EXPERIMENTAL AND SIMULATION STUDIES OF A GRID
CONNECTED SOLID OXIDE FUEL CELL

by

Seyfullah FEDAKAR

August 2012



EXPERIMENTAL AND SIMULATION STUDIES OF A GRID
CONNECTED SOLID OXIDE FUEL CELL

by

Seyfullah FEDAKAR

A thesis submitted to

the Graduate Institute of Sciences and Engineering

of

Meliksah University

in partial fulfillment of the requirements for the degree of

Master of Science

Electrical and Computer Engineering

August 2012
Kayseri, TURKEY



I certify that this thesis satisfies all the requirements as a thesis for the degree of
Master of Science.

Prof. Dr. Murat UZAM
Head of Electrical and
Computer Engineering Division

This is to certify that | have read this thesis and that in my opinion it is fully
adequate, in scope and quality, as a thesis for the degree of Master of Science.

Prof. Dr. Tankut YALCINOZ
Supervisor

Examining Committee

Prof. Dr. Tankut YALCINOZ

Assoc. Prof. Dr. Saffet AYASUN

Assist. Prof. Dr. Gokhan OZGUR

It is approved that this thesis has been written in compliance with the formatting
rules laid down by the Graduate Institute of Sciences and Engineering.

Associate Prof. Dr. Halidun KELESTEMUR
Director

August 2012



EXPERIMENTAL AND SIMULATION STUDIES OF GRID
CONNECTED SOLID OXIDE FUEL CELL

Seyfullah FEDAKAR

M.S. Thesis — Electrical and Computer Engineering
August 2012

Supervisor: Prof. Dr. Tankut YALCINOZ

ABSTRACT

In recent years, an interest toward fuel cell studies has grown because of
increasing energy demand. Fuel cells are clean and efficient sources of electricity, and

have wide range of residential and stationary applications.

In this study, the electrical characteristic of solid oxide fuel cell (SOFC) is
analyzed by experimental and simulation studies. The dynamic model of solid oxide
fuel cell is developed using PSCAD software. The simulation studies of SOFC are
performed by using parameters taken from literature. Experiments on the electrical
characteristics of SOFC are performed. The dynamic performance of SOFC is tested
under variable load conditions.

The DC power consumption of the load is measured using fuel cell test station. In
the light of this fuel cell experiments, the parameters of the fuel cell are obtained. The
experimental results are compared with the results of the SOFC model implemented in
PSCAD software.

Moreover, the power conditioning unit, which includes DC — DC converter and
DC — AC inverter, is modeled using PSCAD. The DC and AC performances of SOFC

are tested under various loads using PSCAD. Then, the grid connected solid oxide fuel



cell system is modeled using PSCAD. The fuel cell system is simulated under different
AC load conditions. Finally, a three-bus system, which includes infinite bus, load bus

and fuel cell bus, is implemented in PSCAD.

Keywords: Solid Oxide Fuel Cell, PSCAD, Grid, Converter, Inverter
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Son yillarda, artan enerji talebinden dolayr yakit pillerine olan ilgi artmistir.
Bunun yanisira yakit pilleri temiz ve verimli bir elektrik kaynagidir ve yakit pillerinin

yaygin bir sekilde evsel ve sabit uygulamari vardir.

Bu calismada kat1 oksit yakit pillerinin (KOYP) elektriksel karakteristigi deneysel
ve simulasyon caligmalar1 yapilarak incelenmistir. PSCAD yazilimi kullanilarak kati
oksit yakit pilinin dinamik modeli gelistirilmistir. Yapilan simiilasyon caligmalarinda
literatiirdeki parametreler kullanilmistir. Ayrica KOYP’un elektriksel karakteristik
deneyleri gergeklestirilmistir. Bu deneylerde KOYP’un dinamik performans: ¢esitli
yiikler altinda test edilmistir. Deney sonuglari PSCAD yazilimi ile olusturulan

modelden elde edilen sonuglar ile karsilastirilmistir.

Vi



Buna ek olarak DC-DC konverter ve DC-AC inverteri igeren gii¢ isleme birimi
PSCAD yazilimi ile modellenmistir. Yakit pili sisteminin DC ve AC performansi
PSCAD kullanilarak simiile edilmistir. Daha sonra, sebekeye bagl kat1 oksit yakit pili
sistemi PSCAD ile modellenmistir. Yakit pili sistemi farkli AC yiiklerde simiile edilmis
ve bu yiikler altindaki davranisi incelenmistir. Son olarak, yiik barasi, yakit pili barasi

ve sonsuz barayi i¢inde bulunduran ii¢ barali sistem PSCAD’de uygulandi.

Anahtar Kelimeler: Kat1 oksit yakit pili, PSCAD, Sebeke, Konverter, inverter
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CHAPTER 1

INTRODUCTION

1.1 Distributed Generation

Distributed Generation (DG) includes small — scale, environmentally friendly and
reliable technologies such as photovoltaic (PV), fuel cells, microturbines, or small wind

turbines that are installed on and designed primarily to serve a single end user’s site [1].

Distributed generation system (DGS) technologies can be used for various
applications such as a standalone, a grid interconnection, cogeneration, standby, and
peak shavings. Also, these systems have many benefits such as being eco-friendly,
modular electrical generation, increased reliability, high power quality, uninterruptible
power supply, cost savings, on-site generation [2]. DG by itself is not a new concept. A
small number of consumers have been installing their own generation on-site for
decades. Recently, new generation technologies including fuel cells and microturbies,
have become widespread in developed countries. Thanks to new generation
technologies, some DG can provide significant benefits, including reduced transmission
and distribution costs, reduced emissions, and enhanced reliability. DG can be faster to
build and easier to move, need less existing infrastructure, and require less up-front
capital investment than large central station generators; some DG technologies could

have an enormous role to play internationally in less developed countries [3].

The most popular distributed generators include microturbines, fuel cells,
biomass, small wind, PV and diesel generators. Climate conditions have remarkable
effects on power generation. Power generation of the sources such as wind turbines and
PVs depends on wind and solar radiations. Diesel generators produce emission which is

harmful to the environment.



Among different types of DGs, fuel cells are so appealing because of their high
efficiency, high power quality, being eco-friendly and continuous power generation

without the effects of weather conditions [4].

There are various technologies available for DG among these technologies; the use
of fuel cells for distributed generation is attracting more and more attention due to its
unique environmentally friendly features in recent years. In 1839, William Grove
discovered that by combining oxygen and hydrogen in a particular configuration,
electricity could be generated. Although this discovery was made more than 160 years
ago, the basic operating principle of fuel cell discovered still applies. It is known that
the 19th century was the century of the steam engine and the 20th century was the
century of the internal combustion engine. On the other hand, the 21st century will be

likely to be the century of the fuel cell [5].

In recent years, an interest toward fuel cell studies has grown, as fuel cells are a
clean and efficient source of electricity, and have a wide range of transportation and
stationary applications. Fuel cells convert chemical energy directly into electrical
energy by an electro-chemical reaction between hydrogen and oxygen. The by-products
are water and heat. Fuel cells are similar to batteries containing electrodes and
electrolytic materials to generate electricity [6]. A positive electrode (anode), a negative
electrode (cathode), and an electrolyte are essential to take place for the reaction. In
principle, a fuel cell can operate with a variety of fuels and oxidants. Hydrogen has long
been recognized as the most effective fuel for practical use because of its high
electrochemical reactivity. Oxygen is the preferred oxidant due to its abundance in the

atmosphere [7].

1.2 Objective of The Thesis

In this thesis the electrical characteristics of the solid oxide fuel cell (SOFC) is
analyzed by experimental and simulation studies. In these SOFC experiments the effect
of fuel quantity and temprature are examined. The dynamic model of Solid Oxide Fuel
Cell is generated using the parameters of the experimental results. The charateristic DC
and three phase AC load of this SOFC model is simulated using the PSCAD software.
Then, the electrical energy from solid oxide fuel cell is converted to three phase AC



voltage with a converter and an inverter implemented in PSCAD. Next, the behaviour of
grid connected solid oxide fuel cell system is studied. Finally, simulation and

experimental results are compared.



CHAPTER 2

FUEL CELLS

2.1 Overview

Fuel cell technology has been developing in recent years as an environmental
friendly and low pollution power source. Among the various distributed generation
technologies available, fuel cells are being considered as a potential source of electricity
because they can be placed anywhere on a distribution system. Fuel cells have
significant advantages which make them superior compared to the other technologies.
Benefits include improving efficiency, high power quality, reliability, operation
characteristic and zero emision. The efficiency of a fuel cell system is one of the most

important aspects of that fuel cell.

Because of their attractive properties, fuel cells have already been developed and
demonstrated in many applications. Fuel cells serve as a power source in remote
locations where utility transmission lines cannot be reached. Fuel cells have no location
limitations so they find application in transportation purposes as in cars, trucks and
buses. Lower temprature fuel cells like the PEMFC (proton exchange membrane fuel
cell) and PAFC (phosphoric acid fuel cell) are well suited for transformation
applications. The higher temprature fuel cells like the SOFC (solid oxide fuel cell) and
MCFC (molten carbonate fuel cell) produce high grade waste which can be used to
residential application [8]. Fuel cells can also be used in utility vehicles, portable power,
airplane, locomotives, boats and underwater vehicles. Many hospitals, credit card
centres, police stations and banks are now using fuel cells to provide backup power to
their facilities [9].

