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Abstract of a thesis at the University of Miami. 
 
Thesis supervised by Professor Zhenhua Jiang. 
No. of pages in text. (105) 
 

This thesis describes a systematical study, including multidisciplinary modeling, 

simulation, control, and optimization, of a fuel cell – gas turbine hybrid power system 

that aims to increase the system efficiency and decrease the energy costs by combining 

two power sources. 

The fuel cell-gas turbine hybrid power systems can utilize exhaust fuel and waste heat 

from fuel cells in the gas turbines to increase system efficiency. This research considers a 

hybrid power system consisting of an internally reforming solid oxide fuel cell and a gas 

turbine. In the hybrid power system, the anode exhaust, which contains the remainder of 

the fuel, is mixed with the cathode exhaust as well as an additional supply of fuel and 

compressed air and then burned in a catalytic oxidizer. The hot oxidizer exhaust is 

expanded through the turbine section, driving an electric generator. After leaving the gas 

turbine, the oxidizer exhaust passes through a heat recovery unit in which it preheats the 

compressed air that is to be supplied to the fuel cell and the oxidizer.  

This research concentrates on multidisciplinary modeling and simulation of the fuel 

cell-gas turbine hybrid power system. Different control strategies for the power sharing 

between the subsystems are investigated. Also, the power electronics interfaces and 

controls for the hybrid power system are discussed. Two different power sharing 
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strategies are studied and compared. Simulation results are presented and analyzed. 

Transient response of the hybrid energy system is studied through time-domain 

simulation. In addition, in this effort, Particle Swarm Optimization (PSO) is used to 

optimize the power sharing for the hybrid power system to increase the efficiency and 

decrease the fuel consumption. 
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Chapter 1  

Introduction 

In recent years, energy has become one of the most challenging aspects of human 

life. Developing the industry and improving the science world, has a challenge that 

renders much impact on the electrical power industry. In this respect various energy 

resources to produce the electricity, including renewable and nonrenewable resources, are 

introduced to the power industry. These energy resources have their own characteristics 

which limit them to use them in specific applications.  

For instance, increasing use and diminishing resources of fossil fuels and concerns 

about environmental issues such as emissions and global warming are leading people to 

pay more attention to alternative resources of energy. Although renewable energy such as 

wind and solar power is promising in power generation, their resources are intermittent. 

Power generation from these resources is fluctuating with the wind or sunlight, and large-

scale energy storage devices are needed. As a result, combining these resources of energy 

with other such as batteries or fuel cells will help to improve the reliability and efficiency 

of them. Therefore, to improve the use of the property of the energy resources, the 

combination of them is more appropriate.  In this respect, the hybrid power system has 

been introduced to the electrical world.  

 

1 
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1.1 Hybrid Power System 

The hybrid power system, by definition, utilizes a combination of different energy 

recourses to produce electricity. The purpose of using hybrid power systems is to 

combine different properties of various power sources to get better advantages of them to 

achieve a global goal. High power density, fast transient response, maximum efficiency, 

minimum emission, and minimum costs are examples of the global goal for different 

applications.  

One example of hybrid power systems is the combination of batteries with 

ultracapacitors. Chemical batteries have been used as electric energy storage devices for a 

long time. Batteries have relatively high energy densities and low power densities. But 

batteries have to be oversized to accommodate a peak power demand. On the other hand, 

the unique electrochemical characteristics of ultracapacitors are able to provide a much 

higher pulse current capability over the battery system. A combination of battery and 

ultracapacitor can improve the battery capability for power peak and also extend battery 

lifetime [3]. 

Fuel cell generators are considered to be an alternative power source for automotive 

propulsion, residential power systems, portable electricity generation, or back-up power 

supplies because of their clean and energy-efficient mode of operation. In most 

applications, it is very important to minimize the time needed to warm up the fuel cell 

system. For example, in a vehicle it is expected that after starting the vehicle customer 

can drive away immediately. However, even for low-temperature fuel cell systems it is a 

very hard to overcome the transient power limitations during warm-up (e.g., due to water 

flooding in the gas diffusion layers or reduced fuel cell efficiency). A good solution to 
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this problem is system hybridization. The hybrid system which is used in this case is a 

combination of the primary energy conversion devices (the fuel cell system) with an 

energy storage system, such as an electrochemical battery. In the case of a cold start, the 

energy storage system can be used to guarantee the power output demanded throughout 

this temperature-transient phase and, preferably in combination with an auxiliary heating 

device, to accelerate the system warm-up. A hybrid power system combining of these 

two energy resources can have benefits of high energy densities of the fuel cell as well as 

high power density of the battery and lead to longer battery life [4]. 

