAB/Simulink environment. The procedure is
shown Figure 12.39.
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FIGURE 12.35
Embedded Coder Toolbox in Simulink Library Browser.
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Step 1 for drawing a control block: new model.
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TI F28335 component list.
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Configuration for TT F28335 ADC module.
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Download the control diagram to target DSP board.

5. For simply demonstrating operations of setting ADC modules, the
author can use ADC module A in this example, where the
ADCINAO-ADCINA7 channel could be sampled throughout this
ADC Simulink block. Conversion mode is set to be sequential. The
trigger source is selected as the software trigger source. The
sampling time is set to 0.001, which means that ADC reading

frequency is set to 1000 Hz. In fact, the Sampling Time in the ADC
module is not the actual conversion frequency of the ADC module.
The sampling time indicates that the CPU will access ADC result



registers with the frequency corresponding to the sampling time.
After users finish the configurations, click “OK” as shown in Figure
12.39. Users can convert the Simulink control blocks to an embedded
code by clicking the “OK” button, incremental build highlighted by
the rectangular box shown in Figure 12.40. On the condition that the
control block is successfully converted to the embedded code, users
can observe the embedded code in the CCStudio IDE v3.3. The
converted embedded code is shown in Figure 12.41.

The highlighted project files are generated by MATLAB/Simulink. If the
control diagram is designed properly, TI F28335 will fulfill desired functions.
In this example, ADCINAO, ADCINAI1, and ADCINAZ2 result registers will
be accessed 1000 times per second. The monitoring window of ADC result
registers is presented in Figure 12.42.

12.6 ePWM Generator

TI F28335 ePWM generators can generate high-resolution PWM signals
varying from 10 kHz to 1 MHz. Users can set multiple parameters, for
example, switching frequency, duty-ratio, trigger-event,
synchronous/asynchronous, phase shift, etc. In this section, fundamental
ePWM registers and their functionalities will be briefly introduced.
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FIGURE 1241
Embedded code converted by MATLAB/Simulink.
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FIGURE 12.42
ADCRESULT registers: ADCINAO, ADCINAI, and ADCINAZ2.

12.6.1 Event-Trigger Selection Register

The main function of this register is to set the trigger mode/option for ADC
start of conversion and interrupt of ePWM. The structure of the register is
shown in Figure 12.43 [5].

15 14 12 11 10

3 8

[ SOCBEN | SOCESE] | SOCAEN ] SOCASEL |

RW-D RW-D EW-0 AT

7 I 3 2 0

[ Reserved [ INTEN | TNTSEL |

B0 RW-0 R
Legand: RNV = Read "Write; B = Read only; -n = value after reset
FIGURE 12.43

Event-trigger selection register. (Adapted from TMS320x 2833x, 2823x
Enhanced Pulse Width Modulator [ePWM] Module [SPRUG04A].)

Writing 1 to  SOCBEN/SOCAEN  bit can enable the
EPWMxSOCB/EPWMxSOCA so that the ADC Start of Conversion can be
triggered by the EPWMx pulses, where the EPWM modules can generate
such pulses referring to the selected EPWMxSOCA/EPWMxSOCB Options.
Writing 1 to INTEN can enable the ePWM to interrupt.

12.6.2 Counter-Compare A Register

The value in the active CMPA register is continuously compared to the time-
base counter (TBCTR). When the values are equal, the counter-compare
module generates a “time-base counter equal to counter compare A” event.
This event is sent to the action-qualifier for generating one or more actions as
follows:

* Do nothing; the event is ignored

* Clear: Pull the EPWMxA/EPWMXxB signal low
* Set: Pull the EPWMxA/EPWMXxB signal high
* Toggle the EPWMxA/EPWMXxB signal

In other words, changing the value storing in the CMPA can change the
duty-ratio of the EWPM signals. The structure of the CMPA register is shown
in Figure 12.44 [5].

12.6.3 Time-Base Period Register
The value of this register determines the period of the TBCTR. Varying the



value of this register will change the frequency of the EPWM signals. The
structure of the TBPRD is shown in Figure 12.45 [5].

15 0
[ CMPA
R0
Legend: B'W = Read Write; R = Read only; -n = value after reset

FIGURE 12.44

Counter-compare a register. (Adapted from TMS320F2833x, 2823x Digital
Signal Controllers (DSCs) (SPRS439M).)
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FIGURE 12.45

Time-base period register. (Adapted from TMS320x 2833x, 2823x Enhanced
Pulse Width Modulator [ePWM] Module [SPRUGO04A].)
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FIGURE 12.46
Configuration dialog of the ePWM module.

Users can also configure ePWM module in the MATLAB/Simulink
environment. The values of the above registers can be in decimal-format, or in

Hex-format. The module can be found in the list, C28x3x/Texas

InstrumentsC2000/Processors/Embedded Targets/Embedded Coder. The
configuration of the Simulink ePWM module is shown in Figure 12.46.

12.7 Utilizing DSP for Power Electronic Applications

C2000 series DSPs are widely used for power electronics applications
because C2000 series DSPs have versatile advantages in terms of the wide-
band sampling frequency, high-resolution PWM generators, configurable
GPIO (general-purpose input/output) pins, low cost, and simplified
programing environment. In this chapter, for an example, a DSP-controlled
boost converter is provided for explaining how to use DSP control in a power
electronics system, and what kinds of practical concerns related to DSP
implementation should be taken into account.

12.7.1 Control of a Boost Converter

The nonisolated boost converter consists of the input power source, input
inductor, switching device, current-direction regulating diode, output filtering
capacitor, and output load. Depending on the type of the output load, the
voltage and current regulation of the boost converter could be changed. In the
case of the resistive output load, the controller for the boost circuit can be a
two-cascaded controller (the outer-loop voltage controller and inner-loop
current controller) or a direct voltage controller. The outer-loop voltage
controller will be used for generating a current reference signal referring to
the feedback signal which is the error between the voltage reference and the
feedback voltage signal. And the inner-loop current controller will generate a
PWM signal according to the error signal that is the difference between the
reference current signal and feedback signal. The topology of the cascaded
voltage—current control for a boost converter is shown in Figure 12.47. In the
case of the direct voltage control for a boost converter system, the direct
voltage controller can generate a duty-ratio signal for perturbing the pulse-
width of the PWM signal sent to the switching device in the boost converter
referring to the error signal. The direct voltage control for a boost converter is
given by Figure 12.48.
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FIGURE 12.48

Direct voltage control for a boost converter.

The outer-loop controller shown in Figure 12.47 generally operates at a
relatively lower frequency, compared to that of the inner-loop controller. This
1s because each control period of the outer-loop voltage controller will hold a
certain amount of value for the current reference. If the outer-loop voltage
controller can hold the current reference value with enough time periods, the
inner current controller will have enough time for regulating current dynamics
to trace the current reference. Hence, the operating frequency of the outer-
loop voltage controller will be one or several decades below that of the inner-
loop controller. Two PI controllers present the voltage controller and current
controller. In practice, the voltage controller and current controller may have
different structures with various poles and zeros in terms of providing desired
gain margin and phase margin.

In the case shown in Figure 12.48, the designer can implement one signal
controller in the DSP, if the operating point of the system can be limited
within a certain range, which means that the transfer function related to output
voltage and duty-ratio will only vary within a small band. If so, the designer



can derive a signal controller with a poles-zeros controller for regulating
system dynamics for achieving the target output voltage—current.

In the following example of the DSP-controlled boost converter, the current
reference signal is given, and the work is focussed on the inner-loop current
controller. The inner-loop controller will adopt one of the nonlinear control
algorithms, Sliding Mode Control. The currents flowing through key
components of the boost converter are shown in Figure 12.49, assuming that
the system operates at steady state.

The triangular current waveform shown in Figure 12.49 is caused by the
switching pattern of the boost converter, that is indeed the nature of the boost
converter. By applying a PWM signal into a boost converter, a periodical
triangular current waveform can be observed throughout the input inductor,
where the ramp rates of the rising edge and falling edge are determined by the
system predesigned parameters such as the value of the input inductor, input
voltage level, and the target output voltage level. The chattering around the
current reference signal can be presented by Figure 12.50 [1].
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FIGURE 12.49

Current waveforms of key components in a boost converter.

