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ABSTRACT

An Advanced Fuel Cell Simulator. (August 2004)
Prabha Ramchandra Acharya, B.E., College of Engineering, Pune, India

Chair of Advisory Committee: Dr. Prasad Enjeti

Fuel cell power generation systems provide a clean alternative to the conven-
tional fossil fuel based systems. Fuel cell systems have a high efficiency and use easily
available hydrocarbons like methane. Moreover, since the by-product is water, they
have a very low environmental impact. The fuel cell system consists of several subsys-
tems requiring a lot of effort from engineers in diverse areas. Fuel cell simulators can
provide a convenient and economic alternative for testing the electrical subsystems
such as converters and inverters.

This thesis proposes a low-cost and an easy-to-use fuel cell simulator using a pro-
grammable DC supply along with a control module written in LabVIEW. This sim-
ulator reproduces the electrical characteristics of a 5kW solid oxide fuel cell (SOFC)
stack under various operating conditions. The experimental results indicate that the
proposed simulator closely matches the voltage-current characteristic of the SOFC
system under varying load conditions. Effects of non-electrical parameters like hy-
drogen flow rate are also modeled and these parameters are taken as dynamic inputs
from the user. The simulator is customizable through a graphical user interface and
allows the user to model other types of fuel cells with the respective voltage-current
data.

The simulator provides an inexpensive and accurate representation of a solid
oxide fuel cell under steady state and transient conditions and can replace an actual

fuel cell during testing of power conditioning equipment.
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CHAPTER I

INTRODUCTION

The depleting fossil fuel resources and increasing pollution are leading to the research
and development of alternate energy generation techniques like fuel cells and solar
cells. Fuel cell systems have a high efficiency and use easily available hydrocarbons
like methane thus alleviating the fuel shortage. Moreover, since the by-product is
water, they have a very low environmental impact. The fuel cell system consists of
several subsystems and a lot of effort in diverse areas is required to make it a popular
choice for power generation.

An introduction is provided describing the working of the fuel cell, its applications
and the challenges faced in making it a mainstream technology. Similar problems are
faced in alternative technologies like solar cells and the solutions implemented are
discussed. The objective of this master’s thesis research is presented and the outline

for the thesis is provided.

A. Applications of Fuel Cells

Fuel cells have been used extensively and successfully in spacecrafts and now efforts
are on to commercialize the fuel cell. They have a wide range of applications which

are listed below [1].
1. Stationary power
e Power generating stations

e Auxiliary units

The journal model is IEEE Transactions on Automatic Control.



e Distributed power generation

e Residential use as combined heat and power (CHP) generation systems
2. Transportation

e Buses and cars

e Airport intra-terminal vehicles
3. Portable electronics

e Laptops

e Cellular phones

B. Working of a Typical Fuel Cell

Fuel cell is an electrochemical device that continuously converts the chemical energy
of a fuel and oxidant into electrical energy and heat as long as the fuel and oxidant
are supplied to the electrodes. A fuel cell is similar to a battery as it operates on
the electrochemical energy conversion principle but there is an important difference;
a fuel cell does not store fuel like a battery, but runs on a continuous supply of fuel.
This makes it similar to engines, but unlike engines it does not combust the fuel
giving out gases, it galvanically burns the fuel and the output is water. However,
the efficiency of a heat engine is limited by the Carnot efficiency but since a fuel cell
works on an electrochemical principle it is not similarly limited and thus can achieve a
efficiency higher than a heat engine. Thus, a fuel cell achieves the continuous energy
transformation from chemical to electrical form with very low pollution and high
efficiency making it an excellent choice for power generation [1].

A fuel cell consists of a fuel electrode (anode) and an oxidant electrode (cathode),

separated by an ion-conducting electrolyte as shown in Fig. 1. The electrodes are
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Fig. 1. Operation of a Fuel Cell

connected externally through a load, thus completing the electronic - ionic circuit. A
basic fuel cell with hydrogen as the fuel and oxygen as the oxidant is considered. The
hydrogen is ionized at the anode to give hydrogen ions and electrons. The electrolyte
allows only the ionic flow and resists the electronic flow. Hence the electrons flow
through the electrical circuit and reach the cathode after supplying power to the
load whereas the hydrogen ions flow through the electrolyte to reach the cathode.
Oxygen at the cathode reacts with the electrons and the hydrogen ions to form water.
The overall reaction is the sum of the anodic and the cathodic reactions producing
water. In high temperature fuel cells, the ionic carriers are carbonate ions for molten

carbonate electrolyte fuel cells and oxide ions in the case of solid oxide fuel cells [2].



C. Types of Fuel Cells

Fuel cells are categorized based on the type of electrolyte used. Some of the popular

fuel cells and their characteristics are listed in Table I [1].

Table I. Types of Fuel Cells

Fuel cell | Electrolyte Charge| Operating| Fuel Electric Application
type car- temp. effi-
rier ciency
Alkaline FC KOH OH~ 60°—120°C | Pure Hy 35-55% | <BkW  mili-
tary, space
Proton Solid poly- | HT 50°—100°C | Pure Hs, | 35-45% | 5-250kW
exchange mer tolerates automotive,
membrane COq portable
FC CHP
Phosphoric Phosphoric | HT ~ 220°C Pure Ha, | 40% 200kW CHP
acid FC acid tolerates
COq
Molten car- | Lithium COg_ ~ 650°C Hy,, CO, | >50% 200kW-MW
bonate FC and potas- CHy, CHP and
sium tolerates standalone
carbonate COq
Solid  oxide | Yttria, 02 ~1000°C | Hy, CO, | >50% | 2kW-MW
FC Zirconia CHy, CHP and
tolerates standalone
COq

D. Fuel Cell Power Plant

Since the fuel cell has a low environmental impact in terms of negligible air and noise

pollution and requires low maintenance, it is an excellent choice for power generating

systems and can also be placed in residential areas. A typical fuel cell power system

shown in Fig. 2 consists of the following components [3].




1. Fuel processor: The fuel needs to be treated and purified before it can be used
in the fuel cell. A fuel processor (also called a fuel reformer) is used to pretreat

the fuel and boost the hydrogen concentration before it is fed into the fuel cell.

2. Fuel cell stack: This forms the heart of the fuel cell power system. A fuel
cell stack is made up of individual fuel cells connected in series to increase the

output DC voltage.

3. Power conditioner: The fuel cell output is a DC low voltage. Most applications
use AC voltage. The power conditioner provides the interface between the fuel
cell output and the load and thus regulates or converts the DC power to AC

power. It also provides the control and grid interface.

4. Thermal and waste management: The heat and waste generated in the fuel cell
and the fuel processor is dissipated or recovered (cogeneration) by the thermal

and waste management system.

E. Challenges in Fuel Cell Development

Tremendous effort is being poured into making the fuel cell commercially viable.
Each one of the four components of the fuel cell power plant described above plays an
important role and contributes to the overall cost and efficiency of the power system.
These components require efforts of engineers from diverse areas. Thermodynamic
and electrochemical engineers are concerned with the development of the fuel cell,
the fuel reformer and the thermal management system. The electrical engineers are
responsible for the power conditioning equipment which bridges the gap between the
fuel cell output and the specific demands of the load. Since there are several aspects

of development occurring in parallel, if an accurate model of the fuel cell is built to
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Fig. 2. Fuel Cell Power Plant

simulate the behavior of the fuel cell it can greatly aid the development of the fuel

cell technology, the control systems and the power electronics required for fuel cells.

F. Previous Work

In [4], [5] the transient behavior of a solid oxide fuel cell has been studied and simu-
lated. Electrochemical and thermodynamic equations are used to model the processes
in the fuel cell. The fuel cell model is simulated by a computer program, which ac-
cepts parameter values for input gas flows, fuel cell temperature etc., and outputs
the terminal fuel cell voltage and current. In [6] a model based on a closed-form
calculation of solid oxide fuel cell (SOFC) voltage for a given current, fuel and air
compositions, and temperature has been implemented in a spreadsheet format. In [7]
a mathematical model is used to describe the a proton exchange membrane (PEM)
fuel cell and can be used to measure the stack performance. In all these simulation

models, electrochemical and thermal equations are used to determine the polarization
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losses and calculate the terminal voltage. The modeling of the fuel cell is done using
computer programs but no actual hardware model is built.