It is apparent that energy resources currently available to us in the form of 

nonrenewable fossil fuels (coal, oil, natural gas) and nuclear fuels are limited, and cannot 

be reproduced in short time spans.  In addition, these resources produce the greatest 

amount of pollution in our atmosphere. Therefore, this growing energy consumption and 

depletion of fossil-fuel energy resources, in addition to the increasing concern for 

environmental issues such as global warming, have endorsed the use of renewable energy 

resources. Some examples include biomass resources (plant material or organic waste), 

geothermal (the natural heat in the earth), hydropower sources (the force of moving water 

from rivers or storage reservoirs), mechanical energy of ocean tides, currents, waves, as 

well as solar and wind energy. 

Although use of renewable energy has become the center of attention, it is 

nonetheless expensive and unreliable. For instance, efficient use of wind energy is 

contingent on its availability and is dependent on the speed of the wind.   Solar energy, as 

well is a resource that is not available at night. Therefore in order to get the maximum 

efficiency from these sources, it is best to use appropriate combinations of resulting in the 
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highest advantage. Therefore, recently designing most economic and reliable hybrid 

power system has been the center of attention. 

The most common examples of hybrid power systems using renewable energy are as 

follows: 

− Wind generation combined with diesel generation 

− Photovoltaic generation joined with battery storage or diesel generation 

− Combination of fuel cell with gas turbine generator 

 Among different configurations of the hybrid power system, the combination of gas 

turbine and fuel cells is very common to get the high efficiency. Therefore, interest in the 

hybrid system has grown with recent improvement of Gas Turbine (GT) technologies and 

maturity of fuel cells. A research program, Vision 21, was carried out by the United 

State’s Department of Energy in 1997 for determining the conceptual feasibility of high-

efficient fossil power plants [35]. The aim of this program was to develop a hybrid power 

system with minimum efficiency of 75%. As a result, the integration of fuel cell and GT 

was established to achieve the goals of the Vision 21 program due to its high-

performance and low-emission. [1] 

1.2 Fuel Cell - Gas Turbine Hybrid Power System 

 Fuel cells are well known sources of power generation, which produce electricity 

through an electromechanical process producing heat. They are considered as one of the 

most promising technologies for power production in stationary applications.  

Fuel cells are attractive as energy sources because they are clean, reliable, and almost 

entirely nonpolluting. Also since they do not have any moving parts and the cells are 
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therefore vibration-free, the noise pollution associated with power generation is also 

eliminated. In addition, fuel cell systems can provide high efficiency (40%-60%). 

A variety of fuel cells are in different stages of development. The most common 

classification of fuel cells is by the type of electrolyte used in the cells and includes 

proton exchange membrane (PEM), alkaline fuel cell (AFC), phosphoric acid fuel cell 

(PAFC), molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC). Broadly, 

the kind of electrolyte determines the operating temperature range of the fuel cell. The 

operating temperature and useful lifetime of a fuel cell dictate the physicochemical and 

thermo mechanical properties of materials used in the cell components (i.e., electrodes, 

electrolyte, interconnect, current collector, etc.). Aqueous electrolytes operate under 

temperature   limitation of about 200 °C or lower because of their high vapor pressure 

and rapid degradation at higher temperatures. The operating temperature also has an 

important impact in determining the degree of fuel processing required. In low-

temperature fuel cells, the fuel which is used in the fuel cell is hydrogen. Therefore, all 

the fuel must be converted to hydrogen prior to entering the fuel cell. In addition, the 

anode catalyst in low temperature fuel cells (mainly platinum) is strongly poisoned by 

CO. In high-temperature such as SOFC fuel cells, CO and even CH4 can be internally 

converted to hydrogen or even directly oxidized electrochemically [59]. Table 1.1 

introduces some kind of existing fuel cells and their operational characteristics. 

Type Electrolyte material Fuel Operating 
temperature (°C) Applications 

PEM Hydrated organic polymer H2 70-85 Transport 
PAFC Phosphoric acid H2 150-220 CHP (combined heat & power) 
MCFC Molten Li/Na/K carbonate H2,CO 600-700 CHP power generation 
SOFC Yttria-doped zirconia H2,CO 1000 CHP power generation 

Table 1.1 Properties of fuel cells [77] 
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Since SOFCs’ have high operating temperature and they can use currently available 

fossil fuels, thus reducing operating costs, most of the power generation applications have 

focused on solid oxide fuel cells (SOFC). 

On the other hand, the transient response of SOFC is very slow. Therefore, another 

energy generator is used to improve the system behavior in transient situation.  Gas 

turbine generators (GT), have a fast response to the step changes. As a result they could 

be an appropriate component to combine with SOFC.   

Hybrid power plants combining SOFC with GT also can improve the total efficiency 

of the system. As long as SOFC’s always can not use all the supplied fuel, the waste fuel 

can be injected to the gas turbine combustor. This fact increases the overall efficiency if 

the hybrid power system. In addition, SOFC works in high temperature. Since the fuel 

injected to the combustor needs to be preheated, using the heat produced in an SOFC 

increase the efficiency of the system.  