The ramp rate of the rising edge is given by Equation 12.1, and the ramp
rate of the falling edge is given by Equation 12.2. The switching period can be
calculated through Equation 12.3.

S, (S>0)=_%+% (12.1)

$_(§<0)= _% (12.2)

T — 28 _ 24 _ _2A(S+—»5"—) _ 2A(V/L) _ 2A(Ve)L (12.3)
’ S+ ;S"_ S+*$— Wn(Vc_Vin)/Lz W"(‘/‘:_Vi")

where



S = Iref - I (12.4)
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FIGURE 12.50

The chattering of the system dynamic regarding the sliding surface. (Adapted

from Lee, H., Utkin, V., and Malinin, A., International Journal of Control,
82(9), 1720-1737, 2009.)
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FIGURE 12.51

Hysteresis loop.

The chattering width, A in Equation 12.3 is the actual amplitude of the
ripple component of the inductor current. According to Equations 12.1
through 12.4, readers can easily find the principles for controlling dynamics
of the boost converter. Knowing that the inductor current will increase if the
switching device of the system is turned on, which means the input sources of
the power converter only charges the input inductor, as long as the switching
device (MOSEFTs, IGBTs) are turned on; the ramp rate of the chattering
shown in Figure 12.50 will be greater than zero. On the contrary, the
switching-device is turned off; the input source associating with the input
inductor will supply the output load, where the input inductor will serve as the
secondary power sources discharging its energy in the inductor. Hence, the
ramp rate of the chattering should be less than zero. If the power converter
operates at continuous conduction mode (CCM), then chattering is periodical,
that means the positive amplitude and negative amplitude, | +A | and | -A | are
equal.

For fulfilling the control of the boost converter, we only need to set the



bandwidth of the chattering and hysteresis loop in the DSP. The hysteresis
plane can be illustrated by Figure 12.51, while the mechanism for
implementing the hysteresis plane in DSP environment can be presented by

Figure 12.52.
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FIGURE 12.52

Flip-Flop for implementing hysteresis loop.

Before implementing control strategies on the DSP board, several
considerations should be taken:

* Amplitude of the chattering: The ripple component of the inductor
current is periodical if the system operates under CCM. Users
normally need the periodical ripple component for regulating the
system behaviors to guarantee the CCM of the system is the top
consideration. To guarantee the systems operates under CCM, the
average inductor current must be greater than or at least be equal to
the amplitude of the chattering, in this case, the amplitude of the
chattering is IAl.

» Frequency of the switching signal: There are two main approaches to
suppressing the amplitude of the ripple component of the inductor
current for assisting the functionalities of the CCM. The first one is to
increase the switching frequency, but a high-frequency switching
signal may increase power loss, moreover it may introduce difficulties
to the current sensing. The second one is to increase the size of the
inductor, but the cost of the system will be increased and the system
becomes bulky.

» Sampling rate for the current sensing: High sampling rate is good for
capturing current information and reconstructing current waveforms
in DSPs, while the high sampling rates are always faced with practical
limitations. In this case, the sampling rate is not the natural sampling
rate of the ADC channel. The sampling rate in this chapter is the rate
of the CPU accessing the ADCRESULT registers. The CPU can



normally fulfill high performance in terms of high-frequency ADC
sampling and handling high-frequency ISRs. However, the rate of
handling ISRs is mainly affected by the structure of the embedded
code and numbers of the interrupt events. Knowing that each ISR
contains multiple C codes (which consume plenty of time) and the
next ISR can be only handled after the previous one is served, the
frequency of the CPU accessing the ISRs is affected by the length of
embedded code. For gathering sufficient information of the current
waveform, the sampling rate for the DSP control should be at least 20
times greater than the fundamental frequency of the sensing signal.

12.7.2 MATLAB/Simulink Control Diagram for the DSP
Implementation

Once deciding all required parameters of the boost converter, users can begin
to design a control diagram in the MATLAB/Simulink environment with
Embedded Coder. To fulfill the control strategy shown in Figure 12.52, the
control diagram can be drawn as shown in Figure 12.53.
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FIGURE 12.53
Control diagram for implementing the Flip-Flop in DSP board.

According to the different scaling factor of the current sensing circuit, the
value of the ADCRESULTx register is needed to be rescaled for
reconstructing accurate information of the sensed signal. To achieve the
rescaling, a constant component and product component are used. The output
value of the product component presents the correct instant value of the
sensing signal. Two comparison components are used for building the Flip-
Flop block. Each comparator will generate “1” as long as the condition is
satisfied. The S-R Flip-Flop component will generate a binary value referring
to the inner logic table. The GPIO component will pull up/down the
corresponding GPIO pin on DSP board, according to its input binary value.
This approach is a typical Sliding Mode Control.



There i1s another type of control diagram generally used for voltage
regulation of the power electronics circuit. This control diagram presents the
control strategy shown in Figure 12.54. In the case of the DSP
implementation, the direct voltage controller is normally a digital PID
controller or a digital poles-zeros controller. The RTDX component shown in
Figure 12.54 can be used for real-time setting the output voltage reference.

The IQN*IQNx components are used to fulfill product operation and format
the output data type. The output of the digital PID controller, the value of
duty-ratio of the generated PWM signal will be changed in the next switching
period. Subsequently, the ePWM generate will regulate the system dynamics
throughout manipulating pulse by pulse.

|
u_L

Target profrnrs

FIGURE 12.54
Digital PID controller.

12.8 Conclusion

In this chapter, basic steps and elements for using DSPs are introduced. For
DSP-controlled power electronics systems, several significant embedded
modules such as ADC modules, PIE, and ePWM generators should be
mastered by users. Significant control registers and data registers are
explained in detail in this chapter for helping users quickly understand the
operations of C2000 DSPs. Depending on practical limitations, users may
need to gather more information of each embedded module in C2000 DSP in
terms of creating mechanisms for a better inner cooperation. In cases of high-
frequency applications, synchronous control and asynchronous control are
generally involved in DSP designs. If so, users may need to be concerned
with implementing the time of each embedded subroutines, besides setting the
proper phase shift between synchronous clocks. For DSP-controlled power
electronics systems, the desired analog S-domain controller is converted to a



Z-domain digital controller so that the target phase margin will be varied by
the time-delay always considered in the DSP implementation. To enhance the
functionalities of the time-delay system and other control functionalities,
tuning work may be necessary.
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Appendix A: Linear Control

A.1 Introduction

Since this book is aimed at automotive and power industry engineers, as well
as researchers and graduate students in the areas of renewable energy,
circuits, and control, it has been assumed that the reader has some basic
knowledge of differential equations, the Laplace transform, transfer functions,
poles and zeros, as well as matrix algebra. Furthermore, it would be desirable
for the reader to have taken a course on continuous-time linear control
systems. But to make this book accessible to a wider audience, we include a
brief review of linear systems and control in this appendix. Furthermore, we
describe certain aspects of nonlinear control theory that have been applied to
obtain various results described in this book.

A. 2 Linear Systems and Control

A. 2.1 State Variables and State Equations

The state variables of a dynamic system are a minimal set of variables,
usually denoted as x(¢), x,5(?),..., x,(?), that can describe the system’s dynamic

behavior completely in terms of n first-order linear differential equations

I (t) =anz +aixrs +...+ a1y +b11ug + ...+ b1mum (A.1)
E2(t) = ag1®1 + a2 + ...+ a2 Tn +borus + ... + bomup,

En(t) = a1 @1 + @22 + ... + QppTp + bp1us + ... + by,

where u(t), i = 1, 2,..., m, represent the system’s (control) inputs, and all the
a and b coefficients are (time-invariant) constants. These first-order linear

differential equations are then known as the state equations of the dynamic
system.

The system’s outputs are those variables that are measured (using sensors),

usually denoted by y(¢). If these linearly depend on the system’s state
variables and inputs, then, they can be mathematically described by the



equations

i (t) =c11e1 +Cc122 + ...+ Cip®p +di1ur + ... + diptm (A.2)
Y2(t) = ca11 + coaa + ... + Con®p +d2us + ... + dopun,

Yp(t) = cpi1 + a2 + ... + Conpn + dprur + ... + dpmUn,

where p < n, and all the ¢ and d coefficients are constants. Then, Equations A.
I and A.2 can be written much more compactly in vector—matrix form as

& (t) = Az (t) + Bu (t) (A.3)
y(t) = Cz (t) + Du(t)

where & (t), x(¢), u(z), and y(t) are n x 1, n x 1, m x 1, and p x 1 vectors of the
state derivatives, state variables, inputs, and outputs, respectively, while A, B,
C,and D are n X n, n X m, p X n, and p X m matrices, respectively.