The most common test-bench used by electrical engineers in place of a fuel cell is
a DC power supply in series with a resistor representing the fuel cell internal resistance
as shown in Fig. 3. This method makes a linear approximation of the output V-I curve
of the fuel cell. Use of a resistor makes it a lossy approach and at high currents the
loss in the resistor compares with the power output. For example, a 5)kW solid oxide
fuel cell with a open-circuit voltage of 41V and full load voltage of 22V at a current
of 275A is represented by a DC power supply and a resistor. The variation of the
output voltage (V,) and power loss with current is shown in Fig. 4. The power loss in
the resistor is very high and is almost equal to the rated output of fuel cell. Since, the
power loss is in the form of heat, a cooling system might be required. Additionally,
only steady state characteristic is modeled by the resistor, it can not replicate the
transient behavior of a fuel cell.

A full power working model of the fuel cell would be greatly useful to an electrical
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engineer who is dependent on the complete working of the fuel cell system to be
able to test the power conditioning equipment. Parallel development of the fuel cell
technology and power conditioning equipment can be helped by the presence of a fuel
cell simulator that would replicate the fuel cell behavior at a fraction of the current
fuel cell cost. Similar problems are faced in other power generation systems like solar
cells, batteries and simulators have been built to ease the development and testing of

power electronics.

G. Solar Array Simulators

Solar cells (also called photovoltaic cells), like fuel cells, pose challenges to the elec-
trical engineer who has to develop specialized power conditioning equipment so as to

make the solar cell usable commercially. The solar cells are made up of a material



that directly converts the solar energy into DC electricity. Since the solar cells are
totally dependent on the availability and quality of the sunlight, their output varies
with changes in the incident sunlight. These variations in the solar cell output need
to be compensated by a energy storage device like a battery so that the load does
not suffer. Thus a power electronics interface is required to regulate the output. For
widespread use, the low DC voltage has to be stepped up and inverted to the popular
110V AC.

It is expensive to invest in high power photovoltaic modules for testing the power
electronic converters. Also it is impossible to demand varying solar conditions that
are required to test the power electronics system. Photovoltaic simulators that em-
ulate the electrical characteristics of a photovoltaic cell have been built to address
this problem [8], [9]. The effect of varying incident light on the photovoltaic cell is
modeled and is provided as a user controlled parameter. The simulators can replace
the photovoltaic cells in the test environment for the power electronic converters.

The photovoltaic simulator developed by Zeng et al., emulates the output charac-
teristics of photovoltaic modules and thus can replace the actual photovoltaic modules
[8]. It conmsists of a bridge rectifier, DC chopper and a control system based on the
80C196KC microprocessor as shown in Fig. 5.

The power conversion is performed by a three phase bridge rectifier and a DC
chopper. The power circuit is shown in Fig. 6. The 3-phase bridge rectifier converts
the AC source input to unregulated DC voltage provided as input to the DC chopper.
The DC chopper is designed as a typical step-down or buck chopper. An IGBT is
chosen as the switching component T;. The duty cycle of the pulse width modulation
(PWM) waveform is controlled by the control system so that output of the DC chopper
matches the photovoltaic module I-V curve. The control system shown in Fig. 5

consists of an interface board, a 80C196KC microprocessor, a PWM generator and
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Fig. 5. Block Diagram of the Photovoltaic Simulator

an operation board. The interface board isolates and filters the output of the current
and voltage transducers. The instantaneous current and voltage is sent to the PWM
generator and the average value of current is fed to the 80C196KC microprocessor.
Photovoltaic module I-V data tables are stored in the 80C196KC microprocessor,
which calculates the reference voltage based on the feedback information, and sends
it to the PWM generator. The PWM generator adjusts the duty cycle of the PWM
such that the feedback voltage tracks the reference voltage. The operation board
provides a interface to accept user defined parameters such as number of modules
and solar insolation. The simulator provides the flexibility and convenience to the
electrical engineer for testing various conditions in the laboratory itself without having
to invest in actual solar cells or working outdoors for testing various solar conditions.

Elgar Electronics Corporation has developed a solar array simulator that re-
produces various solar array outputs, based on the wide variety of input conditions

that an array faces, including orbital rotation, spin, axis alignment, eclipse events,
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Fig. 6. Power Circuit of the Photovoltaic Simulator

beginning-of-life and end-of-life operation and is shown in Fig. 7 [10]. It provides
complete programmable control of all the parameters that shape the solar cell I/V
output curve. The solar array simulator is made up of Elgar’s Fast Profiling Current
Source (FPCS) modules that can be connected in series or parallel depending on
the application power requirements. An embedded Motorola microprocessor in each
FPCS module provides the computational power necessary to calculate the output
transfer function, to communicate via a fiber optic data link to the system computer
and to continuously monitor the state of the power sections. The FPCS is designed
to operate continuously at the peak power output, or the knee, of the solar array

output. The I/V curve is controlled by the following four parameters.
1. Maximum programmed open circuit voltage at no load (V)
2. Maximum programmed short circuit current operating into short (I.)
3. Maximum programmed effective series resistance (Ry)

4. Curve factor (N)
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Fig. 7. Elgar’s Solar Array Simulator

The solar array simulator has a Windows NT graphical user interface and hardware
control software. It can be controlled remotely and integrated into a customer’s
test system via a standard ethernet or optional GPIB interface using standard SCPI
format commands. By being able to accurately simulate solar panels under various
space conditions with complete control, a system developer can comprehensively verify
design margins and quickly test, in production, spacecraft power systems and their
associated electronics [10].

The solar array simulator from Agilent Technologies is a DC power source that
simulates the output characteristics of a solar array [11]. It is primarily a current
source with very low output capacitance and is capable of simulating the I-V curve
of different arrays under different conditions (e.g., temperature, age). The I-V char-

acteristic for the simulator in various modes of operation is shown in Fig. 8. The
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[-V curve is programmable over the IEEE-488.2 bus. The simulator provides three

current operating modes.

1. Simulator mode: An internal algorithm is used to approximate a solar array
IV curve. Four input parameters: Voc (open circuit voltage), Isc (short circuit
current), Imp and Vmp (current and voltage at the peak power point on the

curve) are needed to establish a curve in this mode.

2. Table mode: For a fast and accurate I-V simulation, the simulator provides a
table mode. The I-V curve is set by a user-defined table of points. A table
can have any length up to 4000 points (a point corresponds to a specific value
of I and V). As many as 30 tables may be stored in each of the simulators
built-in volatile and non-volatile memory using an IEEE-488.2 command. In
Table Mode, current and voltage offsets can be applied to the selected table to

simulate a change in the operating conditions of the solar array.

3. Fixed mode: This is the default mode when the unit is powered on. The unit
has the rectangular I-V characteristics of a standard power supply, when an

output capacitor is added in this mode.

The solar array simulator built by Spectra-Nova Technologies, Inc. emulates
the power generation of a solar array in diverse operating conditions. This capability
combined with their fast transient response, makes it possible to power a photovoltaic
application device in exactly the same way as a solar array will power it during its
actual use. The software has a large data base storing the actual characteristics of the
solar modules (crystalline and thin films) made by the major manufacturers around
the world. They can be used in series/parallel combinations to generate a desired con-

figuration of an array. The user can vary external conditions such as light intensities,
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temperature,and tilting of the solar panel. A hybrid system of photovoltaic-wind-
Diesel based on random, daily or seasonal combinations can also be simulated. The
array simulator becomes an invaluable tool in designing and prototyping new solar
applications and devices without the expenses and uncertainties related to using a

real solar array [12].