1.3 System Modeling and Control 

Both SOFC and gas turbine are very complex components. By combining these two 

generators together, due to the tight integration between them in a hybrid power system, 

dynamic operability and hence control of the process is a challenge. Therefore, modeling 

is the first and most important step in studying the behavior of these components 

individually and interdependently.  

Considerable works have been done to model SOFC [6]-[11]. Some of these studies 

have been developed the dynamic model based on the pressure effect on the fuel cells 

[10],[7],[8]. Some of them have developed an electrical model for SOFC [9],[6].  

http://www.csa.com/discoveryguides/fuecel/gloss.php?SID=utvv2qvdftml91761d1hiin0f1#sol
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The control issue is another important challenge in design of fuel cell systems. It is 

very important to design a control system to maintain the appropriate fuel and air flow 

rate to produce the desire output power. Several studies have been denoted to study the 

different control strategy for power and fuel control in fuel cell generators [55]-[56]. 

Furthermore, some studies have improved the gas turbine model [12]-[18]. Among 

them some presented the dynamic model of gas turbine [12] [14][18][15]. There are 

several researches, which have investigated the appropriate model for the advanced gas 

turbine [13]. Controlling gas turbine is also one of the important issues in this area. Since 

gas turbines perform in a very high speed designing a reliable control system is quit 

complex and important. In this respect some efforts have been done to investigate the 

control system for gas turbine [57]-[58]. 

Producing electrical energy from mechanical energy has been studied for many 

years. There have been many studies on different kind of generators such as synchronous 

machines, induction machines and their performance in the power grid. Among them, 

synchronous generators have been used as electric generators in power grids. In this 

respect there have been many researches to investigate the behavior of synchronous 

generators dependently and in a power generator system [46][51]. Also there have been 

many studies implementing and developing model of synchronous machines [50],[51].  

One of the challenges in synchronous generator is control issue and stability of them. In 

this respect several studies have been investigate and design an appropriate control design 

system [52]-[54]. 

In hybrid power system area, also, many efforts have been done to investigate the 

model of SOFC-GT hybrid power system [19]-[30]. Some of these studies focused on the 
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various system layout of the power planet [21]. Some studies focused to improve the 

model of SOFC-GT for aerospace applications [19]-[20] some other researches have 

worked to improve the dynamic model of these hybrid power systems [22]. A number of 

researches have simulated the performance of several kinds of SOFC–GT systems, and 

analyzed their performance by paying special attention to the energy aspect [23], [24] 

[25]. More recently, a group of papers have investigated the electrochemical 

performances of the fuel cell stack [23], [24], [25] and [26]. Some of them, have studied 

the stack or simple system also using the exergy analysis [28],[29]. Some study focused 

on developing control strategy for specific SOFC-GT hybrid power system. 

Although there have been many studies on SOFC and GT and combining these 

generators, there is a great need to investigate a systematical model for SOFC-GT hybrid 

power system. Also, having a reliable and simplified model for online optimization will 

help to improve the system optimality. In addition, it is important not only to design a 

good control system, but also to choose a process design that with an appropriate control 

structure allows satisfying disturbance rejection, and part load condition. Such design 

procedures have been conducted in previous research [1]-[2]. 

1.4 System Optimization 

The desire for optimality or perfection is an inherent characteristic of every human 

being. The search for perfection motivates mountaineers, scientists, mathematicians, and 

the rest of the human race. A practical mathematical theory of optimization (i.e. search-

for-optimum strategies) is developed since the sixties when computers came in to the 

world. The goal of the theory is the creation of reliable methods to achieve the optimum 

solution of a function by an intelligent arrangement of its evaluations (measurements). 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib9
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib10
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib9
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib10
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib12
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V2S-4JRM04B-1&_user=687815&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=full&_orig=search&_cdi=5710&_sort=d&_docanchor=&view=c&_acct=C000038378&_version=1&_urlVersion=0&_userid=687815&md5=a34a9c09365640a69417f1f2b8c3e43e#bib14
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This theory plays a very important role in the modern engineering and plans to apply 

optimization to each step of the complicated decision making process. In this respect 

various optimization methods introduced to the application area from many years ago. 

The first optimization technique, which is known as steepest descent, dates back to 

Gauss. Historically, the first term to be introduced was linear programming, which was 

invented by George Dantzig in the 1940s. Introducing complex problems to the 

optimization area has a very enormous impact on developing the optimization methods. 

Neural networks, genetic algorithms, ant colony, fuzzy logic, and particle swarm 

optimization are some examples of the advanced optimization methods. 

Optimization methods based on implementing the nature behaviors are very 

common. The social sharing of information among individuals of a population, may 

present an evolutionary advantage and there are numerous examples coming from the 

nature to support this idea. Ant Colony Algorithm (ACA), Bees Algorithm (BA), and 

Particle Swarm Optimization (PSO) are some examples of these methods. These methods 

have been used for different optimization problems based on their complexity. 