Although the fuel cell stack is a good source of electricity, it has major
disadvantages which present difficulties in connecting to the grid or for use in

standalone applications. Fuel cells have a slow elctrochemical and thermo dynamic

5



response. Sudden load changes may result in bad water management and reactant
starvation phenomena due to slow response of the fuel cell. This flow response may be
regulated for fuel cell stack to modify chemical reaction parameters. Furthermore, fuel
cells have to be connected to power conditioning devices, which enhance their

performance in order to be connected to the power grid [10].

In spite of the benefits, fuel cells are unable to penetrate the market owing to their
high capital cost. The cost of fuel cell depends on the cost of materials that makes the
components. Considerable efforts are being made in specific areas to reduce the capital
cost. These specific areas include material reduction, exploration of low—cost materials,
minimizing temprature constraints, increasing power density, streamling the

manufacturing processes [11].

2.2 Fundamentals of Fuel Cell System

A fuel cell is a static energy conversion device that converts the chemical energy of
the input fuel into electrical energy [12]. Fuel cell functioning is similar to that of a
battery except that the fuel can be continuously fed into the cell. The waste products of
fuel cells are water and heat. This conversion of the fuel into energy occurs without
combustion. Generally efficiency of the fuel cell ranges can be improved to 80-90% in
cogeneration applications. Fuel cells are capable of operation at efficiencies greater than
traditional energy methods. Moreover, the scalability of fuel cell has allowed for

applications almost every field.

2.2.1 Operation Principle

The fuel cell consist of two electrodes, anode and cathode seperated by an
electrolyte. Fuel is fed into the anode where electrochemical oxidation takes place and
the oxidant is fed into cathode where electrochemical reduction take place to produce
electric current and water is the primary product of the cell reaction. Figure 2.1 shows

the follows of reactants in a simplified fuel cell [13].
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Figure 2.1 : Schematics of Fuel Cell [13]

The hydrogen which enters the anode side is divided into hydrogen ions and
electrons thanks to catalyst. In case of lower temperature cells like the PEMFC and the
PAFC, the hydrogen ions pass through the electrolyte thereby the electrons flow
through the external circuit. The oxygen which enters through the cathode, combines
with these hydrogen ions and electrons to form water as shown in the figure 2.1. In the
SOFC, the hydrogen oxidation within a fuel cell occurs partly at the anode and cathode.
The hydrogen adsorbed at the anode is ionised and the electrons are used within an
external electrical work. Oxygen is adsorbed at the cathode and ionised by the electrons
of the load. The electrolyte leads the oxide ion from the cathode to the anode. The
hydrogen ions and oxide ions form a molecule of water [14]. In case of MCFC carbon
dioxide combines with the oxygen and electrons to form carbonate ions, which are
transmitted through the electrolyte [15].

The typical anode and cathode reactions for a hydrogen fuel cell are given by
Equations (2.1) and (2.2), respectively.

H, — 2H' +2¢ (2.1)

1 0p+ 26"+ 2H" — H,0 (2.2)



2.2.2 Fuel Cell Voltage and Nernst Equation

Fuel cell voltage is determined by chemical reactions because there is no
combustion in a fuel cell. Hydrogen heating value is used as a measure of energy input
in a fuel cell. All the energy input can not be converted into electricity. The portion of
the reaction enthalpy that can be converted to electricity in a fuel cell corresponds to
Gibbs free energy. Gibbs free energy is the energy available to do external work which
involves moving electrons around an external circuit. Enthalphy of formation is the sum
of Gibbs free energy and the energy connected with entropy. Gibbs free energy is given

by the following equation:
AG=AH-TAS (2.3)
AG= Difference between entropies of products and reactants
T= Temperature
AS= difference between the heats of formation of products and reactant

In operating fuel cell, in general, a higher temperature results in a higher cell

potential. Because the voltage losses in fuel cells decrease with temperature [15].

2.2.3 Theoretical Fuel Cell Potential

In a lossless system, electrical work done is equal to the change in Gibbs Free
Energy. Electrical work done to move a charge of 2F (Faraday’s Constant) for a voltage

of E is given by the following equation:
W, = —AG (2.4)
W, = —nFE (2.5)

Therefore the potential Ey can be written as shown in equation (6). This potential

is the theoretical open circuit voltage of the fuel cell [16]:

_ -1
E, =286 = 237380 mol_ _ 4 53yt (2.6)

nF  2x96,485 A s mol—1

W,,;: Electrical work done



AG : Gibbs free energy
n : Number of electrons
F : Faraday’s Constant
E, : Potential

For any chemical reaction
JA + kB — mC + nD where j moles of A and k moles of B react with each other

to produce m moles C and n moles of D. These reactants and products have an activity

associated with them. This activity is the ratio of the partial pressure of the gas and the

standart pressure [16].

A= G, + RTlnP% 2.7)
PcMPg"

A= Gy + RTIn ﬁ (2.8)
Po Po

where P is the partial pressure of the reactant or product species and Py is the

referance pressure.
For the hydrogen / oxygen fuel cell reaction, the Nernst equation becomes [16]:

0.5
E=E,+ RT |, PHzFoz (2.9)
nFr PH20

2.2.4 Types Of Fuel Cell

The different types of fuel cells are generally classified according to their
electrolyte. These fuel cells have different operating conditions such as temperature,
material and type of chemical reaction. Because of the differences in some of the

operating charactristics, the different types of fuel cells are suited for different

applications.

Proton Exchange Membrane (PEM) Fuel Cell



PEM fuel cells use a thin proton conductive polymer membrane as the electrolyte.
This type of fuel cell has attracted a lot of attention in the last few years [17]. The
temprature of operating is typically between 60 and 80 °C . The advantages of the PEM
fuel cell are a higher power density and lower operating temprature. Because of lower
operating temprature the PEM fuel cell has a quick response which is very important for
a lot of applications. Their long life is the attractive characteristic of PEM fuel cells
[18].

Phosphoric Acid Fuel Cell (PAFC)

Phosphoric acid fuel cell (PAFC) uses a liquid fhosphoric acid as an electrolyte.
Operating temprature is typically between 150 and 220 °C . Operating temprature cannot
be too high because the phosphoric acid will begin to decompose at about 250 °C .
PAFC is very tolerant to impurities in the reformed hydrocarbon fuels. This tolerant

reduces the cost of reformer.

PAFC technology is the most experienced fuel cell technology in terms of system
development and commercialization. The disadvantages of phosphoric acid fuel cells
are its relatively low current and power densities and its size. The designs of the PAFC
are rather large and heavy. PAFC are already semicommercially available in container
packages for stationary electricity generation and vehicle applications [19].

Alkaline Fuel Cell (AFC)

Alkaline fuel cell (AFC) uses concentrated potassium hydroxide as the electrolyte
for high temprature operation and less concentrated for lower temprature operation [20].
Generally the limiting reaction in a fuel cell is the cathode reaction because it takes
more time to react than anode reaction. But AFC cathode reactions occur much faster
than other types of fuel cells which improve the overall performance of the AFC.
Alkaline fuel cell is intolerant to CO, present in either fuel or oxidant. Because of this

AFC cannot use normal outside air to provide the oxygen.
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The use of corrosive electroliyte is also a disadvantage in AFC. This fuel cell has
been used in the space program and under development by the military which has

helped to increase their efficiencies and decrease cost.

Molten Carbonate Fuel Cell (MCFC)

Molten carbonate fuel cells (MCFC) have the electrolyte consisted of a mixture of
alkali carbonates. Operation tempratures of MCFC are between 600 and 700 °C where
the carbonates form a excellent conductive molten salt with carbonate ions providing

ionic conduction [21].

Solid Oxide Fuel Cell (SOFC)

Solid oxide fuel cell uses dense yttria — stabilized zirconia (YSZ) which is a solid
ceramic material as its electrolyte. These cells operate at 800 to 1000 °C where ionic
conduction by oxygen ions takes place. SOFCs are being developed for portable power

and auxilary power in automobiles [22].

2.3 Fuel Cell Applications

Due to the growing concerns on the depletion of petroleum — based energy
resources and climate change, fuel cell technologies have received much attention in
recent years owing to their high efficiencies and low emissions. As a result of these
characteristics the fuel cell technology could be used in applications with a broad range
of power needs.