H. Battery Simulators

Typically the current drawn from a battery is constant. But studies show that pulsed
current can extend the life of a battery. New power management techniques that
exploit non-ideal features of batteries in order to maximize their effective lifetime are
being developed. To validate these power management techniques, researchers can use
either real batteries or battery simulators. If non-rechargeable batteries are used, then
they must be replaced and disposed of after each experiment, making this approach
expensive and unfriendly to the environment. Rechargeable batteries produce less

waste and but the results may not be very reproducible, because the discharge and
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recharge history of the battery and the battery age will affect the total charge level
each time. In [13], Chou et al., have built a battery emulator using a programmable
power supply that mimics the battery characteristic. It consists of the power circuit,
measurement circuit and digital subsystem. The power circuit comprises of a 10
bit data acquisition card (DAC) and an adjustable linear regulator which operates
between 1V and 4.5V. The DAC provides the interface between the microcontroller
and the linear adjustable regulator. The simulator contains measurement circuits
for reading current, temperature, and voltage. The digital subsystem consists of the
PIC16F877 microcontroller, an RS-232 serial port, an Ethernet port, and an optional
USB port to communicate with a host computer. The PIC16F877 microcontroller has
eight built-in (analog to digital) ADC channels and a UART for serial communication.
Fig. 9 shows the block diagram of the simulator. The feedback information read
from the measurement circuits is provided to the microcontroller which computes the
battery simulator voltage which is sent to the linear regulator. The microcontroller
has limited memory and hence a simplified model resembling a Mealy machine with

256 charge states is used. For elaborate simulation based on the chemical reactions
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inside the battery, the simulator can be controlled externally from a computer through

the RS-232 port or the ethernet port.

[.  Research Objective

The objective of the thesis is to design and implement a low-cost fuel cell simula-
tor that can replicate the behavior of a fuel cell under a wide range of steady state
and transient conditions. The simulator will provide an advanced test environment
to verify power conditioning devices designed for fuel cells. A blackbox approach is
adopted for modeling and hence the complicated electrochemical and thermal equa-
tions are avoided. A mathematical model is developed and the fuel cell is treated as
a DC power source with a non-linear internal resistance. Actual fuel cell polarization
curves for various operating conditions are studied and mathematical techniques such
as polynomial curve fitting are used to model non-linear voltage current characteristic
of the fuel cell. A computer running a LabVIEW program controls and commands a
programmable power supply thereby emulating the fuel cell behavior. The simulator
can be configured with the experimental data to replicate various types of fuel cells.

The research focuses on a SOFC simulator since it shows a lot of promise in the
area of stationary power generation. The US Department of Energy conducted the
Future energy challenge 2003 competition with stringent specifications for develop-
ment of an inverter for a 5kW SOFC developed by Fuel Cell Technologies, Ltd. The
electrical characteristics for the 5kW SOFC were studied and replicated in this thesis.
The fuel cell simulator developed was used in the competition in place of the actual

SOFC to test and judge the inverters.
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J.  Overview of Thesis

Chapter I provides an introduction to the fuel cell technology, discusses the need for
simulation, prior work done in the area and the research objective of the thesis.

Chapter II discusses the fuel cell thermodynamic and electrochemical equations.
It explains the losses occurring in the fuel cell and the polarization curves under vari-
ous conditions. The various parameters affecting the fuel cell behavior are presented.

Chapter III details the SOFC electrical characteristics. The modeling approach
adopted to design the simulator is presented. The mathematical equations describing
the simulator model, the algorithm and the control strategy used to emulate the fuel
cell are explained.

Chapter IV is devoted to the explanation of the setup of the hardware for the
fuel cell simulator. The interaction between the various components and the software
and hardware are explained. The working of the fuel cell simulator and the results
are presented.

Chapter V presents the conclusions and suggests further improvements.
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CHAPTER II

FUEL CELL ELECTRICAL CHARACTERISTICS
In order to design a simulator, a mathematical model of the fuel cell needs to be
developed. The internal working of the fuel cell needs to be studied and the effects of
various parameters need to be known. In this chapter, the electrochemical and ther-
modynamic principles of fuel cells are described and the effect of various parameters
such as temperature, pressure and reactant composition on the fuel cell power output

are studied.

A. Energy Conversion Efficiency

Since a fuel cell burns the fuel galvanically the enthalpy change (AH) during com-
bustion is not converted entirely to heat. Instead of hot molecules in random motion,
a stream of electrons is given out whose maximum total energy is equal to the change
in free energy (also called Gibbs energy, AG) for the reaction. In an ideal fuel cell,
all the free energy change is available in the form of electrical energy. The efficiency
of the energy conversion is based on energy output produced relative to change in
thermal energy between reactants and products given by the enthalpy change for the
process. Thus the maximum energy conversion efficiency (7mazec) of a fuel cell is
given by (2.1)

AGT

mazx,ec — 2.1
mazce = A (2.1)

where AGr is the Gibbs energy at cell operating temperature T and AH, is the ther-
mal energy at the standard temperature (298.15K) and pressure (100 kPa)(STP)[2].
It is important to note that for fuels containing hydrogen the value for thermal

energy(AH) varies depending on whether the output is liquid water or vapor. The
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Table II. Maximum Reversible Cell Potentials V., and Maximum Efficiency Limit for
Hydrogen Fuel Cells

Form of water | Temp | Max V.., | Efficiency
product (°C) (V) | limit (%)
Liquid 25 1.23 83
Liquid 80 1.18 80
Gas 100 1.17 79
Gas 200 1.14 77
Gas 400 1.09 74
Gas 600 1.04 70
Gas 800 0.98 66
Gas 1000 0.92 62

two values are called the higher heating value (HHV) and the lower heating value
(LHV) respectively and the latent heat of vaporization accounts for this difference.
The maximum efficient limit and maximum reversible open circuit voltage for a
hydrogen fuel cell for various temperatures is described in Table II [14]. It appears
from the ideal case that low temperature fuel cells have higher efficiency and voltages,
however, in actual fuel cells the losses are higher at low temperatures as compared to
losses at high temperatures. The high temperature fuel cells can be used in combined
heat and power (CHP) systems and show a higher system efficiency. For non-hydrogen
fuel cells the relation between temperature and efficiency may not be the same. For
the reaction CO + % Oy — C'Oy the maximum efficiency drops from 82% at 100°C to
52% at 1000°C. However, for the reaction, CH,;+2 Oy — COy+2 H50O, the maximum

efficiency hardly varies with temperature.
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B. Efficiency and the Fuel Cell Voltage

From Table II, it is seen that there is a connection between the maximum efficiency
and the maximum voltage. For a hydrogen fuel cell, the thermal energy of the reaction
(AH) is 285.8 kJ/mole and the Gibbs free energy (AG) is 237.1 kJ/mole. From 2.1 it
follows the maximum thermal efficiency at STP is 0.83. Using the LHV for hydrogen,
the ideal voltage is 1.229 V for hydrogen fuel cell operating reversibly at STP. The
actual efficiency of a fuel cell can be expressed as a ratio of the actual fuel cell voltage

to the ideal voltage as follows [15].

_ UsefulEnergy
= AH
. Useful Power
ie. = —
g AG = 0.83
o _ Veenn X current
€ n = View X current = 0.83
ie . 0.83 x V::ell
e YL
. 0.83 x Vi
ie.n = —
1.229
ie.n = 0.675 x V. (2.2)

where V. is the actual fuel cell terminal voltage and V., is the ideal voltage.

C. Fuel Cell Losses

An actual fuel cell has a lower efficiency than the ideal one because of the irreversible
losses in the cell reaction. The fuel cell terminal voltage drops from the open cir-
cuit voltage and this drop in voltage is proportional to the current drawn by the
electric circuit. This phenomenon is known as polarization. There are three main
types of polarization: activation polarization, ohmic polarization and concentration

polarization.
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1. Activation polarization: This occurs due to slow charge transfer reaction at the
surface of the electrodes. Some of the electrode potential is used to drive the
electron transfer to match the current demand and thus the potential at the
fuel cell terminal is reduced. Activation polarization depends on the nature of
type of electrode, ionic interactions, ion-solvent interactions and the electrode-
electrolyte interface. Increase in temperature reduces the loss due to activation
polarization. Using a catalyst to speed up the charge transfer and increasing

the active surface area of the electrode improves the cell performance.

2. Ohmic polarization: This occurs due to resistance to the flow of ions in the
electrolyte, resistance to the flow of electrons through the electrodes and the
contact resistance at the cell terminals. These losses can be reduced by using
electrolytes with high ionic conductivity, electrodes with high electronic con-
ductivity and reducing the space between electrodes to minimize electrolyte

resistance.