Compared with other optimization methods, PSO is easier to implement and there 

are less parameters to be adjusted. Also, PSO has a more effective memory capability, 

and can be used for nonlinear optimization problems. Considering these advantages, PSO 

is used in many applications such as economic, electrical industry, marketing, banking 

and so on [31]-[34].  

One of the applications of PSO algorithm is power industry as well. Some 

applications is used PSO in control area [38]-[40].Some studies have been done for 

distribution system. 

http://en.wikipedia.org/wiki/Steepest_descent
http://en.wikipedia.org/wiki/Carl_Friedrich_Gauss
http://en.wikipedia.org/wiki/Linear_programming
http://en.wikipedia.org/wiki/George_Dantzig
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As it was mentioned, one of the goals of the Vision 21 program was to improve the 

hybrid power system combining SOFC and GT to achieve the maximum efficiency as 

well as minimum emission and cost. Optimum power generation of a hybrid system is 

critical in achieving an economically competitive and operationally reliable hybrid power 

system with high efficiency.  

There are some efforts focused on optimization of the hybrid power systems 

containing SOFC-GT systems with respect to the cost and expenses [41]-[42],[45]. Also, 

several works have been done to optimize the power distribution system using PSO [43], 

[44]. In some applications PSO used to solve the optimization problem for power sharing 

and maximum load ability [36], [37]. Although there have been a lot of work in the area 

of the SOFC-GT system optimization  there has not been more accurate researches in 

power sharing optimization to increase the efficiency of a systematical hybrid power 

plan. Therefore this effort tried to implement PSO algorithm to optimize the more 

accurate and complex SOFC-GT hybrid power system to achieve the high efficiency.  

1.5 Summary of Contributions 

Despite of many research in hybrid power systems combining SOFC and GT, more 

efforts to find a systematical model for in depth studies in this aria is necessary. In 

addition, as it was mentioned, it is important to design a good control system and select a 

process design with a suitable control structure which allows fast transient response and 

having less instability in all conditions. 

To be able to design such a controlled structure and to analyze the dynamic behavior 

of the system, it is very useful to have simple and accurate models of components for the 

hybrid power system. Having a model like this for the system is valuable for online 
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optimization as well. Therefore in this project a detailed dynamic model for SOFC_GT 

and study the behavior of the system is investigated. Also, this research presents the 

developed version of previous proposed model to increase the flexibility of the system for 

power sharing as well as improvement the speed control. In this respect, the burner model 

which is used in the hybrid power system is improved and GT shaft speed is controlled to 

be constant by controlling either the injected fuel or air to the burner.  

 In addition some control strategies offered trying to improve the system 

performance based on specific desire goal such as fast transient response. 

Considering the importance of optimization in hybrid power system, the other 

objective of this research has determined as optimizing the efficiency of the system. In 

this respect the objective function is introduced by simplifying the presented model. 

Considering all the advantage of PSO algorithm and complexity of the system, PSO 

algorithm is used to achieve the optimization goal. 

The presented mathematical models have been simulated using Matlab Simulink. 

Also the PSO algorithm has been implemented using Matlab. The results of these 

simulations have been presented in chapter five.  

1.6 Theses Outline 

This thesis is organized as follows. Chapter two presents the model and structure of a 

SOFC-GT hybrid power system. In addition, the mathematical model for all components 

in the system is presented in this chapter. Chapter three explains the control system and 

different control strategies for the system. Chapter four presents the optimization method 

to optimize the hybrid power system in reaching maximum efficiency. Also in this 

chapter the PSO algorithm is introduced and is applied to optimize SOFC-GT 
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configuration.  Chapter five describes simulation results for the modeling, control and 

optimization.  Finally in Chapter six, the conclusion and future research directions are 

presented. 
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Chapter 2 

Hybrid Power System Structure and 
Modeling 

To determine the operating conditions and constraints of the physical system, a 

system simulation is usually helpful. Therefore, to study the hybrid power system 

performance it is easier to model and analyze it as a test bed consisting of its components.  

 In this chapter the hybrid system configuration is presented. In addition, the 

mathematical model for system components is explained in detail. 

2.1 Structure of Fuel Cell/Gas Turbine Hybrid Power System 

The hybrid power system in this study is a combination of a Gas Turbine (GT) with a 

Solid Oxide Fuel Cell (SFOC). Several significant advantages of SOFC lead us to 

consider it as a part of the hybrid power system. First of all, an SOFC operates at high 

temperatures. Also, the energy conversion efficiency of an SOFC stack can reach up to 

65%; and its overall efficiency, when used in combined heat and power (CHP) 

applications, i.e., as an integrated SOFC combustion turbine system, can even reach up to 

70%. Figure 2.1 describes the schematic of the system. 