The major application of fuel cell focused on transportation primarily because of
their potential impact on the environment such as the control of emission of the green
hause gases [23]. Almost every car manufacturer has already developed and
demonstrated at least one prototype vehicle and many have already gone through
several generations of fuel cell vehicles. Daimler Benz released a methanol fuelled car
with 640 km range which very first such vehicle fuelled with hydrogen and in 1997
[24]. 1t is shown in figure 2.2.
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Figure 2.2 : The First Bus Vehicle Fuelled With Hydrogen [25]

Fast growing vehicle market causes for air pollution and climate change. In
addition, these issues are associated with the internal-combustion engines which
primarily depend on hydrocarbon fuels. Fuel cells have the potential to replace
conventional engines due to their potentials of achieving higher efficiency and lower
emissions [26]. Fuel cells are maybe employed in several other applications within
transportation sector. These applications include electric powered bicycles, material
handling vehicles such as forklifts [27]. Hwang et. al. developed an electric bicycle
powered by 40-cell, which exhibits a peak power 378 W, a maximum speed of 16.8
km/h and an efficiency of up to %35 [28].

In addition to transportation applications, fuel cells are used several other
applications for example portable electronic equipments. Some fuel cell portable
applications are shown in figure 2.3.

Miniature fuel cells could replace batteries that power consumer electronic
product such as cellular telephones, portable computers and video cameras.

12
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Figure 2.3 : Fuel Cell Portable Electronic Applications [29]

Small fuel cells could be used to power telecommunications satellite, replacing or
augmenting solar panels. The typical power range for portable electronic devices is 5-
50W and several development focus on a level of <5W for micro power application
[26]. Fuel cells also receive a great deal of attention for military application to power
portable electrical devices such as radios [23]. As a result, fuel cell can offer a viable
alternative to batteries and several low power fuel cells are currently being
manufactured for this application [30]. Fuel cells are also used for stationary and

residential applications and it is shown in figure 2.4.

Figure 2.4 : Fuel Cell Residential Applications [31]

Fuel cells power plants are also being developed by several manufactures to
provide electricity and heat to single family homes. They don’t provide enough power

13



to supply the total electrical demands of a residence but they do shift a portion of the
demand from the electrical grid to natural gas.

Current stationary electric power is primarily generated by large central power.
Large scale central power station has many benefits but exhibits several inherent
disadvantages such as the waste heat that usually cannot be efficiently utilized and
power loss during transmission. Distributed power decentralized generation is a way to
resolve these disadvantages [23]. Consequently global production of fuel cells has

continuously grown because of the fuel cell advantages.
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CHAPTER 3

SOLID OXIDE FUEL CELLS

3.1 Solid Oxide Fuel Cell

The SOFC is a high-temperature operating fuel cell which has high potential in
stationary applications. The efficiency of SOFC is in the range of 45-50% and when
integrated with a gas turbine, it reaches a high efficiency of 70-75%. It is a solid-state
device that uses an oxide ion-conducting non-porous ceramic material as an electrolyte.

Two different geometries which are being developed are tubular and planar.

Tubular designs are more costly and advanced compared to the planar designs and
are closer to commercialization. SOFCs have fuel-flexibility, for example the input to
the anode can be hydrogen, carbon monoxide or methane. Hydrogen or carbon
monoxide may enter the anode. At the cathode, electrochemical reduction takes place to
obtain oxide ions. These ions pass through the electrolyte layer to the anode where
hydrogen is oxidized to obtain water. In case of carbon monoxide, it is oxidized to
carbon dioxide [32].

3.2 Literature Survey

Most of the studies in the literature have been centered on the electrical
management of single cells or SOFC stacks as well as their performance. There have
been lots of modeling studies in the literature to examine the critical parameters such as
thermal behavior, partial pressure of oxidant, fluid flow and electrical response of solid
oxide fuel cells. SOFC types and components also have become available in the
literature. Some of models have focused on the behavior of only SOFC plant but other

models have considered electrical behaviors of grid connected solid oxide fuel cells.
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Padulles et al. [33] presented a simulation model of a fuel cell based power plant.
They purposed that a study of how a fuel cell power plant should operate, prior to the

production of the final model general characteristic of their model in the following

e The dynamics of the model could be explained in the Laplace transform

e The model is focused on the system operation in normal conditions

e The main model outputs must be real power and reactive power

e The purpose of the model is the description of the system performance rather

than to be a helpful tool to the plant designer.

Their plant structure consists of two blocks. The first one related with network
relationship. The second one is sending the appropciate instructions to execude

controller. Their structure is shown in figure 3.1.

FUEL CELL PLANT
Balnce of Fuel Cell Power Ac Power.
Plant Stack Conditioning

prd
m
_|
z

Network Network ¥

Plant Controller
Interface arameters

Figure 3.1 : Structure of a fuel cell power plant

In this study fuel cell stack model are based on the following assumptions

e The stack is fed with hydrogen and air. If natural gas instead of hydrogen is used
as fuel the dynamics of the fuel processor must be included in the model.
e The channels that transport gases along the electrodes have a fixed volume

e The only source of losses is ohmic
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e The Nernst Equation can be applied.

Characterization of the channels and calculation of the partial pressure are
calculated using some equations. Stack output voltage is represented by applying Nernst
Equations and Ohm’s Law. The stack model can be used to generate voltage-current

and power-current curves at different fuel flow rates using given the parameters.

Response of the plant to load changes is very important for this model. If the stack
is exposed to a current change, this change will be immediate although this means
permanent damage to the stack. The control system can help to respond to the load

change.

In conclusion, a SOFC stack model for power system simulation tolls has been
proposed, as well as a model for the power condition unit of the plant. The use of
voltage-current and power-current plots has been revealed as a useful tool to define the

safe operation areas associated with the stack operation.

Bove and Ubertini [34] offer 3D, time dependent SOFC model considering all
processes occurring in each cell component. The all mathematical model is independent
from the cell geometry (planar, tubular) and the modeling approaches so can be
conducted for any SOFC. The most commonly used numerical techniques are also well

explained.

Behavior of SOFC based generation system is analyzed by D. Vera and F. Jurado
[35]. A system generation model consists of SOFC, fuel processor and power
conditioning unit. The first one is SOFC that describes electrochemical model of SOFC.
The fuel cell output voltage is obtained using Gibbs free energy of the cell reaction. The
losses are summation of three losses: activation, concentration and ohmic. The second
one is fuel processor that is based on a methane reformer with steam. Reformer output

depends on of the utilization factor and fuel cell current.

A PI control structure is used to control the flow rate in the reformer. The last
power conditioning unit is consisted of DC-AC inverter and PI control blocks. The
inverter inputs are fuel cell voltage, modulation index and phase angle on the AC
voltage. The load terminal voltage is 400 V AC for residential and commercial
applications. Owing to PI controller, load terminal voltage is kept constant 400 V AC.

According to simulation results, voltage and power functions are not obtained
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instantaneously. There exists a delay of approximately 20 seconds. This is due to time
responses of the SOFC system. In conclusion this study, a dynamic model of the fuel

cell stack is presented and suitable control architecture is announced.

A.A. Salam et al. [38] analysed a dynamic model of solid oxide fuel cell. They
believed that fuel cell systems can be easily placed at any site in power systems. A
dynamic model of fuel cell power plant is connected to a distribution grid via DC-AC

converter and it is shown figure 3.2.

Grid
Gl
Fuel Inverter 4®—
Cell
G2
Load

Figure 3.2 : Single Line Diagram of Grid Connected Fuel Cell

The proposed model includes the electrochemical and thermal aspects of chemical
reactions inside the fuel cell stack. The fuel cell power plant is interfaced with the utility
grid via boost DC-DC converter and three phase pulse width modulation (PWM)
inverter. The VSI (voltage source inverter) plays a vital role in interfacing the fuel cell

system.

A simulation model is developed for the SOFC. The output voltage of the stack is
given by the Nernst equation. The ohmic loss of the stack is because of the resistance of
the electrodes. PSCAD modeling of the proposed system consists of three part: fuel cell,
VSI controller and grid connection. Measured three phase voltages are fed to the PLL
(Phase Locked Loop) in order to detect the phase angles and position of the voltage in
VSI. The PLL also provides the voltage synchronization signal in which it is multiplied
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by SPWM switching frequency. Output signals are passed through the low pass filter to
reduce the voltage transients. In addition, output signal is compared with a reference
voltage. According to simulation results, when the grid is disconnected from the system,
the SOFC immediately increases its power and the inverters controls respond

accordingly with the load voltage returning its pre-disturbance value.

Yalcinoz et al. [36] worked on air breathing PEM fuel cell. The air breathing fuel
cells have many features when compared to other types of fuel cells. A dynamic model
of an air breathing PEM fuel cell is presented in this work. They used a new dynamic
model based on one dimensional model described by O’Hayre et al. [37]. The model is
examined for portable devices such as a laptop computer. The power requirement varied

significantly under different operation conditions for this study.

Air breathing PEM fuel cell consists of four main blocks; temperature, ohmic
overvoltage, activation overvoltage and the Nerns Voltage blocks. The fuel cell current
is limited by a current limiter. The simulation results show that, the membrane
conductivity is not linear with the current density. Because of higher current density
ohmic voltage loss is higher than that is in the O’Hayre model. A dynamic performance
of the fuel cell was tested under various load conditions. Feedback control system kept
the load voltage at 20V under various operational canditions. The air breathing PEM
fuel cell produced output powers and voltages based on the feedback current. In
conclusion, the proposed fuel cell system model can be considered as a viable

alternative energy sources for portable applications.