EXAMPLE

State equations describing a mass—spring—damper system.

First, note that a mass—spring—damper system’s dynamic behavior
is completely described by the second-order linear differential
equation

M (t) = By (t) + Ky (t) = u (¢t) (A.4)

where y(f) represents the displacement of the mass M when it is

subject to the force u(t) as shown in Figure A.1; B and K are the
system’s damping and spring constants, respectively.

Let us define two new variables x(f) = y(¢) and x,(¢) = Yy(¢) to be
this system’s state variables. Then, we can rewrite Equation A.4, after
some simple algebra, equivalently as the following first-order linear
differential equations, which represent a second-order state-equation
description of this mass—spring—damper system.

yit)
—

) 1elt)
Spring
=AW —] Mass [

Friction



FIGURE A.1

Mass—spring—damper system.

1 (t) = y (t) + 2 (t) (A.5)
&2 (8) = § (8) = — 3721 () — 3722 (B) +u(?)

This can be expressed in vector—matrix form as

. = K B + U
()= 2)(2)+C)
A.2.2 Linear Approximation of a Nonlinear System

For a nonlinear dynamic system, it is also possible to define state variables
and thereby obtain a set of state equations, although these will be nonlinear,
for describing the dynamic behavior of that system. However, assuming that
the system operates in a limited range, i.e., the variables do not change by
much, about an operating or equilibrium point defined by the set of state
variable and input values (x,, u,), we can approximate the system’s behavior
within that range (its small-signal behavior, using electrical engineering
terminology) by a set of linear state equations. A standard procedure for
doing so, via the mathematical concept of Taylor series expansion, can be
found in many undergraduate control systems textbooks such as Reference 1.
This same approximation technique has been applied to obtain the PEMFC
linear model described in Section 3.5.1 of this book.

EXAMPLE
Linear approximation of a generic second-order nonlinear system.

Suppose that we are given a second-order dynamic system, with
state variables x, x,, and a single input u, which 1s described by the
nonlinear state equations

Sb]_ (t) = f1 (wl,wg,u) (A7)
3 (t) = fa (%1, 22, 0)

where f; and f, are some nonlinear functions. Denoting the system’s

operating point values to be (x;q, X0, Ug), then, a linear approximation
of Equation A.7 are the equations

(A.8)
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Note that the evaluation of the calculated partial derivatives at the
operating point values will yield constant coefficients for x, x,, and u
in the equations.

A. 2.3 Characteristic Equation, Characteristic Roots, and
Eigenvalues of a Linear System

For the linear dynamic system described by the state equations A.3, its input—
output transfer function can be expressed as

Y(s)/U(s)=C(sI—A)'B+D (A9)

where s is the Laplace transform’s complex frequency variable and [
represents the identity matrix. Furthermore, the system’s characteristic roots
are given by the roots of the matrix determinant of s/ — A (an nth-order
polynomial of s) equated to O, i.e.,

|sT— A| =0 (A.10)

These n roots are also the poles of the system (subject to exact cancelation
of the system’s zeros) and which be alternatively obtained by finding the

eigenvalues of the system matrix A.

A. 2.4 Linear-State Feedback Control

We consider a linear dynamic system described by the state equations A.3,
where the control has the form

u(t) = —Kz(t) (A.11)
where the state feedback gain K is a vector (or a matrix in the multiple-input
case) with constant elements. This form of control indicates that

1. All state variables can be, and are, measured
2. The control is a linear combination of the state variables

3. The closed-loop control system consisting of Equations A.3 and
A.11 can now be described by

& (t) = (A — BK) z (t) (A.12)



4. The characteristic equation of the closed-loop system is then given
by IsI-(A — BK)| =0

Now, if the pair of matrices (A, B) are such that the open-loop system (A.3)
is completely state controllable [1], then, it is well known that the closed-loop

system’s characteristic roots can be “placed” anywhere in the complex s-plane
(subject to the complex roots being in conjugate pairs), by appropriately

choosing the elements of K. This state feedback gain design procedure is
typically called a pole-placement design.

EXAMPLE
State feedback pole placement for a generic second-order system.

Suppose that we are given a dynamic system that is described by
the state equation

(5) = (G =) (2)+ ()
.= + u

T2 —ap —ai T 1

This system’s characteristic equation is then given by

s2+a;s+ay=0 (A.14)

with two eigenvalues (poles) that may be in undesirable locations,
e.g., in the right-half s-plane, which corresponds to an unstable

system. Since (A, B) is a completely controllable pair for this system,
we can apply state feedback control to place the closed-loop system’s
poles at any other locations; but it is necessary to have the measured

outputs y(7) = x(1).

Then, the needed state feedback gain is given by K = (kg ky),
which means that the system under state feedback control is described

by
(2) N (—[a00+ . —[a11+ kl]) (2> (A.15)

This yields the characteristic equation
8>+ (a1 + k1) s+ (ap + ko) = 0 (A.16)

so that the elements of K can therefore be chosen appropriately to
obtain the desired characteristic equation that corresponds to having



the closed-loop system’s poles at those locations that would yield the
desired system stability and performance characteristics.
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Appendix B: Nonlinear Control

In nature, almost all systems are nonlinear systems, for example, a fuel cell
system, power grids, etc. Linear control is based on the linearized modeling of
the system, which is accurate only at the operating point of linearization. To
achieve a better control performance, nonlinear modeling and nonlinear
control need to be considered. Nonlinear modeling of a fuel cell system is
previously given in Chapter 3. This appendix provides a preliminary
introduction to a nonlinear control technique, especially the exact
linearization approach [1-3].

B.1 Nonlinear Coordinate Transformation and
Diffeomorphism

For a given set of nonlinear equations
Z =% (X) (B.1)

where Z and X are vectors with (n x 1) dimension, @ is a nonlinear vector

function with (n x 1) dimension, and the set of a nonlinear transformation in
Equation B.1 is called a nonlinear coordinate transformation, and the
following two conditions are satisfied:

1. The inverse transformation of ® exists, which means that ®~! exists

2. Both ® and ®~! are smooth vector functions, that is, the function of
each component of both ® and ®~! has continuous partial derivatives
of any orders

If the above two conditions are satisfied, the coordinate transformation
d(X) is also called a diffeomorphism between two coordinate spaces.

From a geometric point of view, the coordinate transformation Z = ®(X)
and X = ®~!(Z) can be considered as a mapping between two spaces with the
same dimension X and Z.

B.2 Local Diffeomorphism



The above two conditions may be satisfied only for a neighborhood of a

specific point X° rather than all points in the space. A local diffeomorphism is
then defined on a certain domain.

A property of a local diffeomorphism is given as follows:

Suppose D(X) is a smooth function defined on a certain subset S of space
R". If the Jacobian matrix % /9X at X = X? is nonsingular, then, ®(X) is a
local diffeomorphism in an open subset S° including XP.

B.3 Coordinate Transformation of Nonlinear Control Systems

Given a nonlinear control system

{X=f(X)+g(X)u 2
y=h(X)

where X € R" and u €& R are state variables and control variables,
respectively, y € R is the output variable, f and g are nonlinear function
vectors, and £ is a nonlinear function.

Let us select a local diffeomorphism Z = ®(X). Then, considering Equation
B.2, we have

7= B AX _BX 2 (§(X)+g(X)u)

And, considering X = ®~1(Z), therefore, we get
Z=2[f(X)+9(X)ul =
ax (@7 (2)+9(27(2))) ]
y=h(X)=h (2" (2)
Define
F(2) =5 X)|x g5
3(2) =29(XO)|s g1y
h(Z)=h (X)|X=<1>-1(Z)
Then, we have

(B.3)



{Z=f(Z)+?I(Z)U
y="h(2)

Equation B.3 represents the transformed nonlinear system using the
selected local diffeomorphism.