In the designed layout, the air is first pressurized by a compressor, and then passes 

through a heat exchanger which uses the exhaust gas from the turbine to be preheated. 

13 
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The pressurized and preheated gas enters into the fuel cell. The chemical reaction 

between fuel and gas in the fuel cell produces the electricity. Meanwhile the temperature

of the fuel cell increases to a high degree. The exhausted high temperature gas is injected 

from the fuel cell into the oxidizer (burner) and further heats up after burning with the 

fuel inside the burner. The mechanical power is produced by expansion of the high 

temperature gas in the turbine and it rotates the GT shaft which is coupled with a 

synchronous generator to generate electricity. Also, additional fuel is injected to the 

burner to control the power produced by the generator. 

Fuel cell

Burner

C T G

PI V*I
K

Fuel

PI
P Ref FCP Ref FC+

-
+ωref

K’

Air

PI

ω

PI-

+
PI

-+

2

1

12

4

6

8

7

10

9

11

5
3

-

refV

tV dcVrefV

Heat Exchanger

Rectifier

Boost ConverterFuel cell

Burner

C TC T G

PI V*I
K

Fuel

PI
+

-

++

-
P ref FC 

++ωref

6 7

8

K’

Air

PI

ω

PI-

+
PI

-+

2

1

12

4

10

9

11

5
3

-

refV

tV dcV

Heat Exchanger

Rectifier

Boost Converter

refV
 

Figure 2.1  Schematic of a hybrid power system 
  

2.2 Fuel Cell Description 

Fuel cells are electrochemical devices which directly convert the chemical energy of 

a reaction into electrical energy. The basic physical structure of a fuel cell consists of an 
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electrolyte layer in contact with an absorbent anode and a cathode on either side. A 

schematic representation of a fuel cell with the reactant/product gases and the ion 

conduction flow directions through the cell is shown in Figure 2.2. 
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Figure 2.2  Schematic of a fuel cell 
 

In a classic fuel cell, fuel is fed incessantly to the anode (negative electrode) side and 

an oxidant (i.e., oxygen from air) is fed continuously to the cathode (positive electrode) 

side. The hydrogen ions move across the electrolyte to the cathode while the electrons 

flow through an external circuit, resulting in a DC voltage that is produced because of the 

chemical reaction between hydrogen and oxygen.  

Different kinds of fuel cells are in different steps of improvement. They can be 

classified into different categories. The most common classification of fuel cells is based 

on the type of electrolyte used in the cells which include:  

1. Proton Exchange Membrane (PEM) 

2. Alkaline fuel cell (AFC) 
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3. Phosphoric acid fuel cell (PAFC) 

4. Molten carbonate fuel cell (MCFC) 

5. Solid oxide fuel cell (SOFC) 

The operating temperature is one of the important characters of a fuel cell. As 

mentioned one of the purposes of using a fuel cell in the hybrid power system is to 

increase the system efficiency. This efficiency would be achieved by using the high 

temperature exhausted gas from the fuel cell. Hence, in this research, the importance of 

high operating temperature leads us to choose SOFC in modeling of the hybrid power 

system. In fact, the operating temperature of a SOFC is around 1100 °k. 

Figure 2.3 is a basic schematic model for a fuel cell which is used in this system to 

explain the input and output variables for this component. 
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Figure 2.3 Schematic of a fuel cell  
 

To describe the mathematical model of a SOFC, two models for each fuel cell can be 

considered: electrical and thermal models, which will be explained in the next section. 

2.2.1 Electrical Model 

The total output voltage of a stack can be expressed by using Equation (2-1) [7]: 
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ohmactstack VVVNEV −−−= cov0  (2-1)

It is obvious from the equation that the voltage loss in the fuel cell is caused by the 

activation polarization (Vact), the ohmic polarization (Vohm), and the mass transport loss or 

concentration polarization (Vcon) which is the result of electrochemical reaction.  

The V/I characteristic of a fuel cell can be divided into three regions. These three 

regions are displayed in Figure 2-4. 

 

Figure 2.4 Typical V/I curve for a fuel cell 

In low current densities, voltage changes have a logarithmic relationship with the 

current which can be explained by the activation polarization loss. However, in medium 

current densities, the voltage changes approximately linearly with the changes in current. 

The third part of the V/I curve for a fuel cell is related to concentration losses for high 

current operation. 
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Activation polarization loss 

 The Vact can be described by the formula below: 
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(2-2) 

Where T8 is defined as the fuel cell temperature and Icell is the cell current. 

Ohmic Polarization 

Electron transfer resistance from the anode to the cathode and proton movement 

through the electrolyte cause ohmic polarization, Vohm. The ohmic resistance of a cell is 

approximately fixed. Following equation represents Vohm.. 

cellohmohm IrV =  (2-3) 

Concentration Polarization 

 Vcon occurs in all current densities, but is more evident in larger current densities and 

can be calculated using the equation below. 