M.M. Hussian et al. [39] is studied about mathematical modeling of planar SOFC.
They focused on fuel choice and thickness of layers. They not only use pure H; but also
use composition consisting of multi-component species for SOFCs. Solid oxide fuel
cells have some problems due to high operation temperature. If the operation
temperature is reduced, many of the problems can be resolved. Mathematical modeling
is a necessity for SOFC development period. A numerical method simplifies research

and improvement by minimizing the repetitive experimentation.

Numerical simulation of SOFCs provides how cell performance is affected by
different design parameters such as temperature, pressure and thickness. Numerical

models of SOFCs exist in the literature. The common model is used reaction zone layers
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as the mathematical model of SOFC satisfying the requirements such as fuel flexibility,
finite reaction zone layers. SOFC numerical model formulation is made up using
electrode, electrolyte and reaction zone layer boundary conditions equations. The
developed SOFC model can be used to analyze the effect of manufacture parameters on
the cell performance. In conclusion, a mathematical model of SOFC has been developed
using conventional equations such as Maxwell and Laplace equations. According to
simulation results, mathematical model most significant contribution to the cell
potential loss is from the anode side of the cell in an anode-supported SOFC.

Reference [40] is interested in input current ripple reduction of converter for fuel
cells. In general fuel cells operate with current ripple. The current ripple damages to the
working life fuel capacity because the chemical reaction time when generates electricity

is slower than commercial frequency.

£F¥

Figure 3.3 : Proposed Circuit Topology

Fuel cells need DC-AC converter for inverting DC signal. In classical DC-AC
converter for fuel cells, a large smoothing capacitor is used in paralel between the boost
DC-DC converter and PWM inverter. This capacitor scales up the size of this DC-AC
converter. To overcome this problem Fukishima et al. has proposed a novel DC-AC
converter topology called as Pulse Link DC-AC converter. In this topology, in order to
reduce the current ripple, a series connected LC circuit is used in paralel between boost
converter and PWM inverter as shown in figure 3.3. Furthermore, when duty ratio is
controlled by sensing input current, input current ripple is reduced to less than

1Ampere.
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Palle et al. [41] examined a novel integration of a doubly fed induction generator
(DFIG) and a fuel cell. In this study, it is possible to inject power from a DC power
source like a fuel cell into the AC grid without using inverter. Dynamic models of DFIG
and PEM fuel cell are derived which are used in the integrated system. Simulation
results showing the interaction of DFIG and fuel cell with each other and with the AC
grid were studied. Experimental setup was built to confirm the simulation results.
Experimental research showed active and reactive power control in the induction
generator. The results of experimental set up were very well when the fuel cell was

connected across the DC link.

Yakaba et al. [42] developed a single unit with a double channel model for a
counter flow pattern of the anode of the Ni/YSZ anode supported SOFC. Ji et al. [43]
developed a 3D mathematical model, studied the dependence of the temperature, the
mass transport, the local current and power densities on the gas channel size for a planar
SOFC and considered the cathode and the electrolyte. lwata et al. [44] predicted
temperature and current density distributions in a planar SOFC with co-flow and
counter flow (2D), and with cross flow (3D) configurations. When the cell outer
surfaces are modeled by considering the radiative heat transfer, corresponding to an

SOFC in a furnace, almost flat temperature profiles were observed.

Burt et al. [45] discovered the cell to cell variation of the voltage in a planar
SOFC stack with 5 cells numerically. They found that the radiative heat transfer mode
gives uniform temperature distribution which is essential for a higher cell performance.
Damm and Federov [46] numerically investigated the temperature variations in the
SOFC during start up and shut down. On the other hand, the temperature gradient inside
the planar SOFC under different load conditions which is one of the important operating
parameters has been studied by Inui et al. [47]. The authors have proposed a new cell
temperature control method that is based on the optimization of the air utilization and
the inlet gas temperature for each average current density. This new method enables

SOFCs to operate under variable load conditions.
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CHAPTER 4

POWER CONDITIONING UNIT

4.1 Power Conditioning Unit

Power electronic interfacing circuits, also called power conditioning units, are
essential for a fuel cell based system to condition its output dc voltage and convert the
dc into ac [48]. Fuel cells can be connected to grid using power conditioning unit and its

block diagram is shown figure 4.1.

POWER GRID
CONDITIONING

FUEL CELL

Figure 4.1 : The Use of Power Conditioning Unit For Fuel Cell

The Power Conditioning Unit should:

e Control the fuel cell voltage

e Deliver a high power factor

e Convert the fuel cell output to the appropriate type and magnitute
e Operate efficiently under various load conditions

e Add little to the cost of the overall seystem [49]

Power conditioning unit for solid oxide fuel cells generally is used DC — DC

converter and DC — AC inverter to boost the fuel cell voltage.
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4.2 DC-DC Converter

There are many types of dc to dc converters in literature. In general, converters
can be classified into isolated and non-isolated converters. Several new dc to dc

converter circuits have been presented in literature for fuel cell systems [50].

The DC input from the fuel cell is unregulated. The DC-DC converter converts
the unregulated DC input into regulated and controlled DC output at a desired voltage
magnitude [48].

A fuel cell stack cannot be directly connected to the load because fuel cell has
slow response time. Thus, the voltage generated by the stack is low. This voltage must
be boosted to a higher level in order to invert this dc voltage into ac voltage for grid
connection [50], so a boost converter is required to be connected between the solid
oxide fuel cell and the inverter. Figure 4.2 shows the circuit diagram of non — isolated

boost converter.

TIo

Vo

c = R § Voutput

Figure 4.2 : Boost DC-DC Converter [48]

Boost converter is preferred due to higher range of input voltage control and
smoother output voltage. This converter can have higher output voltage based on the

duty cycle. Boost converter operating principle is shown figure 4.3.

When the switch is on state, the current in the boost inductor (i) increases
linearly. The diode is off at the same time and circuit model is shown figure 4.3 (a).
When the switch is turned off, the energy stored in the inductor is released through the

diode to the input RC circuit and circuit model is shown figure 4.3 (b) [48].
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(Vd-Vo)
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Vj:Converter Output Signal
Vg4:Converter Input Signal
D:Duty Cycle

Ts:Switch Operation Time
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Toe:Switch Off Time

If the duty cycle (D) is less than 0.5 converter operates like a buck converter
otherwise it operates like a boost converter. Design of the boost converter involves
determination of the inductance L and the capacitance C. R is the load resistance. L and
C can be obtained by Equation (4.1) and (4.2)

[~ (D) DR a1
2f ( . )

D
s (4.2)

where D is the duty cycle, f is the switching frequency and f}—v is the voltage
0
ripple.

Figure 4.4 shows the block diagram model of the boost converter conncted to the

fuel cell system with the feedback control system using pulse width modulation (PWM).

Vi Vo
Fuel Cell - Boost > Error
" converter Amplifier
N | ’
PWM Signal
Vref
Control Voltage
Comparator |
< Repetitive
Sianal

Figure 4.4 : Boost Converter Feedback Control System [51]

Fuel cell voltage (Vi) is the input of the converter. The output voltage of the

converter (Vo) is subtracted from an external reference output voltage (V) in an error
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amplifier. The error ampilifier produces a control voltage and it is compared with the
repetitive signals to obtain the PWM control signal. This control signal is used to adjust

the desired converter output voltage.

The duty ratio of the PWM signal depends on the value of the control voltage. The
frequency of the PWM signal is the same as the frequency of the triangular waveform.
The error amplifier reacts fast to changes in the output voltage. Thus the voltage control

provides effective load regulation.

4.3 DC - AC Inverter

The fuel cell and converter system is connected to the grid through a DC — AC
inveter in which a typical 3-phase 6-switch pulse width modulation (PWM) voltage
source inverter (VSI). The VSI is used to convert the power from a DC voltage source

to 3-phase AC output with 120° phase displacement to each other.
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Figure 4.5 : Three Phase DC-AC Voltage Source Inverter

As shown in figure 4.5, the inverter has three arms, one for each phase. Each arm
has two power electronic switches, the upper switch (+) and the lower one (-). There are
many modulation types for inverters in literature. In order to control the magnitute,
SPWM is used to generate to appropriate switching signals to control the six switches in
the inverter. Three-phase PWM VSI waveforms is shown in figure 4.6. The triangular

waveform is at a switching frequency fs, which is generally much higher than the

26

Vab



frequency of the control voltages. The control signals with the same frequency f; are
used to modulate the duty ratios of the switching pulses [50].