B. 4 Affine Nonlinear Control Systems

A control system is called an affine nonlinear control system if it is nonlinear
to a state variable vector but linear to a control variable vector. It has the
following format:

X =100+ ai(X)u

Y = h(X)

where X € R" and u € R are state variable vectors and control variable
vectors, respectively, y € R is the output variable, f and g are nonlinear
function vectors, and % is a nonlinear function.

Nonlinear function vectors f{X) and g(X) are also called vector fields of
state space.

B. 5 Derived Mapping of Vector Fields

Derived mapping of vector fields is very important for the exact linearization
technique. Here is the definition.

For a given diffeomorphism, Z = ®(X), and a vector field f(X), if the
Jacobian matrix of ®(X) is J = 8®/0X, then, the derived mapping of f{X)
under the mapping P (X) is defined as

%, (f) = Js (X) f(X)|X=<1>-1(Z)

The derived mapping of a vector field f{X) is a transformation that moves
the vector field f(X) from the state space to Z space based on the
diffeomorphism Z = O(X).

B. 6 Lie Derivative and Lie Bracket



Two essential geometric concepts of nonlinear systems are Lie derivative and
Lie bracket, which are used in the application of the exact linearization
technique.

B. 6.1 Lie Derivative

Given a differentiable scalar function §(X) = §(x;, x5, ..., x,,) and a vector

field f{X) of X, a new scalar function, denoted by LfE,()Q, is obtained by the
following operation:

Lie(X) = 52 F(X) =Y, E20 5, (X)

and called the Lie derivative of function &(X) along the vector field f{X).

B. 6.2 Lie Bracket

Suppose there are two vector fields f{X) and g(X). The Lie bracket of g(X)
along f(X) is defined by the following operation:

O of
[f,9] = adtg = 3% f — 3%9

Since Lie bracket of g(X) is a new vector field, it can be used to calculate
the Lie bracket along f{X) once more.

affg(X) = [f,[f, g]] (X)

affg(X) = [f, ad’;‘lg] (X)
The main operational rules of Lie bracket are
1. Lie bracket is skew symmetric
[fag] = - [gaf]
2. If A; and A, are two real numbers, then
[fy 191 + A2g2] (X) = A1 [f, 1] (X) + A2 [£, g2] (X)
3. If y(X) 1s another vector field, then

(£ lg ]+ all + g, (v, fll=0

4. If fiX) and g(X) are vector fields, and €(X) is a scalar function, then,
the Lie derivative of &(X) along the vector field [f(X), g(X)] is

L[f,y]f (X) = Ly L& (X) — Ly L (X)




B. 7 Involutivity of Vector Field Sets

Suppose there are k vector fields g(X),..., g,(X), all with an n-dimension, let
us form the matrix

G = [g1(X) g2 (X)... gk (X)]
If the matrix G has rank k at X = X° and the following augmented matrix

(91 (X) 92 (X) ... g (X) [9:, 95]

has the same rank k at X = X for any i and j where 1 < i, j < k, then, the vector
field set {g;, &5, ..., g} 1s called an involutive one or we say that it has the
property of involutivity.

B. 8 Relative Degree of a Control System

Suppose there is an SISO nonlinear control system
{X: F((X) +9(X)u)
Y = h(X)
where X € R", u € R, y € R, f{lX) and g(X) are vector field items.

The above is said to have a relative degree Y in a neighborhood () of X =
XY, if the following two conditions are satisfied:

1. The Lie derivative of the function Lfkh(X) along g equals zero in (),
1.e.,

LyLkh(X) =0, k<y-1, Vze€Q

2. The Lie derivative of the function LY‘lfh(}O along the vector field
g(X) is not equal to zero in (), i.e.,

LyLY ' h(X) #0

B. 9 Exact Linearization Control

The exact linearization control design principle is to exactly linearize a
nonlinear control system into a controllable linear system, and to get the state
nonlinear feedback control law based on the linear control system. Converting



the obtained control law back into the original nonlinear space results in the
nonlinear control design for the original control system.

B. 9.1 Conditions of the Exact Linearization

To introduce the conditions of the exact linearization, we need to introduce a
theorem.

Frobenius Theorem

Consider the following partial differential equations set:

Bh(X)
ax

where Jh(X)/dX is the gradient vector of h(X); Y(X), Y5(X),..., Y,(X) are the
n-dimensional vector fields defined on X space.

V1 (X) Y2 (X)...Y; (X)] =0 (B.4)

Suppose the matrix [Y{(X) Y,5(X) ... Y(X)] has rank k at X = X°. If and only
if the augmented matrix [Y;(X) Y5(X) ... Yi(X) [Y}, Y;]] still has rank & for all X
in a neighborhood of XY, n —k scalar functions must exist, defined in a
neighborhood Q of XY, which are the solutions of Equation B.4, such that the
Jacobian matrix Jh(X)/JX has rank n — k at X = X°.

The conditions proposed in Frobenius theorem are actually the conditions
of involutivity of a vector field {Y{, Y>,..., Y;}.

B. 9.2 Nonlinear Control Design by Exact Linearization

Consider a SISO nth-order nonlinear control system as follows:

{X= fFX)+g9(X)u (B.5)
y = h(X)

If we assume that the relative degree of the system r = n, then, the system
could be transformed into a controllable linear system

Z =AZ + Bv (B.6)

where the matrices A and B are Brunovsky normal form, and Z and v are state
variable vectors and control variables, respectively.

This linearization can be generated by using the nonlinear-state feedback

(B.7)



_ o™, 1
=7 T

where
a(X) = Lth (X)
{ B(X) = LyLy *h(X)
and the diffeomorphism coordinate transformation is

R(X) ] (B.8)

Lsh(X)
Z=%(X)=|.

)
The optimal control of the linear system in Equation B.6 is
vt = —BTP*Z(t)
where P* is the solution of the Riccati matrix equation.

Considering the coordinate transformation Z = ®(X), we can obtain the
following nonlinear control law:
— (LX) +k;, L R(X)+. . +k5 Lh(X)+KR(X))
Ly} ' h(X)

The Brunovsky normal form is given as follows:

Z =AZ + By

where



o
Zs
7 =
| Zn |
010 . 0 0]
0 01 .00
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Appendix C: Induction Machine Modeling
and Vector Control for Fuel Cell Vehicle
Applications

C. 1 Voltage Equations of the Induction Machine

The idealized induction machine is shown in Figure C.1.

If the winding of the stator is sinusoidally distributed, then, stator and rotor
voltage equations are expressed as follows [1]:

V;J.bcs = Rs iabcs + pxabcs €1
V:J.bcr == Rs 'iabcr + pxa,bcr
h — d dt V _ V V V T . _ . . . T
where p = / y Vabcs = [ as bs cs] sy Labcs = [Zas Tps ch] ’
~ T T.
)\abcs = [)\as /\bs )‘cs] Vaber = [V:W Vor VC?"] Laber
. . . T ~ T
= [Zar tyr  lor ] aa'nd Aabes = [)\as Abs  Acs ]

The s and r subscripts represent the equations in terms of stator and rotor
windings.

The flux linkage equations are given

[Xabcs] _ [ L, LST:| [ Tabes :| (C.2)
j\abcr Lg;‘ L'r Labesr

where



Lls + L'ms — %Lms —% L'rns

2
Ls = _%Lms Lls + Lms _%Lms ;Lr
—%Lms _%Lms Lls + Lms
Llr + Lmr _%Lmr _%Lmr
_% L., L+ Ly, —%Lmr andL,,
_%Lmr _%Lmr Llr + Lmr
cos 6, cos (OT + %’r) COs ( P 2?”)
= L, cos(  — 2%) cos 0, CoSs (0,» + 2%)
CcoS (0,- + 27”) COS ( r = 2%) cos 0,
B
yoo

o

FIGURE C.1

Idealized induction machine. (Adapted from J. Liu, Modeling, analysis and
design of integrated starter generator system based on field oriented
controlled induction machines, PhD thesis, Ohio State University, Ohio,
2005.)

where L, . 1s the stator-magnetizing inductance; L, the rotor-magnetizing
inductance; L, the stator leakage inductance; L;, the rotor leakage inductance;
and L, 1s the mutual inductance between stator and rotor windings.