)1ln(
2

8

l
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con AJ

I
F

RT
V −=  (2-4) 

The cell current is dependent on the fuel flow rate and can be calculated from the 

following equation. 
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Where  is fuel molar flow rate, and  Mn& H2 is the hydrogen molar mass. The output 

power of the cell can be obtained by the next equation. 

stackcellfe VIP =,  (2-6) 

2.2.2 Thermal Model 

Regarding the air consistence of 21% oxygen and 79% nitrogen, the chemical 

reaction in the fuel cell can be explained as below. 

22222 76.376.32 NOHNOH +→++  (2-7) 

Therefore, for every 2 moles of hydrogen (fuel) we need one mole of oxygen and 

3.76 moles of nitrogen. Based on this information, the next equation can describe the 

relationship between the fuel and air mass flow rate for the fuel cell where K is a 

constant. 

64 mKm && =  (2-8) 

But in reality, not all of the hydrogen is consumed in a fuel cell. Fuel utilization is 

the ratio between the reacting fuel and the input fuel and can be defined as below [7]. 

)/())2/((
26 Hsatckz MmFNIU &=  (2-9) 
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Considering the utilization factor and ideal reaction, i.e., 264 nn && = , the chemical 

reaction could be rewritten: 
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 (2-10) 

      

Therefore considering that the water is condensed, the exhaust of the fuel cell can be 

calculated by the equation below: 

[ ]
222

2

76.3)2)(1(6
8 NOHz

H

MMMU
M
mm ++−=
&

&  
(2-11) 

Where the MO2 is molecular mass for oxygen (32 g/mol) and MN2 molecular mass for 

nitrogen (28 g/mol)  

The rest of the fuel is injected into the burner. The thermal power generated inside 

the fuel cell can be calculated by the following equation. 

fechgen PWW ,−=  (2-12) 

Where Wch is the heat generated by the chemical reaction and could be determined as 

below. 

f
H

zch H
M
m

UW Δ= )(
2

6&&  
(2-13) 

A portion of the thermal power released from the fuel cell is consumed and 

consequently increases the input air temperature (Wair) and stack temperature. The 
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remaining power is released to the environment. This state can be described using the 

following formula. 

airambfcfcgen WW
dt

dTmCW ++= 8

 (2-14) 

Where Wamb is the transferred power to the ambient and can be denoted as follows. 

)( 8 ambexexamb TThAW −=  (2-15) 

The thermal power that increases the inlet air temperature, Wair, is explained by the 

equation below. 

)( 484 TTCmW pair −= &  (2-16) 

The next component described in the following section is gas turbine. It is coupled to 

the fuel cell to maintain the required line power. 

2.3 Gas Turbine 

2.3.1 Basic Background of Gas Turbine (GT) 

A basic gas turbine consists of a compressor, combustor and a turbine which work 

under the Brayton cycle in this study. The air-standard Brayton cycle is the ideal cycle for 

the simple gas turbine. The simple open cycle is made of four irreversible processes: 1-2 

Isentropic Compression, 2-3 Constant Pressure heat addition, 3-4 isentropic expansion, 

and 4-1 Constant Pressure heat rejection (Figure. 2.5). 
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Figure 2.5 . A simple Brayton cycle 

First, consuming mechanical power the air is compressed in the compressor. In this 

stage, the compressor does work to increase the pressure and temperature of the gas 

(processes 1-2). In the second stage, the compressed air is mixed with the fuel under 

constant pressure, either liquid or gas, and burned in the combustor (processes 2-3). 

Considering that the compression is ideally isentropic, a vertical line on the T-S diagram 

(from 1 to 2s) describes this process. In reality, the compression is not isentropic and the 

compression process line leans to the right because of the increase in entropy of the flow 

(1 to 2). The combustion process in the burner  happens at constant pressure from station 

2 to station 3. The temperature increase depends on the type of fuel that is used as well as 

the fuel-air ratio. The high temperature exhaust is then passed through the power turbine 

in which work is done by the flow from station 3 to station 4. Because the turbine and 

compressor are coupled with the same shaft, the output mechanical power is the 

difference between power generated from the turbine and consumed by the compressor. 

The physical model for this project is based on a simple single shaft GT with a heat 

 

http://www.grc.nasa.gov/WWW/K-12/airplane/entropy.html
http://www.grc.nasa.gov/WWW/K-12/airplane/burnth.html
http://www.grc.nasa.gov/WWW/K-12/airplane/burner.html
http://www.grc.nasa.gov/WWW/K-12/airplane/powtrbth.html
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exchanger that increases the efficiency of the GT. Figure 2.6 shows the physical model of 

the GT designed for this project.  
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Figure 2.6 Physical model of the Gas Turbine system, 

In the following section, each component of the gas turbine will be explained 

respectively. 