The frequency modulation ratio is

my =2
"R
The amplitude modulation index is

_ Vp,crl
mg, = V— .
ptri

Where V, ., is the peak value of the control signal for each phase and V,, .,; is the

peak value of the triangular waveform.
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Figure 4.6 : Three-phase PWM VSI waveforms

In three phase inverter, maximum amplitude of the fundamental phase voltage in

the linear region (m,< 1) is % the maximum amplitude of the fundamental ac output

line voltage V'3 * % therefore, we can write [48]

Vi
Vline: InaX\/§ ? o< m, Sl

m, : modulation index
V; : Three phase inverter input voltage
Viine - Three phase inverter line to line voltage

As the load conditions usually change the AC waveform should be adjusted to
new conditions. Such adjustment can be done automatically by means of closed — loop
control strategy. The proposed DC-AC inverter control scheme is PI control in this
thesis. This controller controls the amplitude of output voltage. Figure 4.7 shows the
block diagram of the inverter control system.

In a control system, the transformer output voltage is subtracted from an external
referance voltage. The error signal is connected Pl and blocks as per unit. The limiter
block output is modulation index and it is between 0 and 1. Then the modulation signal
is multiplied by the sinusoidal control voltages. The three balanced sinusoidal control
voltages are compared with the triangular voltage. As a result, VVSI switching signals are
produced according to desired output voltage. K, and K; constants are obtained with trial

and error method for PI control block.
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Figure 4.7 : Inverter Control Block Diagram

rid

In a control system, the transformer output voltage is subtracted from an external

referance voltage. The error signal is connected Pl and blocks as per unit. The limiter

block output is modulation index and it is between 0 and 1. Then the modulation signal

is multiplied by the sinusoidal control voltages. The three balanced sinusoidal control

voltages are compared with the triangular voltage. As a result, VVSI switching signals are

produced according to desired output voltage. K, and K; constants are obtained with trial

and error method for PI control block.
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CHAPTER 5

SYSTEM MODELING USING PSCAD

5.1 System Modeling

In this chapter, grid connected fuel cell system which is modeled using PSCAD
software is explained. To analyze the characteristic of grid connected fuel cell system
when operating a power system, a dynamic model which is suitable for the system
simulation needs to be developed. The configuration of a grid — connected fuel cell

power plant is illustrated in figure 5.1.

FC Stack DC-DC DC-AC Transfor Grid

Converter Inverter mer

Figure 5.1 : Grid Connected Fuel Cell System

The fuel cell stack is connected to the DC-DC converter to boost the DC voltage.
Then DC-DC converter is connected to the DC—AC inverter to give a sinusoidal output
waveform at the required voltage and frequency. Three phase transformer is used for
electrical isolation in fuel cell system. In addition, three phase transformer is connected

to the grid.

The following assumptions have been made in this system:

e The three phase transformer has been considered to be ideal
e Switching losses of the inverter are neglected
e The stack is fed with hydrogen and air

e The temprature is stable at all times
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5.2 SOFC Model

The dynamic model of the SOFC is shown in figure 5.2. The development of a
dynamic model of a planar SOFC stack is presented based on its electrochemical and
thermodynamic characteristics and the mass and energy conversation laws with
emphasis on the fuel cell terminal electrical characteristics. SOFC’s fuel flow is
proportional to the stack current in this model. The partial pressure of hydrogen, oxygen
and water are determined using the flow rates of hydrogen and oxygen. The output
voltage of the fuel cell stack is based on the Nernst Equation which depends on the

stack current and the partial pressure of the gases.

Fuel Cell Valtage
Fuel Cell Current
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Figure 5.2 : Solid Oxide Fuel Cell Dynamic Model
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5.3 DC-DC Converter Model

The fuel cell output voltage is the input voltage for DC-DC converter. A capacitor
is used for smooting the output voltage. A filter inductor is connected in series with the
load resistance which provides the output current to be smooth. The dynamic model of

DC-DC boost converter is shown in figure 5.3
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Figure 5.3 : DC — DC Converter Model

Closed loop feedback control system can be used for regulating the output
voltage. A conventional Pl controller is used for the boost DC-DC converter. The

feedback control structure is shown in figure 5.4

E.|Compar-
ator

.

Figure 5.4 : DC-DC Converter Feedback Control

The gate signal is produced by the PI controller. The DC — DC converter’s output

and the referance voltage are subtracted and an error signal is obtained. Then the error
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signal is fed into the comparator to compare with the PWM signal to achieve the

required gate signal.

5.4 DC-AC Inverter

The inverter takes the output of the DC-DC boost converter and delivers a

sinusoidal output waveform at the required voltage and frequency.
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Figure 5.5 : DC-AC Inverter Model and Three Phase Transformer
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Figure 5.5 shows three — phase voltage source inverter (VSI) and three phase
transformer model using PSCAD software. VSI has three paralel legs which consist of
two forced commutated IGBTSs and anti paralel diodes. SPWM (Sinusoidal Pulse Width
Modulation) technique is used in DC-AC inverter model. SPWM is generated by
comparing sinusoidal referance signals with the triangular carrier wave and this
comparison is shown in figure 5.6. Figure 5.7 shows a module of the DC-AC inverter

modulation index.
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Figure 5.6 : DC-AC inverter modulation index
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Figure 5.7 : DC-AC Inverter Switching Signals

5.5 The Transmission Line Connection

The inverter has an impotant function in interfacing the fuel cell with the utility
grid. The main function of the inverter is to convert DC voltage from the fuel cell into
AC voltage. Using PSCAD, the fuel cell system is connected with a transmission line

shown in figure 5.8.
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Figure 5.8 : Fuel Cell System Connected Transmission Line

34



5.6 Grid Connected Fuel Cell System

In this section, grid connected fuel cell model is achieved using PSCAD software.
The figure 5.9 shows the grid connected fuel cell system consist of a fuel cell model, a

DC-DC converter model, a DC—-AC inverter and transformer.
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Figure 5.9 : Grid Connected Fuel Cell System

The transformer is used for electrical isolation in this system model. The fuel cell
system has three bus including infinite bus, load bus and fuel cell bus. The fuel cell
system is connected to the infinite bus through a transmission line. The PLL (Phase

Locked Loop) structure and breaker are used for grid synchronization between fuel cell

and infinite bus.
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CHAPTER 6

SIMULATION RESULTS

6.1 Introduction

This chapter consists of simulation results obtained using PSCAD software for the

solid oxide fuel cell (SOFC) system. The first simulation result is about the dynamic

behavior of the SOFC. The second simulation result shows the behaviour of the fuel cell

system with DC-DC converter and DC-AC inverter. The last simulation result shows

the behavior of grid connected fuel cell system.

6.2 SOFC Characteristics

In this section, the behaviours of the SOFC are analyzed for constant and variable

DC load. 5 cells for fuel cell system are used in this simulation studies. The parameters

are shown Table 5.1 for SOFC simulation studies.

Table 6.1 Solid Oxide Fuel Cell Parameters [33]

Parameters Representation Units Values
T Absolute Temprature [K] 1273

F Faraday’s Constant [C/mol] 96487

R Universal Gas Constant [J/(kmolx K] 8314

E, Open Circuit Voltage [V] 1.18

Ny Number of Cells in Stack 384

K, Constant: K,.=Ng/4F [kmol/(sxA)] 9.94x10”"
Kuo Valve Molar Constant for Water [kmol/(sxatm)] | 2.52x 107
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Ky, Valve Molar Constant for Hydrogery [kmol/(sxatm)] 8.43 x 10™
Ko, Valve Molar Constant for Oxygen | [kmol/(sxatm)] 2.81 x107
TH,0 Response Time for Water Flow [s] 78.3
Ty, Response Time for Hydrogen [s] 26.1
Flow
To, Response Time for Oxygen Flow [s] 2.91
THo Ratio of Hydrogen to Oxygen 1.168
Ronm Ohmic Loss [Q] 0.126

6.2.1 SOFC Constant DC Load Characteristic

Figure 6.1 shows the fuel cell stack voltage. Fuel cell voltage increases to 4 V in

2 seconds then it reaches a steady state value of 3.8 V. The voltage drop is observed

because of the ohmic losses.
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Figure 6.1 : Fuel Cell Stack Voltage
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Fuel Cell Current
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Figure 6.2 : Fuel Cell Stack Current

Figure 6.2 shows the stack current of the fuel cell which takes 125 seconds to reach
a steady state value of 7.8 A. The response of the fuel cell is slow because of the
electrochemical reactions in the cell. Figure 6.3 shows the fuel cell stack power which
reaches a steady state value of 30 W. Fuel cell power can vary based on load value but it
cannot exceed the maximum power capacity of fuel cell.
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Figure 6.3 : Fuel Cell Stack Power
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6.2.2 Variable DC Load Characteristics

Figure 6.4 shows the fuel cell stack current under variable DC loads. The fuel cell
stacks current increases and decreases based on the DC load change. The value of the

fuel cell stack current reaches its lowest value between 130 and 140 secconds.
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Figure 6.4 : Fuel Cell Stack Current Under Variable DC Loads
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Figure 6.5 : Fuel Cell Stack VVoltage Under Variable DC Loads
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Figure 6.5 shows fuel cell stack voltage under variable loads. Because of slow
response time, fuel cell stack voltage transient is not linear. The fuel cell stack voltage is
changing between 4.5 V and 3.5 V depending on the load values.
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Figure 6.6 : Fuel Cell Stack Power Under Variable DC Loads

Figure 6.6 shows fuel cell stack power under variable DC load. Fuel cell stack

power increses and decreases between 30 W and 12 W value.
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Figure 6.7 : Variable Load Resistance
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Figure 6.7 shows the variable load resistance in fuel cell system. The load

resistance values vary between 1.5 and 0.5 ohms.