C. 2 Voltage Equations on the Stationary Reference Frame

Using reference frame theory (Appendix D), we can transform the induction
machine variables (voltage, current, and linkage) to another reference frame



as long as the condition that £, + f, + f. = 0 (f,, f;» and f,. are each phase of v, i,
and A components) is satisfied. Using Park transformation, these three phases
can be changed on the stationary reference frame

fo = f3 + 35 = § (fa + o + fre?*?) €3

or equivalently

ny L[t 2 e
s | _ 2
[f“]_E 0o v | |®

@ 2+ 2 l|z

Simply, we can write stator and rotor voltage equations as

Stator voltage equation : v = R, + pA] (C.5)

Rotor voltage equation : vy = R,i} + pAl. (C.6)

Assuming that there is a relationship between the stationary reference
frame and the synchronous reference frame

o=l fr (€7)

where 0, = W,z is the phase angle difference between the stationary reference
frame and the synchronous frame.

v = Ryif +pX] €9

(C.9)
Jor i8 eI 4 p(AE - eI

i eI 4+ p(AE - eI

cif - €7 e pA) —p(e) - A
-8 . e IO 4 g dbr cpAE — w, e 0. A

~ip + (p — Jwr) A}

vP-e”

FPIPIT

= vy =
So, the voltage equations on the stationary frame are

Stator voltage equation : v = R,i5 + pA] (C.10)

Rotor voltage equation : vi = R,if + (p — jw) Al (C.11)

C. 3 Voltage Equations on the Synchronous Reference Frame
Where



XS = L8 + Lyi¢ (L, : stator self-inductnace and L,, : mutual inductance) (C.12)

Al = Lyi§ + Ly, is (L, : rotar self-inductnace )

By substituting Equation C.12 into Equations C.10 and C.11, the dg model
voltage equations on the stationary frame can be derived.

Vds R, +L,p 0 L,.p 0 tds (C.13)
Ugs | 0 R, + L,p 0 L,.p igs
Vdr B Ly.p Wy Ly, R, + L,p wy Ly idr
Vgr —wp Ly, L,,p —w,L, R,+L,p igr

The voltage equations on the stationary frame can be transferred on the
synchronous frame by using the relationship given below
fe=e%. fs (C.14)
fr=ete f}
where 0, is the synchronous angular velocity.

The stator voltage equation becomes

v = R,i5+pAl (C.15)
e . vi = R,if- e 4 p(ef® . )3)
R,i¢ - 7% + juw, - 7% . X + &% . pA?
=15 = Ryi§ + (p+ jwe) A;

The rotor voltage equation becomes

vy = R+ (p— jwr); (C.16)
R,if - €% + (p — jw, ) (A5 - €/)
R,i% - €% + (p + jwe — jwy) - AE - &%
=% = Rif+(p+jwe —wr)) A7
= Ryif + (P +jws) - X

eibe . e

where the slip speed is defined as
we = (We — wy) (C.17)
And the linkage flux equations can be expressed as

XS = L€ + LS (C.18)
X, = Lyig + L

Using Equations C.16 and C.17, the voltage equation can be described
using current, resistance, reactance, and speeds.



Uteis R, + Lsp —we L, me —we L, 7:sls (C.19)
Vs | | welm Ry+Ls;p weln L,.p 15
| | Lmp  —wilm Rr+Lp —wal, ||
v% Wsi Lim Lmp wsaLyr Ry + Lypl | i,

C. 4 d-q Equivalent Circuit

Figure C.2 shows the equivalent circuits in an arbitrary reference frame.
According to the definition of the rotor speed W on the reference frame, we

can obtain the dynamic d—g model in a difference frame. When the rotating
speed of the reference frame is zero where W = 0, the dynamic d—g model in
the stationary reference frame can be obtained. When the rotating speed of the
reference frame is synchronous speed where W = W,, the dynamic d—g model
in the synchronous rotating reference frame is obtained.

FIGURE C.2

Dynamic d—g equivalent circuit. (a) d-axis equivalent circuit. (b) g-axis
equivalent circuit. (Adapted from J. Liu, Modeling, analysis and design of
integrated starter generator system based on field oriented controlled
induction machines, PhD thesis, Ohio State University, Ohio, 2005.)

C. 5 Dynamic Induction Machine Model in the State-Space
Form



To obtain the state-space equation about the induction machine, let us
consider Equation C.20.

e
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’qu
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o
Lqr
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e
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‘e
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o
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By inversing Equation C.20, the following equation is obtained:

-e
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e
qu
‘e
Zdr

;€
Lgr

1
0
= | —Lnp
I,
L
| 0 L,

‘e
Yds
igs

e

)‘dr

Agr

(C.20)

(C.21)

By substituting Equation C.21 into Equation C.18, a new voltage equation

1s written as follows:

. R, —ow.L,
vds
Vs B —oweL, R,
Ve —E 0
Vgr LnRr
| 0 L,
oL, 0 = 0
Lm
+ 0 oL, O I
0 0 1 0
| 0 0 0 1

where 0= 1— (L, %/L,L,)
By defining

-
Yds

;e
Ugs

e
dr
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L e

¢ Zd.s

0 is
[

—Wg] dr
€

R, )‘qr
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_ R,
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L,
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The state-space equation can be obtained using the above definition

yE

Yds
‘e
a | e
dt e
dr
e
A‘1’"

where

K=(L,/OLL)and T, =(L,L,)
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C. 6 Torque Equation

To derive the torque equation, let us consider the following voltage equation:

v = Ri+ Lpi + Gpi

(C.25)



R, 0 0 O
R_ 0 R, 0 O L=
0 0 R O
0 0 0 R
Ve
_ | Ve
lo
| 0
Gm
i 0 —welLig
B weLg 0
N 0 —(we — wy) Ly
(we — wy) Ly 0

If the voltage equation is multiplied by 1.5:7, the power equation can be

obtained.

(we — Wy )Lm

- e T
st
e

‘e
zdr

o A
| 2gr

0 L,
L, 0
0 L,
L, 0
0
We L,
0

P =1.5iTv = 1.5 (iT Ri + iT Lpi + &7 Gpi)

In Equation C.26, 1.5i7v is the motor input power and 1.5i’Ri is the copper
loss. The item 1.5i7Lpi represents the rate of exchange of the magnetic field

energy between windings and 1.5iG,,i represents the rate of energy
converted into mechanical work. Hence, the mechanical power can be defined

as

P, = 1.5{TGpi

= 1.5 (Tw, Gei + iT w, Gi)

= 1.5{Tw,G,i

where

0
Ly,
0 , U
L’l" .
—we Lg
0
—(we — wy) L,
0

(C.26)

(C.27)




0 -L, 0 -—L,
G — L, 0 L, O .
0o -L, 0 -—L,
L, 0 L. 0 |
"0 0 0 0]
o o0 0 o0
o -L, 0 L
L, O L, 0]

L
Since G, is skew symmetric (G = -G,), i'W,G,i is not considered when

we calculate the mechanical power P_,.

The torque is obtained by dividing the power by the mechanical speed

T, =2 =15.-2.7G,; (C28)
=15- 2 - Ly, (415, — icsicr)
P Ln . e . e
=155 - 7 (GG — i52)
where P is the pole of the machine.
The power in the dq frame is
PDQ = Ugs itsis + ’USS ’i;s
,1:8
— [ s qs
~[vi wn] | ]
lq
2 .
= 3lva v v |
T
9 . . .
= 3 (vata + vptp + vcic)
2
= §Pabc
Then we get
Pue = $Ppq (C.29)

C. 7 Slip Calculation



The fourth row in Equation C.22 is
PAG = )\e —zqs Wsl Agy (C.30)

For the field orientation control or vector control, [, is aligned with the
rotor flux and [ is responsible for torque production. 1, is perpendicular to
1, so that the flux and the torque can be controlled separately like a DC
machine. Since the rotor flux linkage is only aligned with the d-axis, the
vector control condition is that /\2,, = 0. In Equation C.24, where p)\gr =

Equation C. 25 can be modified as

e L . C.31
wsl’\d = Tngs ( )
Ly, g
i wsl = T': ,\e

C. 8 Calculation of the Rotor Flux A}, on d-Axis
The third row in Equation C.22 is

PNy = — 2N + 25, + wa X (C32)

Considering the vector control condition (Ag,. = 0), Equation C.32 can be
rewritten as

P)‘Sr A — _”’ds (C.33)
¢ Ly e
= Adr = 1+szds
Using the steady-state condition, Equation C.33 can be modified as
o N (C.34)
ds = Ly
which means that ¢ controls the rotor flux linkage.
C. 9 Calculation of the Torque
Since AZ?‘ = 0, the torque equation (C.28) becomes
Lo :e C.35
T. =15 3. 72ig A, (C35)

According to the vector control condition that the rotor flux is constant, zg,



controls the electromagnetic torque.