3. Concentration polarization: This occurs due to a decrease in the concentration
of the reactants at the electrode-electrolyte interface. A steady supply of the re-
actants is required at the electrode-electrolyte interface to maintain the flow of
electric current. Due to diffusion or convection problems in the electrolyte, the
concentration of the reactants is not maintained at the initial level. Reaction
product accumulation can also cause dilution of reactants. The concentration
gradient thus formed, causes a drop in electrode activity and the terminal volt-

age is reduced.

The ideal and the practical fuel cell electric characteristics are shown in Fig. 10
[14]. In a practical fuel cell, the voltage drop is significantly more at low and high

current densities. At low current densities, the activation polarization is predominant
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Fig. 10. Fuel Cell Electrical Characteristics

and at high current densities, the concentration polarization is a major cause of
losses. The ohmic polarization is nothing but cell resistance and hence with increase
in cell current the voltage drop increases proportionately. Low temperature fuel cells
exhibit high activation polarization at low current densities. On the other hand, high
temperature fuel cells have a low activation losses and ohmic polarization is the most

important cause for losses.
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D. Fuel Cell Performance Parameters

Fuel cell performance is affected by design parameters such as cell size, power level,
cost and by operating variables such as temperature, pressure, fuel composition and
current density. Many of these parameters have opposing influences and a compromise

has to be arrived at based on constraints dictated by the application.

1. Temperature

From Table II, it is seen that with increase in temperature the reversible voltage for
a hydrogen fuel cell decreases. But for an actual fuel cell the effect of temperature is
different and is shown in Fig. 11 [15]. The cell voltages of PEFCs, PAFCs, and MCFCs
show a strong, positive dependence on temperature. PEFCs show increase in voltage
till a point and suddenly the voltage drops with further increase in temperature.
This is due to water management problems at temperatures above 100°C. SOFCs are
operated at about 1000°C because the ohmic resistance of the electrolyte increases
rapidly with decrease in temperature. The improvement in performance at higher
temperatures is due to decrease in polarization losses. An increase in temperature
leads to an increase in reaction rate, higher mass transfer rate and lower cell resistance
due to improved ionic conductivity of the electrolyte. For low-temperature fuel cells
the CO tolerance of electrolytes increases with rise in temperature. However, material
problems related to corrosion, electrode degradation, electrocatalyst sintering and
recrystallization and electrolyte loss due to evaporation are accelerated at higher

temperatures [15].
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Fig. 11. Effect of Temperature on Initial Operating Cell Voltage of Typical Fuel Cells

2. Pressure

The change in Gibbs free energy due to pressure can be studied by the Nernst equation
[14]. It shows the effect of pressure on cell voltage as follows.

RT  [a.pz .
_ 50 L
E=E+ ln( 5 .P) (2.3)

where E° is the EMF at standard pressure (100kPa), F is the Faraday constant
(96485 C), «, ( are constants depending on molar masses and concentrations of the
reactants, ¢ is a constant depending on molar mass and concentrations of the product,
and P is the system pressure. The pressure on both the cathode and anode are
assumed same to simplify the equation.

From (2.3), it is seen that increasing the operating pressure of the fuel cell has

a positive impact on the cell voltage. Increase in pressure implies that the reactant
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partial pressure, gas solubility and mass transfer rates are higher. Additionally, elec-
trolyte loss by evaporation is lower at a high pressure. But this is offset by the extra
power required to compress the reactants and the financial cost required to improve

the structural strength of the fuel cell to withstand the higher pressure.

3. Reactant Utilization and Gas Composition

As the fuel and the oxidant pass through the fuel cell and react at the electrodes,
their partial pressures decrease and the reaction products increase causing the cell
potential to fall. The voltage varies throughout the cell and is at the lowest near
the fuel outlet where the fuel concentration is lowest. In case of fuel cell stacks
with bipolar electrodes, the voltage cannot change along the electrode and thus the
current density drops near the exit where the fuel concentration is lower. Thus low
fuel utilization leads to a higher cell voltage. However, for a high system efficiency, the
fuel utilization should be high. These two contrasting factors need to be optimized
so that both cell voltage and system efficiency are balanced [14].

From (2.3), it is seen that increase in fuel partial pressure leads to an increased
cell voltage. Changing the gas composition from 100% hydrogen to 50% hydrogen

combined with carbon dioxide in a PAFC will reduce the voltage by 0.015V per cell.

4.  Current Density

The fuel cell efficiency can be improved by operating the fuel cell at a higher voltage,
but this results in low current density and low power density. To increase the power
output, the cell area has to be increased resulting in a larger, heavier and costlier fuel
cell. Fig. 12 shows the relation between fuel cell voltage, current density and power
density [15]. The fuel cell efficiency conflicts with the size and the cost of fuel cell

and an optimal operating point for the fuel cell has to be chosen based on application
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requirements.

E. Fuel Cell Power Conditioning

The fuel cell power system has specific power conditioning requirements:

1. Regulation: The voltage from all sources of electrical power varies with time,
temperature, pressure, and other factors and most importantly load current.
However, fuel cells are particularly badly regulated. From Fig. 10, it can be seen
that when all other factors are constant, the actual fuel cell shows a marked
voltage drop with increase in current density. Most electrical equipment work
with a constant voltage with slight variation. A regulator using switching or

chopping circuits is required to maintain a constant DC output voltage.

2. DC to AC conversion: The fuel cell outputs low DC voltage. However, for



27

Power Conditioning Equipment

DC-DC DC-AC
Fuel CellSack [ >> (e [ > e >

&Y DC fora m 4§ DC 124V AC

5-1RW System 6051z

Battery Backup

Fig. 13. Power Conditioner for a Fuel Cell

stationary power generation, AC output is preferred. Hence a converter would
be required to boost the DC voltage and an inverter to convert DC to AC

voltage.

3. Battery backup: A fuel cell responds slowly to change in power demand. To

meet the load fluctuations, a battery or a similar energy storage device is used.

Fig. 13 shows the components of the power conditioning unit for a fuel cell. A DC-DC
converter regulates and steps up the DC voltage to 400 V DC. In case of sudden load
demand, the DC-DC converter draws the extra power from a battery and during low
loads, the battery is recharged. The DC-DC converter output forms the input to the
DC-AC inverter, which produces an AC output voltage of 120/240V at 60/50 Hz.

A fuel cell simulator that can emulate the fuel cell under various conditions pro-
vides an inexpensive and easy-to-use platform to test the power conditioning devices.

In the next chapter, the mathematical model of the simulator is described.
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CHAPTER III

FUEL CELL SIMULATOR MODEL AND ALGORITHM
In this chapter, the mathematical basis used for modeling the fuel cell is presented.
A blackbox approach has been adopted and thus the simulator developed can be
generalized to represent any type of fuel cell. A solid oxide fuel cell (SOFC) has been

modeled in this chapter.!

A. The Fuel Cell Blackbox

The fuel cell is treated simply as a two terminal voltage source with an internal resis-
tance. With increase in current, the fuel cell terminal voltage drops due to polarization
losses as described in Chapter II, resulting in a non-linear voltage-current character-
istic. Consequently, the internal resistance is also non-linear. This non-linearity can
be modeled using curve-fitting techniques. Thus, complicated thermodynamic and
electrochemical equations that are commonly used to model the fuel cell are avoided.
Instead, the experimental data from an actual fuel cell are used to replicate the fuel

cell electrical behavior under various conditions.

B. Modeling the Fuel Cell Steady State Behavior

The experimental voltage-current data of the 5kW solid oxide fuel cell (SOFC) built
by Fuel Cell Technologies, Ltd are given in Table III. Fig. 14 shows the data points
that are curve-fitted using quadratic, cubic, and fourth order polynomials. The cubic
polynomial provides the best curve fit for this data set as compared to the quadratic

1* © 2004 IEEE. Reprinted, with permission, from “An advanced fuel cell simulator”

by P. Acharya, P. Enjeti and I. J. Pitel, 19** Annual IEEE Applied Power Electronics
Conference and Exposition, 2004, Volume 3, pp 1554-1558.



29

Table III. Experimental V-1 Data for a 5kW SOFC

Voltage (V) | Current (A)
41.0 0
38.0 0.01
34.0 27
32.0 44
31.0 64
29.5 100
29.0 115
28.5 132
28.0 142
27.5 146
27.0 150
22.0 275

fit that gives a rough approximation, and as compared to the fourth order polynomial
that shows oscillations at higher currents. The fourth and higher order polynomials
show oscillations because the data set is not evenly spaced and is ill-conditioned.