2.3.2 Compressor and Heat Exchanger 

The compressor is used to compress the air. The pressurized air passes through a heat 

exchanger to be preheated by recovering the heat from the exhaust gas from the turbine. 

Figure 2.7 explains the schematic of a simple compressor combined with a heat 

exchanger.  determines the mass flow rate and T shows the temperature of each point. m&
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Figure 2.7  Compressor/Heat exchanger schematic 
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  The consumed thermal power by the compressor, Pth,c, can be calculated via the 

following equation  [67]. 

)(1
122

,
, TTCmP p

cth
cth −= &

η  
(2-17) 

The following equation describes the relationship between input and output 

temperature of the compressor. 

γ
γ 1

1

2 )(
−

= cPR
T
T

 
(2-18) 

Where  is the constant pressure ratio for the compressor.     cPR

The essential mechanical power to pressurize the air can be expressed as a first order 

equation described as below [68]. 

cthcm
cm

c PP
dt

dP
,,

, −=τ
 

(2-19) 

Based on the mass balance theory, the output mass flow rate is equal to the input 

mass flow rate. 

21 mm && =  (2-20) 

The energy balance in the heat exchanger leads to the next equation. 

)()( 212235,5 TTCmTTCm pgasp −=− &&
 (2-21) 

The mass flow rate for the input and output of the heat exchanger can be considered 

using the Equations (2-22) and (2-23) below, respectively. 
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122 mm && = (2-22) 

35 mm && = (2-23) 

Also, the temperature at points 1 and 3 in Figure 2.7 are equal to the ambient 

temperature. 

2.3.3 Burner 

In this model, a burner is used to burn the waste fuel exhausted from the fuel cell. 

Moreover, it can be used to control the shaft speed by fuel control methodology. Figure 

2.8 demonstrates a simplified schematic for the burner. 
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Figure 2.8 Figure 2-8. Schematic of a burner  

Considering the following assumptions and Equation (2-24), the combustion reaction 

inside the burner can be described as Equation (2-25). 

⎯ Burner fuel is the preheated and pressurized hydrogen , 

⎯ The combustion reaction in the burner assume to be ideal,  

⎯ The air consists of 21% oxygen and 79% of nitrogen, 

12119 TTT ==  (2-24) 
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(2-25) 

The mathematical model of the burner is indicated as a first order equation based on 

energy balance. Equation (2-26) describes this model [30]. 
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1010128
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ambxxpfprfrrfr
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(2-26) 

Where T is the temperature and N is the molar flow rate of inputs and outputs . By 

considering the mass balance, the output mass flow rate can be denoted as following 

Equation . 

119810 mmmm &&&& ++=  (2-27) 

2.3.4 Turbine 

A turbine is a rotary engine that converts thermal power energy to mechanical 

power. 

Figure 2-9 is a simplified schematic for a turbine showing input and output variables.  
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Figure 2.9 Figure 2-9. Turbine schematic 
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 Using the mass balance theory above the relationship between input and output 

mass flow rate can be indicated by Equation (2-27). 

510 mm && =  (2-28) 

The output temperature of the turbine has a relationship with the pressure ratio of the 

turbine [67].  

γ
γ 1

10

5 )(
−

= TPR
T
T

 
(2-29) 

The thermal power produced by the turbine can be calculated based on the following 

algebraic equation. 

)( 1055,, TTCmP pTthTth −= &η
 (2-30) 

The following first order equation expresses a formula for converting thermal power 

to mechanical power [68].  

TmTth
Tm

T PP
dt

dP
,,

, −=τ
 

(2-31) 

The output mechanical power from the gas turbine is defined as the difference 

between the mechanical power produced by the turbine and the power consumed in the 

compressor.  

Tmtmgtm PPP ,,, −=  (2-32) 
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2.4 Generator 

  An electrical generator is a device which converts mechanical energy to electrical 

energy. The operation of a generator depends on electromagnetic induction, which is 

described as the production of an electromotive force in an electric circuit by a change of 

magnetic flux passing through a circuit. 

There are different kinds of sources to produce mechanical energy for a generator. 

The turbine steam engine, internal combustion engine, wind turbine, hand crank, sun or 

solar energy, are some examples of mechanical energy sources. 

There are different kinds of generators that produce electricity. Induction generators 

and synchronous generators are two examples of these generators. Synchronous 

generators are widely used in a power generation system to convert the mechanical 

energy to electrical energy. The next sections are dedicated to the explanation of the 

performance and mathematical model of a synchronous generator. 

Synchronous Generator 

The operation of a synchronous generator is based on Faraday’s law of 

electromagnetic induction. A synchronous machine refers to a rotating device that’s 

speed is proportional to the system frequency under steady state conditions. Each 

synchronous machine consists of an armature and a rotor. The armature current produces 

a magnetic field that rotates at the same speed as the magnetic field created by the field 

current on the rotor.  