C. 10 DQ Decoupling Control and Back EMF Compensation
Control
From the first and second rows of Equation C.24, we can derive the voltage

equations as follows, which have coupling terms due to the vector control
condition, Ay, = 0:

Vgs = (Rs + 0L,sp) G, — oL,w,is, (C.36)

v5, = (Rs + 0L,p) 15, + oLsweil, + we '2—’" xS,

The voltage equations (C.36) have coupling terms (oL,weigs and

oLsw,15,) and back EMF (electromagnetic force) term (W (L,/L,)N). These
coupling and EMF terms must be controlled by using decoupling control and
the back EMF compensation control. Otherwise, this vector control cannot

control i, and i, separately due to these coupling terms.

The new decoupling voltage equations are

g, = Vg, + oLweigs (C.37)

1 — n4€ €
Vgs = Vgs — oL,weif,

By using Equation C.37, Equation C.38 can be derived

v5, = (Rs + oL,p)if, (C.38)
Tgs = (Ry + 0Lsp) i5 + we 72 X5,

To compensate for the back EMF term w (L,,/L,)A, we add —w (L, /L,)A to
Ugs- S0, the new compensation voltage becomes

(C.39)

,i}e

qs = 623 — We Ii_TAfir
Finally, new current equations, decoupling the coupling terms and

compensating for the back EMF, can be written as

dse _ B . 1 —e (C.40)
dt lds = oL, s + oL, Vis
dse R; .o 1 —
dt tgs = oL, Ygs + oL, ’qu
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Appendix D: Coordinate Transformation

D. 1 abc Phase to d—g-Reference Frame Transformation

fq
fqu = fd

fO
fa fq
-l
fe o

cos® cos(f —7) cos(6+7)

_ 2 . . _ .
T=3% 31219 sm(é?1 v) sm(01+7)

fa
=Tfa.=T=|f

fe

where

I

2 2 2
cos 6 sin(d) 1

T-!=|[cos(@6—7) sin(@—<) 1|; 6:arbitrary angle

cos(0+7v) sin(@+7) 1

D.1)

D. 2 Synchronous Reference Frame

Assuming that g-axis is rotating with synchronous speed where W, = 2nf,, the

phase angle difference between the g-axis and a-axis is

0 =0, =w,t

The phase angle difference is shown in Figure D.1.

(D.2)



FIGURE D.1

Space vectors between the abc-axis and dg-axis. (Adapted from W. Na, A
study on the output voltage control strategies of 3-phase PWM inverter for an

uninterruptible power supply, Korea Master thesis, Kwangwoon University,
Seoul, 1997.)

Using Equation D.1, the synchronous reference frame on the g-axis and d-
axis 1s
f§ = 3[(fa + fo cosy + f. cosy) cos @ + (fs siny — f sinv) sin ] ©-3)
= %(fa - %fb - %fc) cos 0. + %(fb - fc)Sinee

6_

[(fo + focosy + f.cosv)sinf, + (—fp siny + f. siny) cos 0] (D4

2
3
:%( _Efb_gfc)ﬂnae_"E( b_fc)cosoe

As long as the condition f, + f, + f. = 0 1s satisfied, Equations D.3 and D.4
can be converted into Equations D.5 and D.6, respectively, with two
variables.

f§ = facosb + — (fb f.) siné, (D.5)
= fa COSOe + ﬁ(fa + 2fb)SiIloe

f5 = fasinf, + %(fb — f.) cos b, (D.6)
= fasin6e — —-(fa +2fy) sinfe




D. 3 Stationary Reference Frame

Assuming that the g-axis is aligned with the a-axis (6 = 0), the synchronous
frame on the g-axis and d-axis is

fe = 2(fa + focosy + f. cos) (D.7)
= 2(fa— 3 S — 31.)
f$ = 2(—fysiny + f.siny) (D.8)
= —%(fb — fe)

For the condition f, + f; + f, = 0, we obtain
fi="1a (D.9)

fi= —%(fb —f) = _%(fa +2fs) (D.10)

D. 4 Transformation between a Synchronous Frame and a
Stationary Frame

Using Equation D.11, the stationary reference frame can be converted into the
synchronous reference frame.

fil [cos@ —sin0] [frf] (D-11)
I3 ~ |sin@ cosé I3
Using Equation D.12, the stationary reference frame can be converted into
the synchronous reference frame.

[ff] B [ cos 6 sine] f3 (D.12)
51 L—sind cosd] | f¢



Appendix E: Space Vector PWM

As mentioned in Chapter 7, SVPWM provides the maximum sinusoidal phase
voltage V.. = 0.57735 V., which is 15.5% higher than the sinusoidal PWM

[1]. Before we discuss SVPWM, the concept of the space voltage vectors in
the inverter must be understood first with the help of the following voltage
equations.

The voltages in Figure E.1 can be written as

VAa = Lf %iAa + vca (E.1)

vap = Ly %":Ab ~+ vep

vac = Ly %iAc + vee
where L, is inductance of the LC filter, and other voltages and currents can be
found in Figure C.1.

The voltages in the stationary reference frame have the same form as those
in Equation E.1:

d; E2
vf‘lq =Lf%zf4q—|—vscq (E.2)
d -
Vaa = Lf 5894 T Y¢a
The space vector form of Equation E.2 is
_7.d E3
Vi, =Lt +Vg, (E.3)

The right-hand side of Equation E.3, the capacitor voltage ng in space
vector form, 1s

Vi=V* ed? (E.4)

where O is an arbitrary phase angle in the space vector.
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FIGURE E.1

Three-phase inverter with an LC filter. (Adapted from W. Na, A study on the
output voltage control strategies of 3-phase PWM inverter for an
uninterruptible power supply, Korea Master thesis, Kwangwoon Univerisity,

Seoul, 1997.)

To obtain space voltage vectors in the inverter system given in Figure E.1,
the switching function of each leg in the inverter can be defined as

0, Negative leg is ON (E.5)

Say Sb7 Sc = {  re .
1,Positive leg is ON

From the neutral ground point g, using the switching functions (E.5), the
new inverter output voltages are

Vaa = Sav:ic + Ung (E.6)
vap = SpViae + Ung
VAe = ScV:ic + Ung

where v,, is the potential difference between the negative point n and the

neutral ground g, and V. is the DC link input voltage of the inverter.

The new voltage equations of Equation E.6 in the stationary reference
frame are

vy, = VacS, &)

viiq = V:icsd
According to the coordinate transformations given in Appendix D,

(E.8)



5= 2(5.— 15— 150)

Sq = %(Sb —Se)

and according to the switching function §S,, S, and S,, the eight different
states should exist. The detailed changes of the switching function are
displayed in Table E.1 and the calculation of the switching time is explained
here.

The SVPWM technique is a special technique for determining the
switching-state sequence of the inverter. The inverter has eight possible

switching states. As shown in Figure E.2, these states are mapped on the d—¢g
axis. There are six valid voltage space vectors (V;—V,) and two null-or zero-
voltage vectors (V,, V), shown in Table E.1. A null-or zero-voltage vector

occurs when all the upper switches are on simultaneously and the other
bottom switches are off, or all the upper switches are off and the other bottom
switches are on. This case leads to shorten the load and therefore, zero-
voltage output is generated. For example, assuming that the reference voltage

vector V* is in area I, to generate the PWM output voltage, the adjacent
voltage vectors V; and V, need to be used [2]. The switching cycle can be
calculated by using Equation E.9 [3].