6.3 DC-DC Converter Behaviour

In this section, the behaviour of DC-DC converter will be analyzed under variable

loads. The fuel cell provides the necessary power to the load through the DC-DC

converter as shown in figure 6.8.
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Figure 6.8 : DC-DC Converter Model
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Figure 6.9 : DC-DC Converter Output Voltage
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Figure 6.9 shows DC-DC converter output voltage. The DC-DC converter output

voltage reaches steady state value of 400 V after 4 seconds in this simulation result.

Although DC load is variable, the control structure of DC-DC converter model
provides the converter output voltage to remain constant. Figure 6.10 shows DC-DC
converter output current change under variable load conditions. The output current is

changing between 1.5 and 2 A.
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Figure 6.10 : DC-DC Converter Output Current
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Figure 6.11 : DC-DC Converter Output Power
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The converter output current decreases with increasing the load resistance step by
step. Figure 6.11 shows DC — DC converter output power changes between 800 and 550
W under variable DC load conditions. The converter output voltage reaches its lowest

value at the 12th seconds because of the load resistance.

6.4 AC Performance of SOFC

In this section, the behaviour of solid oxide fuel cell system which includes DC-
DC converter and DC—AC inverter for constant load is examined. The load of 1.5 kW is

selected for this simulation study.
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Figure 6.12 : Fuel Cell Stack Voltage

Figure 6.12 shows fuel cell stack voltage. There are 45 cells in fuel cell system.

Fuel cell stack voltage reaches steady state value of 38 V.

Figure 6.13 shows fuel cell stack current. Fuel cell current is suddenly increasing
to 120 A values then it is constant to 76 A because of the constant load. Figure 6.14
shows fuel cell stack power. The value of fuel cell stack power starts in 2.9 kW, and

then it reaches steady state value of 2.8 kW.
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Figure 6.13 : Fuel Cell Stack Current
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Figure 6.14 : Fuel Cell Stack Power

Figure 6.15 shows converter output voltage. In this study, DC-DC converter boost
the fuel cell voltage depends on duty cycle.
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Figure 6.15 : DC-DC Converter Output Voltage

The converter output voltage reaches steady state value of 380 V. Figure 6.16
shows phase to phase voltage of inverter. The peak amplitude of the inverter output
voltage is 565 V value. Figure 6.17 shows phase to phase rms voltage of inverter.

Inverter voltage reaches steady state value of 400 V.
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Figure 6.16 : DC-AC Inverter Output Voltage
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Figure 6.17 : DC-AC Inverter Output Voltage Rms Value

Figure 6.18 shows inverter output voltage phase to ground. Inverter output voltage

is regular sinusoidal signal, and its peak value is 320V.
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Figure 6.18 : Phase to Ground Voltage of Inverter
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Figure 6.19 : Phase to Ground Rms Voltage of Inverter

Figure 6.19 shows phase to ground rms voltage of inverter. It reaches steady state

value of 230 V in 2 seconds.

Figure 6.20 shows converter output power. It reaches steady state value of 2.4 kW

in 400 seconds. The converter efficiency is 82%.
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Figure 6.20 : DC-DC Converter Output Power

47



Inwerter Cutput Power -

= Pingut
2.5k~
2.0k~
1.5k

1.0k~

Power [Wy)

0.5k

0.0 4
Times) g 25 5.0 75 10.0 125 15.0 175 20.0

1

Figure 6.21 : DC-AC Inverter Output Power

Figure 6.21 shows inverter output power. The inverter output power becomes 1.5
KW. Figure 6.22 shows repeating triangular and control signals. Sinusoidal signal’s
magnitude is less than triangular signal magnitude. Gating signals are produced

according to control signals.
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Figure 6.22 : DC-AC Inverter Control Signals
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Switching Signals
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Figure 6.23 : Transistor Signal for Phase A and B

Figure 6.23 shows switching signal for phase A and phase B. Switching signals

are obtained from comparing the phase A and B control signal and the triangular signal.

Figure 6.24 shows inverter voltage before filter. Figure 6.25 shows inverter output

voltage after filter.
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Figure 6.24 : Inverter Line to Line Voltage Before Filter

49



Inwerter Output Voltage With Filter
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Figure 6.25 : Inverter Line to Line Voltage After Filter

6.5 Fuel Cell System Different Load Characteristics

In this section, solid oxide fuel cell system model is simulated under different AC

load conditions. The fuel cell system model is shown figure 5.9. AC loads are used for
1kW, 1.5kW, 2kW and 4kW values. In this study, output power and output voltage of

inverter are analyzed under different AC load conditions. The aim of this simulation is

to observe the variation of power and voltage under 3 different loads.
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Figure 6.26 : Inverter Output Power for 1 kW Load
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Figure 6.27 : Inverter Output Voltage for 1 kW Load

Figure 6.26 shows inverter output power under 1 kW load. The inverter output
power reaches steady state value of 1 kW. The fuel cell feeds 1 kW AC load. Figure
6.27 shows inverter output voltage under 1 kW load and it reaches steady state value of
400 V. Gains of PI controller of the converter are K, = 0.5, K; = 0.02 respectively. The

response rate of the PI controller of the inverter is reasonable for this study.
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Figure 6.28 : Inverter Output Power for 1.5 kW Load
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Figure 6.29 : Inverter Output Voltage for 1.5 kW Load

Figure 6.28 shows inverter output power for 1.5 kW load. Inverter feeds AC load
regularly and its value reaches steady state value of 1.5 kW. Figure 6.29 shows inverter
output voltage phase to phase rms value. In this study, its reaches steady state value of
400 V after 1 second. Figure 6.30 shows inverter output power under 2kW load. Its

value reaches steady state value of 2 kW around 1s.
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Figure 6.30 : Inverter Output Power for 2 kW Load
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Figure 6.31 : Inverter Output Voltage for 2 kW Load

Figure 6.31 shows inverter output voltage for 2 kW load, and it reaches steady
state value of 400 V. Figure 6.32 shows inverter output power for 4 kW load, and it
reaches steady state value of 1.8 kW. Figure 6.35 shows inverter output voltage for 2

KW load. It reaches steady state value of 280 V.
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Figure 6.32 : Inverter Output Power for 4 kW Load
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Figure 6.33 : Inverter Output Voltage for 2 kW Load

Fuel cell system can not feed the load because the fuel cell load capability and
inverter’s capability is 2.5 KW level. In addition, inverter output voltage is 280 V and it

is shown figure 6.33 Inverter output voltage decreases due to overload.

6.6 Grid and Transmission Line Connected Fuel Cell

In this section, grid and transmission line connected to fuel cell will be examined.
Grid connected fuel cell system using PSCAD software is shown in figure 6.34. The
fuel cell system has three bus including infinite bus, load bus and fuel cell bus. The fuel
cell system is connected to the infinite bus through a transmission line. The AC load is

connected to the load bus.
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Figure 6.34 : Grid and Transmission Line Connected Fuel Cell
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Figure 6.35 : Fuel Cell Voltage

In this grid connected model, figure 6.35 shows fuel cell voltage. Fuel cell voltage
reaches steady state value of 56 V. It will be boosted 400 V with DC-DC converter.

Figure 6.36 shows fuel cell power. It reaches steady state value of 3.6 kW in 3 seconds.
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Figure 6.36 : Fuel Cell Power
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Figure 6.37 : Inverter Output VVoltage Phase to Phase

Figure 6.37 shows inverter output voltage phase to phase rms value. The output

voltage of inverter is averagely 400 V rms on average.

Figure 6.38 shows inverter current rms value. It reaches steady state value of 4 A

in 2 seconds.
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Figure 6.38 : Inverter Current Rms Value
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Figure 6.39 : Generator Current Rms Value

Figure 6.39 shows generator current rms value. Generator current increases
suddenly in 2 seconds, then it reaches steady state value of 3.2 A.

Figure 6. 40 shows load bus current rms value. It reaches steady state value of 7.2

A in 2 seconds. In this system, the bus current equals the sum of generator current and
inverter current.
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Figure 6.40 : Bus Current Rms Value
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Figure 6.41 : Phase Difference Between Grid And Fuel Cell

Figure 6.41 shows phase differences between grid and fuel cell. The phase
difference is almost zero degree. It reaches steady state value of 2 degrees in 2 seconds.
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CHAPTER 7

THE EXPERIMENTS OF FUEL CELL AND COMPARISON
WITH SIMULATION RESULTS

In this chapter, the dynamic performance of the Solid oxide fuel cell
(SOFC) is tested under various load conditions. The DC power consumption of the load
is measured using fuel cell test station in Nigde University Fuel Cell Research
Laboratory. The fuel cell test station is shown figure 7.1. In addition, the results of
experiments and simulations have been compared in terms of current, voltage and
power values. Experiments and simulations have been done under various DC load. The

effect of load change on fuel cell has been analyzed extensively.