A cubic polynomial fit is used on the experimental data to obtain a smooth
voltage-current (V-I) curve. Since polynomial curve fitting is an approximation
method, the best result is obtained if there are several points in the data set and
the points are evenly spaced. Fig. 15 shows the experimental data points and the V-I
curve for the steady state electrical characteristics of an actual 5)kW SOFC provided
by Fuel Cell Technologies, Ltd. In addition, the relation between output power and
current (P-I curve) is also shown.

The equation for the cubic polynomial is given as
V =-2547x 107° I* + 1.187 x 1073 I? — 0.1967 I + 39.2082 (3.1)

where V is the fuel cell terminal voltage and I is the current. The minimum least-
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squares error method is used to obtain the closest approximation.

An increase in the load results in an increase in fuel cell power output and
consequently an increase in the current and a drop in the terminal voltage. The fuel
cell P-1 curve is a steadily increasing curve and thus for a given value of power output

the operating point on the V-I curve is unique and can be expressed as follows

Power output = Power demanded by load
VxI = I’xZ

V = IxZ (3.2)

where Z is the load impedance. Equations (3.1) and (3.2) are solved simultaneously

to obtain an equation in terms of the current and the load impedance as follows
fI)=—2547x 1076 I* + 1.187 x 1073 I? — (0.1967 + Z) [ +39.2082 =0 (3.3)

The Newton-Raphson iterative method is employed to solve the non-linear equa-
tion (3.3) and determine the fuel cell current. The method for solving an equation

f(z) = 0 is outlined as follows [16]

Tpy1 = Tp — f,( )

(3.4)

Tn

where z,, is the estimate at the n** iteration and x,, is the updated estimate.

The iteration process is terminated when f(x,.1) <= € &~ 0, where € is the
tolerance limit and x,,,; is the required solution. The method is terminated if f'(z,) =
0, since it diverges away from the solution and a new initial guess is used and the
process repeated.

Being a numerical method the condition for convergence has to be satisfied. For

the Newton-Raphson method the first order derivative of the function should not be
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Z€ero.

The first order derivative for (3.3) is calculated as follows.
f/(I)=—7.642 x 107° I* +2.375 x 107* I — (0.1967 + 2) (3.5)

Since (3.5) is a quadratic equation, in order for the roots to be real the discriminant
has to be greater than or equal to zero. From (3.5), this implies, Z < —0.0122. This
value is not practically possible since the load impedance is not negative for a fuel
cell power system being simulated. Thus, the condition for convergence is fulfilled.
The Newton-Raphson method is chosen to solve the non-linear equation because of
two reasons: it is of the second order and the condition for convergence is satisfied.
A reasonable starting guess is assumed such that it lies within the bounds defined
by the V-I curve. For the given fuel cell data, the current varies from ~ 0A to 275A.
The load impedance varies from 360 €2 for a current of 0.14 to 0.08€2 at a full load
current of 275A. Fig. 16 shows the number of iterations required to converge to a
solution using the Newton-Raphson for a range of initial guesses when load impedance

is 0.17 Q. The error tolerance is set at 10uA.

C. Modeling the Fuel Cell Transient Behavior

Changes in parameters like temperature, pressure, hydrogen flow rate and variation

in the load can cause the fuel cell to display transient behavior.

1. Sudden Increase in Load

High temperature fuel cells with reformers have a low slew rate, because of the time
required to reform the extra fuel and increase the fuel cell temperature to supply

more power. A sudden increase in power demand causes the fuel cell voltage to drop
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sharply. The SOFC takes some time to supply the additional power and eventually
the terminal voltage climbs back to the steady state value.

This transient behavior is modeled in the simulator by two configuration param-
eters viz. the slew rate and the current limit. Their values can be adjusted depending
on the fuel cell. The current limit sets the amount of current that can be drawn when
there is a increase in power demand. In case the demand is excessive then the current
is limited and the terminal voltage drops emulating the fuel cell transient. The fuel
cell output power is increased by a rate equal to the slew rate till the power demand

is met.
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2. Decrease in Hydrogen Flow Rate

The amount of fuel (hydrogen) supplied to a fuel cell determines the power generation
capacity of the fuel cell. If the hydrogen supplied to the fuel cell is reduced then the
fuel cell power output decreases, the polarization losses increase and the terminal
voltage of the fuel cell decreases as shown in Fig. 17 [6].

The voltage and current for various hydrogen flow rates are obtained experi-
mentally and curve fitting is done, similar to the steady state modeling. Once the
simulator is configured, the hydrogen flow rate is accepted dynamically and the sim-

ulator replicates the fuel cell transient behavior for varying hydrogen flow rate.
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D. Fuel Cell Simulator Algorithm

The mathematical modeling for the steady state and transient behavior described in
the previous section is simulated and tested using MATLAB. A high level flowchart
of the simulator program is shown in Fig. 18. The first step is to configure the simu-
lator using the experimental V-I data of a particular fuel cell. The cubic polynomial
equations fitting the steady and transient behavior are determined.

The simulator starts off at the open circuit voltage of the fuel cell and measures
the voltage and the current at the output terminal. This feedback data is used
to calculate the load impedance. Utilizing the value for load impedance, the cubic
polynomial is solved iteratively using the Newton - Raphson method to calculate
the fuel cell operating current and voltage. Based on the fuel cell slew rate the
output current limit is calculated. The simulator output voltage and current limit is
updated. Again the fuel cell output voltage and current is read and whole process is
repeated to calculate a latest operating point. In case the hydrogen flow rate changes,
the transient is simulated by using the cubic polynomial corresponding to the lower
hydrogen flow to find the operating point. In case there is a sudden increase in load
demand, the current limit restricts the current drawn. The system goes in transient
mode and based on the slew rate the current limit is increased till the power output

meets the power demand. A stop signal causes the simulator to terminate and exit.
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CHAPTER IV

IMPLEMENTATION OF THE SIMULATOR AND RESULTS
The components of the fuel cell simulator and the experimental setup are described
in this chapter. The design specifications laid down by the US Department of Energy,
National Energy Technology Laboratory (US DOE-NETL) are stated.

A. Design Example

The requirements provided by the US DOE-NETL for the Future Energy Challenge
2003 were used as a reference for designing the fuel cell simulator. The specifications
are given as follows [17].

The fuel cell simulator should provide a voltage and current representative of
a real fuel cell, both in steady state behavior as well as in its transient behavior.
It should simulate transients due to changes in volume of anode gas, or changes in
reformate gas transport time from the reformer to the anode, or changes in cathode
electrochemical reactivity. A computer interface should be provided allowing the user
to modify some parameter values. The capability of modifying the fuel cell model
itself would be desired, however the system must come preprogrammed with at least
one SOFC-based model. The system should be built according to any applicable
National Electric Code (NEC) standards for safety. At a minimum, the system should
be self-protected against any internal failures as well as any inverter failures during
operations such as shorts, power feedback into the simulator. Desired capability is

listed as follows.

1. FCS input requirements: Input power 120V AC, 240V AC or 480V AC.

Cooling water at less than 3 gpm.
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2. Simulated fuel cell auxiliary loads: 120V AC, 60 Hz, 1 kW.
Programmable for 0-48 V DC, 0-300 W. (Not implemented)

3. FCS simulated stack output: Output is defined for two voltage ranges and
should transition seamlessly between the two. Ranges are 15-22V DC with
current in 0-275 A and 22-60 V DC with current limited by maximum power of
6 kW.

4. Physical parameters: The simulator can be provided by multiple components,
but each component should fit through standard doorways: less than 70 inches
high, less than 25 inches wide and less than 30 inches deep. Weight should be
less than 150 1b for any component. Unit shall be self-contained and be mounted
on casters or other means for portability. Forced cooling vented by air flow over
fins for electronics, water-cooled for DC load. Noise level should be less than

65dB at 10ft.
5. Interface for control:

(a) Inverter RS-485 communications: Control signals from the simulator to

inverter are listed as follows. (Implemented with changes)

Stand alone voltage command (Vac range dependent on application)

Fuel cell current command (0-275A)

Output frequency (50-60Hz)

Battery float voltage (52.8-55.9V DC)

Minimum battery voltage (43-57V DC)

Minimum fuel cell voltage (21-41V DC)

Output power enable (on/off)
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Fault reset

Slew rate

Feedback from inverter to simulator are as follows.