TABLE E.1
Changes of the Switching Function According to Switching States

Voltage Vector  Conducting Switches 5, S 8. 8, 5,
Vi 2 4 B I 0 o0 0
; 2
Vi 6 1 2 1 0 0 3 0
! 1 2 3 1 1 0 i
g - : 3 3
1 " - 4 . ; | 1 1
2 3 - | 0 =5 e
i 3 33
2
Vi 3 4 5 1 1 T =% 0
1 1
Vs 4 5 B 0 0 1 —-= T
] A

et

P |

(=TS T
£
= o
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FIGURE E.2
Space vector diagram.
T, Va Vat Vs T, (E9)
[V*dt= [Vidt+ [ Vadt+ [ (VoorV;)dt
0 0 Va VotV
or
VT, =Vi -t +Va -ty + (Voor Vo) - Tp (E.10)
where
T, — % T (E.11)
_ W
T, = T

To =T, — (Tp + Tp)

To minimize the switching frequency of each inverter leg, the switching
pattern is arranged in a way shown in Figure E.3. By doing so, the

symmetrical pulse pattern for two consecutive T, intervals is created.

In Figure E.3, T, = 2T, = 1/f, (f, = switching frequency) is the sampling
frequency [2], and as shown in Figure E.3, during the first-half period, the
switching sequence has to be (000 = 100 = 110 — 111) and in the following
second period, the switching sequence has to be reverse (111 = 110 —» 100 —
000). The zero-and null-voltage vectors (V,,, V;) need to be replaced

efficiently such that minimal output harmonics and torque ripple can be
produced [3].
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FIGURE E.3

Symmetrical pulse pattern for the three-phase inverter. (Adapted from B.K.

Bose, Modern Power Electronics and AC Drives, Prentice-Hall PTR, Upper
Saddle River, New Jersey, 2002.)
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A

Above-rated wind speed conditions, 188—189
AC, see Alternating current (AC)
Activation

losses, 29

overvoltage, 14
ADC, see Analog-to-digital conversion (ADC)
ADC control register2 (ADCTRL?2), 320
ADCTRL2.bit.INT_ENA_SEQ1 bit, 320
Aerodynamic torque induced on rotor, 180
AFCs, see Alkaline fuel cells (AFCs)
Affine nonlinear control systems, 349
Air gap voltage, 181
Air management system, 142—-143
Alkaline fuel cells (AFCs), 2
Alternating current (AC), 11
Amplitude of chattering, 337

Analog-to-digital conversion (ADC), 291, 323; see also Digital signal processors (DSPs); ePWM
generator; Interruption

C2000 series DSPs, 323
features for TT F28335, 323-329
module, 323

Anode model, 109

Anode mole conservation, 20

Armature circuit, 181, 182

Auxiliary systems in FCVs, 137
B

Back-diffusion coefficient, 21

Back-electromotive force (back-EMF), 136
compensation control, 365-366

back-EMF, see Back-electromotive force (back-EMF)

Backward difference method, 182

Balance of plants (BOPs), 3, 229



components, 9—12
fuel storage and processing, 11
power conditioning, 11-12
reformer, 10
thermal management, 11
water management, 10
Ballard Mark V PEMEFC coefficient, 226
Ballard MKS5-E-based PGS-105B system, 94
Ballard Power Systems, 1
Bandpass filters design, 166, 167
Battery, 89
bank, 202
battery-alone mode, 128
Battery manager (BM), 267
BC, see Boost converter (BC)
BCBYV matrix, see Branch-current to bus-voltage matrix (BCBV matrix)
Below-rated wind speed conditions, 187-190
BIBC matrix, see Bus-injection to branch-current matrix (BIBC matrix)
Bidirectional converter, 160, 245-246; see also Power factor corrected converter (PFC converter)
boost mode, 257-258
buck mode, 258-259
SMC, 256-259
Bipolar plates, 7, 9
Bit definition, 307-308, 310-312
BLDC motor drive, see Brushless DC motor drive (BLDC motor drive)
BM, see Battery manager (BM)
Boost converter (BC), 245-246, 267
boost DC/DC converter, 151-152
cascaded control, 333
chattering of system dynamic regarding sliding surface, 335
considerations for control strategies implementation, 337
control, 333
direct voltage control, 334
flip-flop for implementing hysteresis loop, 336
hysteresis loop, 336
triangular current waveform, 334-335

Boost mode, 257-258



controller, 164-165
signal transfer function of bidirectional converter, 160—162
BOPs, see Balance of plants (BOPs)
BPM, see Brushless permanent magnet (BPM)
Braking mode, 138
Branch-current to bus-voltage matrix (BCBV matrix), 215
Brunovsky normal form, 353
Brushless DC motor drive (BLDC motor drive), 263
Brushless permanent magnet (BPM), 134
Buck converter, 245-246
Buck mode, 258-259
controller, 165—-166
small signal transfer function of bidirectional converter, 162—163

Bus-injection to branch-current matrix (BIBC matrix), 215

C
C2000 series DSPs, 291, 293, 315, 320, 322, 323, 332
C28x DSP core, 313
Capacitor voltage, 57
Carbon-based powder XC72%,9
Carbon dioxide (CO,), 121
Cascade control loop, 78, 79
Cathode
model, 110
mole conservation, 20
CCM, see Continuous conduction mode (CCM)
CCS, see Code Composer Studio (CCS)
CCStudio IDE v3.3, 300, 304
“CCStudio v3.3”, 297
Cell voltage
equation, 183
parameters, 108
Cell voltage checker (CVC), 142
Characteristic equation, 344
Characteristic roots, 344
Chiu’s et al. model, 29
comparison of simulated and test results, 37, 38

correspondence of simulation and test results, 36—-39



fuel cell parameters, 36
fuel cell small-signal model, 30-36
output voltage, 29, 39
voltage losses, 29
Chroma 63 112 programmable electronic load, 27
“Clean” by-products, 1
Closed-loop error equation, 88
Code Composer Studio (CCS), 295-297
IDE, 295
Cogeneration, 152, 154
Combined mode, 128, 130, 131
Community, 312-313
technical support documents, 314
union definition, 312
Compensation-based technique, 214
Concentration overvoltage, 14
Constant power factor model, 215-216
Constant voltage model, 216-217
Continuous conduction mode (CCM), 254-255, 336
Continuous PID controller, 185
Control design analysis, 91-92
Controller, 164
boost mode, 164—165
buck mode, 165-166
transfer function, 185
Control methods, 195
Conversion factors, 24
Cooling plates, 9
Cooling system, 89, 143
Coordinate transformation
abc phase to d—g-reference frame transformation, 367
of nonlinear control systems, 348—-349
stationary reference frame, 369
synchronous frame vs. stationary frame transformation, 369-370
synchronous reference frame, 367-369
Counter-compare a register, 331
CPU
IFR, 319



interruptions, 318
Register, 319
Current block, 112
CVC, see Cell voltage checker (CVC)

D

DA, see Distribution automation (DA)
Data Page Pointer (DP), 308
DBGIER, see Debug interrupt enable register (DBGIER)
DC-AC inverters, 11
DC-DC converters, 11, 89

boost converter, 91
DC generator

controller, 182—-183

subsystem, 181-182
Debug interrupt enable register (DBGIER), 318
Decoupling matrix, 86—87
Deficit mode, 205
Demand-side management (DSM), 210-211
Department of Energy model (DoE model), 31, 32
Derived mapping of vector fields, 349
DG, see Distributed generation (DG)
Diffeomorphism, 347

coordinate transformation, 353

local, 348

Digital signal processors (DSPs), 95, 291, 292; see also DSP utilization for power electronic
applications; Interruption; Texas Instruments DSPs (TT DSPs)

characteristics, 292-293
development, 292
real-time MATLAB-Simulink SMC program, 263
selection, 293-294
Direct-approach technique, 214-215
Direct methanol fuel cells (DMFCs), 2, 52
comparison of averaged data, 56
dependence of capacitance values, 65
dependence of resistance values, 64
DMEC dynamic response, second-order equivalent circuit model of, 54