Figure 7.1 : Fuel Cell Test Station

7.1 Experimental Setup

In this experiment, the SOFC stack has 5 cells, 16 cm? area and a nominal power
capacity of 30 W and nominal open circuit voltage of 5.5 V. The SOFC cell is shown in
figure 7.2. The hydrogen molar flow is 1.5 It/min and the oxygen molar flow is 3 It/min.

The temprature of fuel cell system is 800 °C.
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Figure 7.2 : Solid Oxide Fuel Cell

The proposed SOFC model has been tested with same load profile that has been
used in the experiments. The fuel cell stack and experimental setup is shown figures 7.3

and 7.4 respectively.

Figure 7. 3 : SOFC Stack
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Figure 7.4 : SOFC Experimental Setup

7.2 DC Load Experiments

In this section, the results of fuel cell experiments have been shown under variable

DC load. Figure 7.5 shows a fuel cell current under variable DC load. Fuel cell current

increases and decreases step by step. It reaches to maximum value of 11 A in 50
seconds, and then it drops gradually due to the load change.
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Figure 7.5 : Fuel Cell Current
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Figure 7.6 shows fuel cell voltage in the range of 2.5 — 5.5 V under variable DC
loads. Fuel cell voltage decreases as the load increases in 60 seconds.
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Figure 7.7 shows fuel cell power in the range of 30 W under variable DC loads.
Fuel cell is a good response time according to changing loads.
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Figure 7.7 : Fuel Cell Power
7.3 The Simulation Results of Fuel Cell for Variable DC Loads

In this section, the behaviour of fuel cell has been simulated under variable DC

loads. In this simulation results, 5 cells are used in fuel cell system. The parameters
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obtained from the SOFC experiments are used for simulatian studies and it is shown

Table 7.1
Table 7.2 The Parameters Obtained From The SOFC Experiments
Parameters | Representation Units Values
T Absolute Temprature [K] 1273
F Faraday’s Constant [C/mol] 96487
R Universal Gas Constant [J/(kmolxK)] 8314
E, Open Circuit Voltage [V] 1.18
Ny Number of Cells in Stack 5
K, Constant: K,.=No/4F [kmol/(sxA)] 1.29x10°
Ku,o Valve Molar Constant for Water [kmol/(sxatm)] 43.16 x 10°®
Ky, Valve Molar Constant for Hydroger [kmol/(sxatm)] 477 x 10°
Ko, Valve Molar Constant for Oxygen | [kmol/(sxatm)] 19.13 x10°
TH,0 Response Time for Water Flow [s] 63.98
Ty, Response Time for Hydrogen [s] 5.78
Flow
To, Response Time for Oxygen Flow [s] 14.44
THo Ratio of Hydrogen to Oxygen 1.168
Ronm Ohmic Loss [Q] 0.21

In this simulation studies, the electrical characteristic of fuel cell has been

analyzed in terms of voltage, current and power characteristics.
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Figure 7.8 : Fuel Cell Current
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Figure 7.9 : Fuel Cell VVoltage

Figure 7.8 shows fuel cell current under variable DC loads. Fuel cell current
changes between 11 A and 1 A due to variable loads. Figure 7.9 shows fuel cell voltage
under variable DC loads. Fuel cell voltage changes between 4 V and 2.8 V.
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Figure 7.10 : Fuel Cell Power
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Figure 7.11 : The Comparison of Fuel Cell Current

Figure 7.10 shows fuel cell power under variable DC load. Fuel cell power
increases and decreases based on variable load. The values of fuel cell power changes
between 30 W and 5 W. The fuel cell experimental results and simulation results have
been compared in detail. As a result of this comparison, they have been obtained similar
values in terms of the comparison of fuel cell voltage, current and power. To validate
the proposed model against the experimental results, the statistical indicate is used the

absolute mean error. The error rate of this comparison is less than 2% level. Figure 7.11
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shows the comparison of fuel cell current between experimental and simulation results

under variable DC load. The values of experimental and simulation results change
between 11 A and 5 A.
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Figure 7.12 : The Comparison of Fuel Cell Power

Figure 7.12 shows the comparison of fuel cell power under varible DC loads.

Figure 7.13 shows the comparison of fuel cell voltage and it changes between 4 V and
2.6 V due to variable loads.
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Figure 7.13 : The Cmparison of Fuel Cell Voltage
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CHAPTER 8

CONCLUSION

8.1 Conclusion

The dynamic model of the solid oxide fuel cell (SOFC) is developed using
PSCAD software. A DC — DC boost converter structure is modeled using PSCAD
software. In addition, DC — DC converter closed loop control feedback system have
been built. The three phase voltage source inverter has been modeled and connected to
between SOFC model and transmission line. A control strategy for the inverter

switching signals has been analyzed and modeled successfully.

The characteristics of fuel cell are obtained for constant and variable DC loads.
The response of the fuel cell stack is tested under variable loads. There is a good match
between experimental and simulation results. The fuel cell experimentals are done and
compared to simulation results for fuel cell system. The dynamic performance of the
solid oxide fuel cell is tested under various load conditions. The DC power consumption
of the load is measured using fuel cell test station in Nigde University, Fuel Cell
Research Center. Simulation and experimental results are very close to each other under

DC load conditions. The error rate of the comparison is around 3 percent.

The characteristics of converter are obtained for constant and variable DC loads.
The converter is connected to fuel cell, and fuel cell voltage is boosted for the desired
value. A conventional PI control structure is used for DC-DC converter feedback
system.The inverter control scheme uses a sinusoidal pulse width modulation (SPWM)
and PI control strategy to control the output voltage. The power conditioning unit
including DC-DC converter and DC-AC inverter implemented in PSCAD.
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The fuel cell system is connected to the infinite bus through a transmission line.
The phase locked loop (PLL) structure is used to control phase angle between grid and
fuel cell system. The DC and AC performance of SOFC are tested for different loads
using PSCAD. The solid oxide fuel cell system is connected to grid through a
transmission line and, the behaviour of variable AC load is examined using PSCAD.
Finally, a three bus system including infinite bus, load bus and fuel cell bus is
implemented in PSCAD. In three bus system, then the load bus is fed together with
infinite bus and fuel cell bus. The 5 kW AC load is connected to load bus. The fuel cell
bus current is 4A, and infinite bus current is 3.2A, and also load bus current is 7.2A. If
the AC load is higher than fuel cell maximum load capacity, the infinite bus feeds the
AC load.

68



REFERENCES

(13

[1] California Public Utilities Commission “ Opinion Regarding Distributed
Generation and Electric Distribution Competition,”’ Decision 99-10-065 p.16

[2] Jin — Woo Jung, Ali Keyhani “ Fuel Cell Based Distributed Generation System
“ Power System Conference MEPCON 2008. 12th International Middle-East, 12-15
March 2008 Vol. 2, pp. 354 -361, Egypt, 2008.

[3] Peter A. Daly, Jay Morrison, “ Understanding the Potentisl Benefits of
Distributed Generation on Power Delivery Systems” , Rural Electric Power
Conference, 2001, Conference Publications, pp. A2/1 - A213, 2001.

[4] Sajad Hoseinnia, Seyed M. Sadeghzadeh “ A comparative Study of Fuel Cell
Technologies and Their Role in Distributed Generation’’, IEEE EUROCON 2009
International Conference, St. Petersburg, Russia, 18-23 May 2009, Vol. 2, pp. 459 -464,
Institute of Electrical and Electronics Engineers, St. Petersburg, 2009.

[5] Fang Z. Peng, Editorial: Special Issue on Distributed Power Generation,
“|EEE transactions on Power Electronics,” Vol. 19, No. 5, pp. 1157-1158, September
2004

[6] J. Padulles, G.W.Ault, J.R.McDonald, “ An Approach to the Dynamic
Modeling of Fuel Cell Characteristics for Distributed Generation Operation’’, Power
Engineering Society Winter Meeting, VVol. 1, pp. 134 -138, IEEE, 2000.

[7] A.Kirubakaran, R.K.Nema, and Shailendra Kumar Jain , “ Distributed
Generation by Solid Oxide Fuel Cell : A Review”, Power System Technology and IEEE
Power India Conference, 2008. POWERCON 2008, India, 12-15 Oct. 2008, pp. 1-7,
India, 2008.

[8] E. Achenback, “Three-dimensional and Time-dependent Simulation of a
Planar SOFC Stack,’” J. Power Sources, Vol 49, Issue 1-3, pp. 333-348, April 1994.

[9] http://www.fuelcells.org/industry-and-markets/markets/.html

[10] Y. Zhu, and K. Tomsovic, “Development of Models for Analyzing the Load-
Following Performance of Micro Turbines and Fuel Cells,”” Electric Power Syst.
Research, Vol. 62, Issue 1, pp.1-11, May 2002.