Stand alone voltage command readback
Fuel cell current command readback
Output frequency readback

Battery float voltage readback
Minimum battery voltage readback
Minimum fuel cell voltage readback
Output power enable readback

Stand alone voltage readback

Stand alone current readback

Inverter status to include AC line OK and phase locked to AC line
indicators as well as fault indicators as required such as battery or

fuel cell undervoltage
Battery voltage readback
High voltage bus readback

Fuel cell input voltage readback

(b) Inverter digital control: The following is a list of TTL signals that the

simulator must make available to the inverter.

Power supply enable

High voltage bus enable

(c) Inverter analog control: The control signals from the simulator to the

inverter are as follows.
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e Stand alone voltage command (0-10V DC)

e Fuel cell current command (0-10V DC)

B. Components

The fuel cell simulator (FCS) comprises of the power, the measurement, the communi-
cation and the control elements. The power block is made up of a DC programmable
power supply. The SBC488A interface forms the communication channel between the
computer and the power supply. The measurement system is made of a signal condi-
tioning module with analog and digital voltage input/output devices, which measure
feedback signals from the device under test (DUT) into the computer. A data ac-
quisition (DAQ) card interfaces between the computer and the measurement system.
The fuel cell simulator program executed on the computer is the controller for the
system. Fig. 19 shows the interaction between the various components whose details

are given as follows.

1. Power supply: Two programmable DC power supplies manufactured by Magna-
Power Electronics are connected together in a master-slave mode. Each of them
requires three phase 208 V. AC power supply and has a rated output of 10kW, 0-
55V DC, 180 A. The outputs of the two power supplies are connected in parallel

so as to obtain a current capacity of 360 A.

2. SBC488A control interface: This is provided by Magna-Power Electronics and
forms the interface between the computer and the DC power supply. It has a
IEEE-488 (GPIB - General Purpose Interface Board) interface bus and a RS-
232 serial port, and either of these two can be used to connect the computer

to the power supply. The computer can command the power supply using

Standard Commands for Programmable Instruments (SCPI). The SBC488A
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provides optical isolation between the communication bus and the power supply.

. Signal conditioning and analog and digital input /output modules: The NI-SCXI
signal conditioning platform is used. It comprises of analog and digital input
output modules installed in a rugged SCXI-1000 chassis. The chassis provides
a housing for the modules and is cabled to the DAQ card. The SCXI-1125
analog input module provides 8 channels with 300V,,,s working isolation per
channel and a low pass filter. The SCXI-1124 is an optically isolated 6 channel
analog output module with 250 V,.,,s working isolation per channel and a 12-
bit resolution. The SCXI-1162HV digital input module has 32 digital inputs
with optical isolation of 300 V,.,,s per bank of 4 lines. The SCXI-1163 optically
isolated module has 32 digital outputs with 300V, isolation per bank of 4
lines [18].

. Data acquisition card: A National Instruments (NI) E-series PCI-6070E card is
used as an interface between the signal conditioning module and the computer.
This DAQ card has a maximum sampling rate of 1.25 MS/s with 12-bit resolu-
tion. It has 16 analog inputs, two 12-bit analog outputs, 8 digital input/output

lines and two 24-bit counters [19].

. Simulator software: The simulator controller implements the algorithm de-
scribed in Chapter III along with a graphical user interface (GUI). The controller
is written in LabVIEW and executed on a personal computer running Windows
XP operating system. The software is platform independent and can be ported

onto computers running other operating systems.

Fig. 20 shows photographs of the actual components.
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C. Working of the Fuel Cell Simulator

The DC programmable power supply receives an input of 208 V, 60 Hz three phase
AC supply and provides an output emulating the fuel cell. It is operated in a voltage
controlled mode and is controlled externally from a computer program. The output
of the power supply is connected to the device under test (DUT). Two 25 pin connec-
tors cable the power supply to the SBC488A box, which is connected to the computer
at the RS232 serial port, also known as the COM port. This forms a two-way com-
munication channel between the computer and the power supply and the computer
program uses SCPI commands to send or receive information. The signal condition-
ing module communicates with the DUT using analog and digital input/output. The
analog input channel reads the value of the power required which is provided as a
voltage scaled to a range of 0-5V. The power available at the FCS terminal is scaled
to a 0-5V voltage and provided at the analog output channel. The digital lines with
0 or 5V values are used to indicate the status of the simulator and the DUT. The
signal conditioning modules are connected to the DAQ card which is installed on the
PCI bus of the computer.

The fuel cell simulator controller software implements the algorithm described in
Chapter III, Fig. 18 and is executed on the computer. The FCS controller program
provides a graphical user interface (GUI) as well as the back-end processing software
for the fuel cell simulator. Fig. 21 shows the main screen of the fuel cell simulator.
The controller main GUI displays the FCS output voltage, output current, the power
available, the power output, the set-point voltage, the current limit and accepts the
hydrogen flow rate. The steady state V-I characteristic of the fuel cell is plotted on
a graph as a reference and the present operating point of the simulator is displayed.

The Start and Stop buttons allow the user to control the simulator. The Reset



45

FUEL CELL SIMULATOR [®
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Fig. 21. Fuel Cell Simulator - Graphical User Interface

button clears fault states and resets the power supply. The Configure button allows
the user to input the V-I data of the fuel cell being simulated, the slew rate and the
reserve current limit as shown in Fig. 22. Also the over-voltage, under-voltage and
over-current protection for the power supply can be set. Fig. 23 shows the transitions
between the various states of the simulator. After the configuration data are entered,
the cubic polynomial equations are generated. Additionally, the information is saved
to a file on the computer for later use. The simulator is started when the Start button
is pressed. The FCS controller uses SCPI instructions to set the terminal voltage and

current limit of the power supply and also to receive information about the output
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voltage and current. The instructions are sent over the RS232 serial interface to
the SBC488A which controls the power supply. In the steady state, the load at the
terminal is measured, and the FCS controller solves the non-linear cubic equation
using the Newton-Raphson technique to determine the output voltage, which is also
known as the set-point voltage. This value is communicated to the power supply in
real-time and its output changes to match an actual fuel cell output under similar
conditions.

For simulating effect of a sudden increase in load, the controller sets another
parameter called the current limit of the power supply. Reserve current limit, a user-
configurable parameter, determines how much extra current can be drawn at any
instant without causing transients. If the load tries to draw more current than the
allowed limit, then simulator shifts to the transient state. The power supply operates
in a current controlled mode and consequently the voltage drops, replicating the fuel
cell behavior. The controller senses the increased load demand and the fuel cell output
power is increased based on the fuel cell slew rate as configured by the user. When the
power available at the FCS matches the load demands, the transient operation ends
and the steady state is resumed. If the hydrogen flow rate decreases, the program
chooses the appropriate cubic polynomial and the FCS output voltage drops. When
the hydrogen flow rate resumes normal values, the program switches to the steady
state V-I curve and output voltage increases. The Stop button terminates the fuel
cell simulator. The controller also detects the following fault states and terminates

the simulator.
e Terminal voltage exceeds the maximum voltage
e Terminal current exceeds the maximum current

e Terminal voltage drops below the minimum voltage
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e Communication with the power supply over the serial port fails
e Communication with the DAQ card and signal conditioning modules fails

The fuel cell simulator implements most of the specifications given by the US
DOE-NETL. However, the control and communication interface have been changed
to suit more generalized requirements.

The input requirements are fulfilled since the DC power supply uses 208/240V
AC input and no cooling water is required. Fuel cell auxiliary loads have not be
simulated. The power supply can provide a maximum voltage of 55V DC and cur-
rent upto 360 A. The simulator consists of separate components and each are within
the specified limits for size and weight. Implementing the above mentioned control
interface would make the simulator very specific to inverters that can respond to the
commands. The inverters would have to be designed with this control interface as
well. To increase the usability of the simulator, the communication between the sim-
ulator and the device under test (DUT) is minimized and simplified by using analog
voltage input/output. The simulator provides the value of the power available in
the form of an analog voltage scaled down to 0-5V DC. The inverter communicates
with the simulator about the power required by setting the analog input (into
the FCS controller) scaled identically as the simulator output value. The simulator
ON/OFF status is sent out as a TTL signal on the digital output line. Similarly the

inverter ON/OFF status is present on the digital input line.