equivalent circuit models of DMFC dynamic response, 53-55



estimated model component value results, 59-66
experimentation setup, 56
first-order equivalent circuit model of DMFC dynamic response, 53
0.5 mol/L fuel concentration, 64—66
1 mol/L fuel concentration, 59-64
importance of equivalent circuit model, 52-53
model component value estimation, 58—59
output impedance, second-order equivalent circuit model’s, 67-68
second-order circuits, 57
second-order equivalent circuit model values, 60-63
temperature and fuel dependence of equivalent circuit model, 52
testing to ascertain equivalent circuit model parameters, 55-58
DistFlow approach, 213-214
Distributed generation (DG), 147, 211
Distributed generators modeling, 214
BIBC and BCBYV matrices, 221
combination, 215
constant power factor model, 215-216
constant voltage model, 216217
equivalent circuit of induction generator-based wind turbine, 216
Gauss implicit Z-matrix method, 214
test feeder, 217-220
test results, 217-219
variable reactive power model, 216
voltage profiles, 220
Distributed parameter model of fuel cells, 7677
Distribution automation (DA), 210
DMEFCs, see Direct methanol fuel cells (DMFCs)
DoE model, see Department of Energy model (DoE model)
DP, see Data Page Pointer (DP)
DQ decoupling control, 365-366
d—q equivalent circuit, 359
Drive-train control, 137-138
DSM, see Demand-side management (DSM)
DSP-based power electronics control
ADC, 323-329
DSPs, 291-294
ePWM Generator, 329-332



interruption, 313-322
TI DSPs, 294-313
DSPs, see Digital signal processors (DSPs)
DSP utilization for power electronic applications, 332-333; see also Digital signal processors (DSPs)
boost converter control, 333-337
MATLAB/Simulink Control Diagram, 337-339
Dynamic induction machine model, 360-361
Dynamic MATLAB-Simulink PEMFC model, 92
Dynamic modeling of fuel cells and UC bank, 155

E
Eigenvalues, 344

Electric drives subsystem, 127
Electric motors and motor controller/inverter, 134
characteristics of traction motor, 134—135
idealized torque—power—speed characteristics, 136
torque—power regions, 135-136
traction machine technologies, 135
Electric power production, 2
Electric vehicles (EVs), 241
HCvs. and fuel cell system design for, 128—137
hybrid fuel cell system control for, 137-141
Electrochemical circuit model of PEM fuel cells, 25
equivalent circuit, 25-26, 27
P—I characteristics of SR-12 and models, 27
simulation results, 26—28
V-I characteristics of SR-12 and models, 28
and voltage drops, 26
Electrochemical impedance spectra data, 55
Electrolyte membrane, 7
Electrolyzer subsystem, 186
Electromagnetic compliance (EMC), 137
Electromagnetic force (EMF), 365
Electromagnetic interface (EMI), 137
Electromotive force (EMF), 226
EMC, see Electromagnetic compliance (EMC)
EMF, see Electromagnetic force (EMF); Electromotive force (EMF)

EMLI, see Electromagnetic interface (EMI)



Energy
balance equation, 76
management systems, 133—-134
Energy storage (ES), 126
Engine-alone mode, 128, 130, 131
ePWM generator, 329, 330; see also Digital signal processors (DSPs); Interruption
configuration dialog, 332
counter-compare A register, 331
event-trigger selection register, 330-331
time-base period register, 331-332
Equivalent circuit model
DMFC dynamic response, 53-55
first-order, 53
importance, 52-53
second-order, 54
Equivalent load and system interconnection, 186—187
Equivalent series resistance (ESR), 245
Error dynamics, 88
ES, see Energy storage (ES)
ESR, see Equivalent series resistance (ESR)
Event-trigger selection register, 330-331
EVs, see Electric vehicles (EVs)
Exact linearization control, 352
conditions, 352
nonlinear control design by, 352-354
Excess mode, 203, 205

Excitation voltage, 158

F
Fault diagnosis of hybrid fuel cell system, 141

air, humidifier, and water management system, 142-143
fuel cell stack, 141-142
hydrogen diffusion and cooling system, 143
hydrogen supply system, 142
safety electronics system, 143
FCDGs, see Fuel cell distributed generations (FCDGs)
FCs, see Fuel cells (FCs)
FCS, see Fuel cell system (FCS)



FCTS, see Fuel cell test station (FCTS)
FCVs, see Fuel cell vehicles (FCVs)
Federal Energy Regulatory Commission, 147
Feedback signal, 333
fgoalattain method, 234
Field circuit, 181
First-level errors, 143
First-order equivalent circuit model, 53
Flow field plates, see Bipolar plates
Flux component, 139-140
Flux linkage equations, 355
fminimax method, 233, 234
Forward/backward-sweep algorithm, 214
Fossil fuels, 121
Frequency of switching signal, 337
Frobenius theorem, 352
Fuel cell distributed generations (FCDGs), 148
Fuel cells (FCs), 1, 147, 154, 199, 279
application in vehicles, 121
Ballard Power Systems, 1
BOP components, 9-12
“clean” by-products, 1
control, 140
controller, 185-186
control of hybrid fuel cell system for electric vehicles, 137-141
converter control system, 90
current under load variations, 116
electrochemical reaction in PEMFC, 6
ell output voltage, 25-26
fault diagnosis of hybrid fuel cell system, 141-143
FCV components, 122-127
fuel cell-based power systems, 75
and fuel cell subsystem, 122
fundamentals, 5
gas flow management subsystem, 122-123
HCyvs. and fuel cell system design for electric vehicles, 128—137
heat management subsystem, 123-126

importance of fuel cell dynamics, 3—4



inputs and outputs, 2
output impedance, 41
PEMFC, 5-9
power, 116, 133, 177-178
power interface design for fuel cell and UC hybrid systems, 158—172
power system organization, 2—3
processor, 89
stack, 17, 18, 89, 141-142
stand-alone application, 154158
terminal voltage, 163, 169, 171
types, 2
utility power systems and residential applications, 148—154
water management subsystem, 123
Fuel cell small-signal model, 30
linear state-space model, 34-36
state equations, 30-34
Fuel cell system (FCS), 267
Fuel cell test station (FCTS), 55
Fuel cell vehicles (FCVs), 121-122, 127, 128, 131, 241; see also Hybrid electric vehicles (HEVs)
auxiliary systems in, 137
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typical hybrid fuel cell vehicle configuration, 132
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control of, 137-141
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fuel cell controller, 185-186
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hybrid power, 177
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ICEs, see Internal combustion engines (ICEs)
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simulation results, 195-201

ISRs, see Interrupt service routines (ISRs)
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Lie derivative, 350
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Multi-input and multi-output system (MIMO system), 79
control schematic, 80
performance, 80, 81
SISO controller, 79

Multiparametric sensitivity analysis approach, 40

N
N-channel MOSFET transistor (NMOS), 292
Nafion®, 7
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simulation results, 205-207
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Pulse width modulation (PWM), 139
Pure hydrogen, 177

PV power generation systems, see Photovoltaic power generation systems (PV power generation
systems)

PWM, see Pulse width modulation (PWM)
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RGA analysis, see Relative gain array analysis (RGA analysis)
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NETL model, 4344
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Sensor gain function, 283
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“Setup CCStudio v3.3”, 296-300
connecting to DSP board, 301
downloading program to DSP board, 302
menu for viewing data registers and control registers, 303
running program, 303
selecting executive files, 302
S/H, see Sample-and-hold (S/H)
Simulation models, 194
Simulink model, 105, 249, 252, 254
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cell voltage parameters, 108
fuel cell current under load variations, 116
fuel cell power under load variations, 116
fuel cell voltage model block, 108
fuel cell voltage under load variations, 115
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implementation of fuel cell controllers, 112-113
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nonlinear control block diagram of PEMFC, 113
nonlinear controller block using feedback linearization, 114
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simulation results, 113—-119
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boost converter experiment results, 265
DC-bus voltage, 261
DSP real-time MATLAB-Simulink SMC program, 263
experiment, 260-262
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PFC boost converter experiment results, 264
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simulation, 259-260
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functional diagram of system, 161



transfer functions, 162
SMC:s, see Sliding mode controllers (SMCs)
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Time-base period register (TBPRD), 331-332
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SCI-A and SCI-B register files and register addresses, 306
table, 307
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U
UC bank
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modelling, 155
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Unified model of steady-state and dynamic voltage—current characteristics, 13—15
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University of South Alabama’s Model, 39
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proposed energy network for residential homes, 153
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Vector control, 137
Vector fields, derived mapping of, 349
Vector fields of state space, see Nonlinear function vectors
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controllers, 163
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Voltage equations
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W
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partial pressure, 19
Water management, 10, 30
subsystem, 123
system, 89, 142-143
Water model
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controller, 182—-183
Wind turbine subsystem, 179
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