69


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7543
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7543
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6841
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6841
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4723909
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4723909
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4723909
http://www.fuelcells.org/industry-and-markets/markets/

[11]http://www.nfcrc.uci.edu/2/FUEL_CELL INFORMATION/FCexplained/FC

benefits.aspx
[12] Khurmi, R.S., Material Science, S. Chand & Company Ltd., 2004.

[13] http:/www.en.wikipedia.org/wiki/file:Solid_Oxide Fuel Cell.sug

[14] Winkler, W, Thermodynamcs, in Solid Oxide Fuel Cells; Fundamentals and
Applications, K. Kendall and Singhal (Eds), Elsevier, 2003, Chapter 3 pp. 53-82

[15] D.V. Schroeder, An Introduction to Thermal Physics, Addison-Wesley,
Reading MA, 2000.

[16] Frano Barbir, PEM Fuel Cells Theory and Practice, Elsevier Inc. 2005

[17] J.A. Smith, M.H. Nehrir, V. Gerez, and S.R. Shaw, “A Broad Look at the
Workings, Types, and Applications of Fuel Cells’” Power Engineering Society Summer
Meeting, 2002, 21-25 July 2002, Vol.1, pp. 70 -75, 2002.

[18] S. Thomas and M. Zalbowitz, “Fuel Cells — Green Power,” Los Alamos
National Laboratory, Los Alamos, NM,

http://education.lanl.gov/resources/ fuelcells

[19] N.M. Sammes, R. Boersma, “Small-Scale Fuel Cells for Residential Use,”

Journal of Power Sources, vol. 86, pp. 98-110. 2000.

[20] K. Kordesh, V. Hacker, J. Gsellmann, M. Cifrain, G Faleschini, P. Enzinger,
R. Fankhauser, M. Ortner, M. Muhr, and R.R. Aronson, “Alkaline Fuel Cells
Applications,” Journal of Power Sources, vol. 86, pp.162-165, 2000.

[21] A. Dicks, A. Siddle, “Assessment of Commercial Prospects of Molten
Carbonate Fuel Cells,” Journal of Power Sources, vol. 86, pp. 316-323. 2000.

[22] R. Bove, S. Ubertini, “Modeling Solid Oxide Fuel Cells” Springer, 2000.

[23] Yun Wang, Ken S Chen, Jeffrey Mishler, Sung Chan Cho, Xavier Cordobes
Adroher ,“A review of polymer electrolyte membrane fuel cells: Technology,
applications, and needs on fundamental research,” Applied Energy, Vol. 88, pp. 981-
1007, 2011

[24] EG&G Services Parsons Inc Science Applications International Corporation.
Fuel Cell Handbook Fifth Edition, National Energy Technology Laboratuvary, October
2000.

[25] http://www.ieee.ca/millennium/ballard/ballard_applications.htmi

[26] Lipman T, Sperling D. Vielstich W, Gasteiger H, Lamm A., Handbook of
fuel cells: fundamentals, technology and applications. John Wiley & Sons, Ltd.; 2003.

70


http://www.nfcrc.uci.edu/2/FUEL_CELL_INFORMATION
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8076
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8076
http://www.ieee.ca/millennium/ballard/ballard_applications.html

[27] Adamson K-A, Jerram LC. 2009 Niche transport survey. Fuel Cell Today pp.
11-2. 2009.

[28] Hwang JJ, Wang DY, Shih NC. “Development of a lightweight fuel cell
vehicle,” J Power Sources Vol. 2, pp. 639-643, 2005.

[29] www.techon.nikkeibp.co.jp/english/news EN/20081001/158930/

[30] B.J. Holland, J.G. Zhu, and L. Jamet, “Fuel Cell Technology and
Application’’ IEEE Press, 2005.

[31] http://www.energyeducation.tx.gov/technology/section_3/topics/application-

for-fuel-cell/c.html

[32] D.J.Hall, and R.G.Colclaser, ©> Transient Modeling and Simulation of a
Tubular Solid Oxide Fuel Cell,”” IEEE Trans. Energy Conversion, Vol. 14 Issue 3, pp.
749-753, September, 1999.

[33] Padulles, J., Ault, G.W., McDonald, J.R., “An Integrated SOFC Plant
Dynamic Model for Power Systems Simulation”, Jaurnal of Power Sources, Vol. 86,
Issue 1-2, pp. 495-500, 2000.

[34] Roberto Bove, Stefano Ubertini, “Modeling Solid Oxide Fuel Cell Operation
Approaches, Techniques and Results”, Journal of Power Sources vol. 159 pp.543-559,
2006

[35] D. Vera, F. Jurado, “Behaviour of SOFC Based Generation Systems in
Distributed Generation” Clean Electrical Power, 2009 International Conference, 9-11
June, Vol. 2 pp. 661-665, Italy, 2009.

[36] T.Yalcinoz, M.S.Alam, “’Dynamic Modeling and Simulation of Air-
Breathing Proton Exchange Membrane Fuel Cell’” Journal of Power Sources, 15 July
Vol. 182 pp. 168-174, 2008.

[37] R. O’Hayre, T. Fabian, S. Litster, F.B. Prinz, J.G. Santiago, Engineering
model of a passive planar air breathing fuel cell cathode, J. Power Sources vol.167 118-
129, 2007

[38] A.A.Salam, M.A.Hannan and A. Mohammed, “Dynamic Modeling and
Simulation of Solid Oxide Fuel Cell System”, 2nd IEEE International Conferance on
Power and Energy, pp. 813-818 Johor Baharu, Malaysia, 2008.

[39] M.M.Hussian, X.Li, [.Dincer,”’Mathematical Modeling of Planar Solid
Oxide Fuel Cells’” Journal of Power Sources, vol. 161, pp.1012-1022, 2006.

[40] Kentaro Fukushima, Isami Norigoe, Tamotsu Ninomiya, Masahito Shoyama,

Yosuke Harada, and Konta Tsukakoshi, “Input Current-Ripple Reduction of a Pulse —

71


http://www.techon.nikkeibp.co.jp/english/news_EN/20081001/158930/
http://www.energyeducation.tx.gov/technology/section_3/topics/application-for-fuel-cell/c.html
http://www.energyeducation.tx.gov/technology/section_3/topics/application-for-fuel-cell/c.html
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5204039
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5204039

Link Dc-Ac Converter For Fuel Cell”, Telecommunications Energy Conference, 2008.
INTELEC 2008. IEEE 30th International, 14-18 September, pp.1-5, 2008.

[41] Bhaskara Palle, Marceb G. Simoes, “Dynamic Integration of a Grid
Connected DFIG Wind Turbine with a Fuel Cell”, Industry Applications Conference,
2007. 42nd IAS Annual Meeting. Conference Record of the 2007 IEEE, 23-27
September, 2007.

[42] Yakabe H. Hishinuma M, Uratani M, Matsuzaki Y, Yasudo J “Evaluation
and Modeling of Performance of Anode-Supported Solid Oxide Fuel Cell”, J.Power
Sources vol.86, pp. 423-431, 2000.

[43] Masashi Mori, Yoshiko Hiei, Hibiki Itoh, Geoff A. Tompsett, Nigel M.
Sammes, “Evaluation of Ni and Ti-doped Y203 stabilized ZrO2 cermet as an anode in
high-temperature solid oxide fuel cells”, Solid State lonics, vol.160, pp. 1-14, 2003.

[44] Iwata M, Hikosaka T, Morita M, Iwanari T, Ito K, Onda K. et al.
“Performance analysis of planar-type unit SOFC considering current and temperature
distributions”, Solid State lonics, Vol. 132, pp. 297-308, 2000.

[45] A.C. Burt, I.B. Celik, R.S. Gemmenb, A.V. Smirnov, “A numerical study of
cell-to-cell variations in a SOFC stack”, Journal of Power Sources, Vol. 126, pp. 76-87
2004.

[46] David L. Damm, Andrei G. Fedorov, “Reduced-order transient thermal
modeling for SOFC heating and cooling”, Journal of Power Sources, Vol. 159, 956-
967, 2006.

[47] Y. Inui, N. Ito, T. Nakajima, A. Urata, “Analytical investigation on cell
temperature control method of planar solid oxide fuel cell”, Energy Conversion and
Management Vol. 47, pp. 2319-2328, 2006.

[48] Ned Mohan, T.M. Undeland, W.P.Robbins, Power Electronics, Converters
Applications and Design, Wiley, Hubokan NJ, 2003.

[49] X.Yu, M.R. Starke, L.M. Tolbert and B. Ozpineci, “Fuel Cell Power
Conditioning for Electric Power Applications: a summary”, IET Elect. Power Appl. VVol.
1, pp. 643-656, 2007.

[50] M. Hashem Nehrir, Caisheng Wang, Modeling and Control of Fuel Cells,
Distributed Generation Applications, John Wiley, Chapter 6, pp. 140-146, 2008.

[51] Muhammed H. Rashid, Power Electronics Handbook, Elsevier Inc., 2007.

72


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4654182
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4654182