D. Testing and Results

The simulator has been tested for steady state and transient modes of operation using
an electronic resistive load. Values set during the configuration mode of the fuel cell

simulator are given in Table IV.
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Table IV. Configuration Settings for the Fuel Cell Simulator

Parameter Value
Open circuit voltage 41V
Minimum voltage 22V
Slew rate 200 W /min
Update rate 0.60 s
Minimum current limit 20 A
Reserve current 2%
Offset current 2.75A

1. Steady State Mode

The power demand is varied in small steps to check whether the fuel cell simulator
follows the slow changes in the load. The expected values of the output voltage (V.q)
and current (I.,) are calculated by solving (3.3) and (3.1). The actual values of the
output voltage (Vezpt) and current (I.,,) are read using an oscilloscope connected at
the load terminals. The testing results are summed up in Table V. The variation of
voltage and current with time measured by the oscilloscope is shown in Fig. 24. The
current and the voltage increase steadily and takes 500 ms to settle to the final value.
This is the due to the delay caused during measuring changes, communicating the

new set-point voltage value and the response time of the power supply.

Table V. Test Results for Steady State Operation

Vcal (V) Vexpt (V) Ical (A) Iezpt (A) Poutput (W) Pavail (W)
35.95 35.6 0.89 0.81 28.86 714.58
34.95 34.1 11.65 11.40 388.74 714.58
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Fig. 24. FCS Voltage and Current vs Time for Steady State Operation

2. Transient Mode

1. Sudden increase in load
The load is increased suddenly, such that power demand is much more than the
power available at the simulator. The expected response is a steep drop in the
output voltage and the current limited by the reserve capacity of the simulator.
This marks the start of the transient mode of operation. The current limit is
increased depending on the fuel cell slew rate (200 W /min) till the output power
matches the demand and the transient mode ends and steady state operation is
resumed. The steady state values of the output voltage (V) and the current
(L) are calculated by solving (3.3) and (3.1) for the given load impedance.
The actual values of the output voltage (V) and current (I..,) are read

using an oscilloscope connected at the load terminals. The results are summed
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up in Table VI. The variation of voltage and current with time measured by

the oscilloscope is shown in Fig. 25. A sharp drop in the output voltage can be

observed in the initial part of the test. For this test case, the expected time for

transient operation is calculated to be around 42 seconds. The measured value

was around 39 seconds. The difference in the expected and measured value is

because of the reserve current capacity.

Table VI. Test Results for Sudden Increase in Load

Vcal (V) Vea:pt (V) Ical (A) Iezpt (A) Poutput (W) Pavail (W)
36.6 37.4 7.32 7.05 265.9 714.58
34.4 34.3 24.6 24.2 857.89 955.11




53

| Voltage

Current

G\ ........ T T R
ch3_ s00mv 10.0mvVe

Fig. 26. Effect of Slew Rate on the Simulator Voltage and Current

2. Effect of slew rate
The previous test is repeated with a different value of slew rate (1000 W /min).
The expected time of transient operation is 8 seconds, and the measured value

is 7 seconds. Fig. 26 shows the transient behavior with a higher slew rate.

3. Change in hydrogen flow rate
When the hydrogen flow rate is decreased, the expected output is a drop in the
output voltage and power. The expected values of the output voltage (Vu)
and current (I.;) are calculated by solving the equation corresponding to lower
hydrogen flow rate. The actual values of the output voltage (V) and current
(Lezpt) are read using an oscilloscope connected at the load terminals. The hy-
drogen flow rate is decreased from 100% to 50%. The testing results are summed

up in Table VII. The variation of voltage and current with time measured by
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the oscilloscope is shown in Fig. 27.

Table VII. Test Results for Drop in Hydrogen Flow Rate

Vcal (V) Ve:cpt (V) Ical (A) Iezpt (A) Poutput (W) Pavail (W)
34.28 34.0 26.36 26.3 910 1022.6
32.77 32.6 25.21 25.2 825 921

4. Under-voltage fault
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Fig. 27. Effect of Decrease in Hydrogen Flow Rate on the Simulator Voltage and Cur-

If the increase in load is excessive, the current gets clamped at the value set

by the adjustable current limit and consequently the terminal voltage can drop

drastically. If the voltage drops below 22V, an under-voltage alarm is tripped

and the simulator is switched off. The test results are summed up in Table VIII
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Fig. 28. Under-voltage Fault

and shown in Fig. 28.

Table VIII. Test Results for Under-voltage Fault

Vcal (V) Vea}pt (V) Ical (A) Iezpt (A) Poutput (W) Pavail (W)
36.8 37.6 6.13 6.15 235 714.58
31.17 20.67—0 38.97 19.5—0 0 0

95
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CHAPTER V

CONCLUSIONS

In this thesis, a fuel cell simulator was proposed based on the US Department of
Energy-NETL specifications. The effect of various parameters such as load, hydrogen
flow rate, temperature, and pressure on the fuel cell electrical output was studied.
The fuel cell was modelled mathematically by cubic polynomials that approximate the
non-linear voltage-current (V-I) characteristics. Steady state operation and transients
due to sudden increase in power demand and hydrogen flow rate were successfully
modeled and implemented in the simulator. A hardware-in-loop system was devised
to replicate the fuel cell behavior.

A fuel cell simulator consisting of a programmable DC power supply, PC based
controller, data acquisition card and signal conditioning modules was integrated. The
feedback from the load was read into the controller and Newton-Raphson method
was used to solve the cubic equations in real-time to determine the operating point
of the simulator. A graphical user interface (GUI) was developed to allow the user to
configure several parameters including fuel cell slew rate and reserve current capacity.
The present operating status of the simulator was displayed on the GUI and a control
was provided for the user to change the hydrogen flow rate.

Experimental results presented in Chapter IV show that the simulator mimics
the electrical output of an actual fuel cell under steady state. The simulator also
emulates the transients caused due to sudden load change and drop in hydrogen flow
rate. The simulator comes preprogrammed with the (V-I) characteristic of a 5kW
solid oxide fuel cell but can be re-configured by the user to simulate other types of
fuel cells.

The fuel cell simulator can act as a catalyst in speeding up the development and
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testing of converters, inverters and other power electronic devices. Since the simulator
has the flexibility to emulate a wide range of fuel cells, it can provide a complete test
platform representing many fuel cells, thereby decreasing the financial investment and

space required for testing.

A. Future Improvements

The effect of parameters such as reactant pressure and stack temperature can be
incorporated into the simulator. The minimum response time of the simulator is
0.5s due to a bottleneck caused by the RS232 serial communication between the
computer and the SBC488A module of the power supply. Using the GPIB interface
provided by the SBC488A module instead of the RS232 interface can improve the
response time of the system. The improved response will not have much impact on
high-temperature fuel cell modeling because of the low slew rates of the fuel cells.
However, the transients in a low-temperature fuel cells having a faster slew rate can

be replicated more accurately.
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APPENDIX A

PROGRAMMABLE POWER SUPPLY BY MAGNA-POWER ELECTRONICS
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RUGGED MFL TECHNOLOGY

MULTIPROCESSOR EMBEDDED CONTROL

[PQA SERIES

MODELS AND RATINGS

FEATURES

* 48 Models: 5to 600 Vdc, 5 to 500 Adc

» Series and parallel masterislave operation
VOLTS | AMPS  RIPPLE | POWER « High dielectric withstand: 2500 Vac

MODEL Wdc Adc | mVrms kW « All user interface circuitry referenced to earth ground
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Bt i | s . » RS232 interface with SCPI commands
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POA1D-800 010 0-800 40 '
POA1E-400 0-16 | 0400 35 -
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DS i | ol SPECIFICATIONS:
POA200-33 0-200 0-33 125 Input voltage: 208240 Vac, 50-60 Hz, 3-phase; 3600415 Vac, 50-60 Hz, 3-
POAZSO-2E 0-250 026 130 phaze, 440480 vac, 50-60 Hz. 3-phase; 240 Vac, 30-60 Hz, 1-phase, 3.3
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PQASDO-13 0-500 0-13 220 Regulation line and load combined: 0.10%
PQARDD-10 0-800 0-10 250 Stability: 0.10% for & hours after 30 minute warm up

Transient response: 10 ms to recover within 2% of regulated cutput with a
POA10-500 010 0-900 40 30% step load change
PQA1G-600 0-16 0-800 35 Ambient Temperature: 0 to 50°C
PQAZ0-500 0-20 0-500 40 External programming potentiometers: 1K full scale for output voltage,
PQASZ-300 D-32 0-200 40 ouiput current, over voliage, and over curment shutdown
PQA4D-250 0-40 0-250 40 Temperature coefficient: 0.04%/~C of maximum output current
POASD-200 050 0-200 50 Size: S Hx19"W x24"D
POABD-125 0-20 0-125 ED Weight: 125 lbs for 10 kW models, 97 ibs for 5.6 kW models, and 74 lbe for
PQA100-100 0-100 0-100 &0 10 3.3 kW models
POATZ5-80 0-125 0-80 100
PQATBD-62 0-180 062 120 NOTES:
POA200-50 0-200 0-50 125 1. ESpecifications subject to changs without notice.
PQAZS0-40 0-250 0-40 130 2. Specify optional EMI filter fo meet EMC requirements.
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COST AND PERFORMANCE

ENHANCED CONTROLS AND DIAGNOSTICS

[PQA SERIES

Magna-Power Electronics’ PQA SERIES combines the
best of dc power processing with multiprocessor embed-
ded control. Acombination of high and medium frequency
power processing technologies improves response,
shrinks package size, and reduces cost. PQA SERIES
power supplies are current fed and are more tolerant to
abusive loads than conventional switching power supplies.

PQA SERIES power supplies offer an unusual blend of
both analeg and digital control. Two front panel potenti-
ometers are available to set voltage and current for stepless
analog control. Alternatively, voltage, current, over volt-
age trip, and over current trip may be programmed through
a rear connector via resistance, voltage, or current.
RS232 communications is embedded in the control cir-
cuitry allowing full computer contrel with SCFIl commands.
An optional IEEE-488 to RS232 converter, Ethernet to
RS232 converter, and other communications converters
are available to echo commands over the communica-
tions bus.

PQA SERIES power supplies can be configured through
the frant panel for different applications. The power sup-
ply can be programmed to have its contral functions ac-
cessible from the front panel, rear connector, ar through
RS232 communications. Sensing can be established at
the output terminal of the power supply or through a rear
terminal block for sensing at the load. An external inter-
lock can be setto enable operation only when an external
connection is made. Even calibration has been simpli-
fied with front panel access to calibration digital potenti-
ometers.

PQA SERIES power supplies incorporate an optically iso-
lated feedback system. The result is that all user inter-
face circuitry is reference to earth ground -- not the nega-
tive terminal of the power supply. This enables users to
connect external circurtry without concern of greund lacps
or voltage breakdown.

PQA SERIES power supplies offer both master/slave par-
allel and senes operation. This enables two or more power
supplies to be placed in parallel for increased output cur-
rent or in series for increased output voltage. With mas-
ter/slave operation, power supplies operate at near equal
voltage and current.

PQA SERIES power supplies can operate as a voltage
source ar current source depending on the control set-
tings and load conditions. Ifthe power supply is operat-
ing as a voltage source and the load increases to a
point beyond the current command setting, the power
supply automatically crosses over to current mode con-
trol and operates as a current source at that setting.

Remote Interface Software is included to provide so-
phisticated computer contral. This software provides a
virtual control panel to emulate the power supply’s front
panel, a command panel to send and manitor SCPI com-
mands, a register panel to monitor registers, and a cali-
bration panel to provide easy access to calibration digi-
tal potentiometers.

PQA SERIES power supplies have extensive diagnostic
functions -- all of which when activated take command
to shut down the system. Diagnostic functions include
phase loss, excessive thermal conditions, over voltage
trip, over current trip, fuse clearing, and program line.
Program line monitors externally applied analog set point
signals to insure they are within the specified range.
Upon a diagnostic fault condition, main power is dis-
connected and the diagnostic condition is latched into
memory. Pressing the clear key clears the memory. All
diagnostic functions can be monitored through a rear
connector. Furthermore, control functions can also be
set through the rear connector to allow simultaneous
centrol of ene or more PQA SERIES units.

PQA SERIES supplies have three levels of over voltage/
current protection: shutdown of controlling insulated gate
bipolar transistors (IGET's), disconnect of main power,
and input fuses. After an over voltage/current trip con-
dition, the supply must be reset.

PQA SERIES have push bution start/sfop controls. These
controls are tied to a mechanical contactor which oper-
ates with the electronic switches to break the ac mains
when stop is commanded. Unlike competing products,
an off means both an electrical and mechanical break
in the power circuit— not a break in an electronic switch.
Safety comes first at Magna-Power Electronics.

Macna-Power

ELECTRONICS, INC.

&1 Fulton Street, Boonton, NJ 07005
(973) 263-0017 FAX: (973) 263-1528
E-mail: sales@magna-power.com
httpz/fwww.magna-power.com
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r PQA SERIES HIGH-EFFICIENCY OPERATION!

\

OUTLINE DRAWINGS AND FRONT PANEL INTERFAC

>,

FROMNT PAMEL

Energizes control circuns reitd R
withcut turning on main power COUPUL N rotary mogs

COMMDCTTR S5t
O pe o L T [ |FREANTETEN
1 |ser GRo n ey Geo
k il b 7 |ror oa  |mer
3 |weer Bt o |merExT
23490 39 4 |TvREr EET o |nRpr RET
O [ & vz ¥ |z
e E |RuF Ca a s
(w )} 2 bl =] = s
= — & [ 7 [
RACTEnASS 1684 B | THERMAL F- ]
l 0 Jerenocs =
I 1 [eumen =
oae 13 |STaKunYMLM n
W 1 |aLN - T
14 |exT T n |MTEn
15 |Fust Mo
REAR PANEL o i [romve ] P
¥ ar |emant = |eEmmnve
-] [-] - 1B |CLEAR W |MTERLOOS ST
g = S o
o + | [pou e
COMMED TUR S22 DOMMECTON &2
i EE%% £ |Fen aunmn TR | PARENTTER
=] -
AR — 1 [ [ =T
— = 7 |mx 3 [vineme
o (] (e B E —= 3o
It ) a::EE = 2 |
LN (=
) T |ETE
L =1
— 22— B Jmc
A28 BOLT
4o
rA.'EIHTAKE DO RDES SlDE 'DAILJEL ﬁ.‘!b‘ 1.
250 (A8, THR:
m— f — j— e
il l
P-4 o0
MODEAND COMFIGURATION ALARMS
= display voltage, current, ower POWER: indicates power ouiput LOCH: interiock
ge profecton, ower curmsnt STANDBY: indicates contro! power only PGEM LIME: wams that that a program line has
protection INT_CTL: front pane! controls enabled apened :
EXT CTL: external conbrols enabled VT shows over voliage proteciion has tripped
REM SEN: indicates remote sense OCT. shows over current grof n has tripped

niros FUSE: wams that a fuse nas cleared
THERM: indicates over-temperatu
PHAZE: indicates a probtem with input voliage

\

EXT PGM: external valtage/cument co
ROTARY: potentiometer voltageicurrent
control

REMOTE:

Switches main
power on and off

5232 control enabled

O
O

sroP
/ FUNCTION KEYS FUNCTION KEYS
ENU =

Sets voltage and current M szlects funciion {TEM: e ol I"'-”':"}?D
displays woltage and current sefting 1Tor DIS: displays OVT and DC

G clears settng or resets fault 5
condition <

: enters settng



65

VITA

Prabha Ramchandra Acharya received her Bachelor of Engineering degree from
College of Engineering, Pune University, India in August 1999. She worked as a
Software Engineer at Infosys Technologies Limited, Bangalore, India from September
1999 till December 2001. She joined the master’s program in electrical engineering
at Texas A&M University in January 2002 and received her master’s degree in Au-
gust 2004. Her research interests include embedded control, fuel cell modeling and
simulation.

She can be reached by email at prabha_acharya@yahoo.com. Her address is D-53

Anant Condominiums, Kothari Blocks, Bibvewadi, Pune 411037, India.