 Synchronous machines are commonly used as generators especially for large power 

systems such as turbine generators and hydroelectric generators in the grid power supply  
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   Each synchronous machine consists of a rotor which is the rotating part, and a 

stator which is the fixed part. A conventional synchronous machine has an armature 

winding on the stator which is ordinarily a three phase winding. On the rotor there 

usually exists a field winding that is excited either by DC current or permanent magnets. 

Figure 2-10 shows a typical structure of a synchronous generator.  

 
Figure 2.10 A typical structure of a synchronous generator 

In a synchronous machine, the rotor poles are shaped such that the resultant mmf and 

flux density would distribute sinusoidally in the air gap, and thus the induced emf in the 

stator windings related to this flux will also be sinusoidal.  

The equivalent circuit for the synchronous generator has been represented in Figure 

2-11. For each phase, electrical equations are obtained by considering Kirchoff’s voltage 

law for every winding, i.e. by equating the voltage at the winding’s terminal to the sum of 

resistive and inductive voltage drops across the winding. 
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Figure 2.11 The equivalent circuit for the synchronous generator 

To evaluate the inductive voltage drop across a winding correctly, total magnetic 

flux related to the winding must be calculated. This can be obtained by using an 

inductance matrix, which relates all flux linkages of the windings to their currents. As a 

result of this, an inductance matrix dependent on the rotor position will be obtained. This 

reliance is due to the magnetic asymmetry of the rotor; depending on the way the rotor of 

a synchronous machine is shaped, a preferable magnetic direction can be offered. This 

direction corresponds with the direction of the flux produced by the field winding, and is 

described as the machine’s d axis. The machine’s q axis is positioned at 90 electrical 

degrees (in a counterclockwise direction) with respect to the machine’s d axis. Now, the 

rotor position can be identified by introducing an angle, named θ, between the magnetic 

axis of the armature’s phase a and the rotor’s q axis. Dependence of the inductance 

matrix on the rotor position signifies the main complexity in modeling the synchronous 

machine. One of the solutions to this problem is to modify the reference system, or frame, 

in which the machine’s electrical and magnetic variables are expressed. Normally the 

reference frame used is the so-called stationary, or stator, or abc reference frame. In this 

frame, variables can be selected and measured in the machine; however the machine 

parameters are time variant (since θ is a function of time). It can be shown that the only 

reference frame that presents constant machine parameters is the rotor, or dq, reference 
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frame. This frame has been represented by Parks and others [75].  In this model, all 

variables are selected such that a hypothetical observer placed on the rotor could measure 

them. Transformation from the abc to the dq reference frame is given by the following 

transformation matrix [75]. 

⎥
⎦

⎤
⎢
⎣

⎡
+−
+−

=
)32cos()32cos(cos
)32sin()32sin(sin

3
2

πθπθθ
πθπθθ

T  (2-33) 

And θ  is calculated as follows: 

∫ +=
t

dt
0 0)()( θξξωθ  (2-34) 

If a generator operates in sinusoidal steady state, phase voltages can be written in the 

abc reference frame as: 

vpa Vv θcos=  (2-35) 

)32cos( πθ −= vpb Vv  (2-36) 

)32cos( πθ += vpc Vv  (2-37) 

Where θ v is, 

0vvv t θωθ +=  (2-38) 

In steady state, clearly, ωv=ω. However, in order to reach a steady state, the 

generator must go through a transient during which the rotor’s electrical speed can differ 

from the terminal voltage’s angular frequency. 

The Park’s Synchronous machine may be schematically shown as Figure 2-12. 
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Figure 2.12 Park’s Synchronous machine 

There are three armature phase windings a, b, and c on the stator of the machine, 

which have been replaced by two equivalent armature phase windings on the d and q 

axis. There are two dampers winding on the rotor, D on the d axis and Q on the q axis, 

which are short-circuited. 

Since there is no static coupling between d-axis and q-axis windings, a synchronous 

machine can be simply modeled in per unit of value using the following equations[70]: 

qbddadg iRv ωψωψ −+−= /)( &  (2-39)  

dbqqaqg iRv ωψωψ −+−= /)( &  (2-40)  

bFFFF iRv ωψ /)( &+−=  (2-41)  

bDDD iR ωψ /0 &+=  (2-42)  

bQQQ iR ωψ /0 &+=  (2-43)  
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In the equations above v, i, r, ψ, and ω, respectively, describe the voltage, current, 

resistance, flux linkage and speed, all per unit of value, and the subscriptions d, q, F, D, 

and Q signify the respective windings. The time derivative of ψ is ψ&  and 2πf radian per 

second is chosen as the base speed ωb. 

  The d and q axis equivalent circuits of the synchronous machine are represented in 

the Figure 2-13 below. 
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Figure 2.13 The d and q axis equivalent circuits of the synchronous machine 

Many synchronous models have been developed for dynamic studies. For this 

research, a third order model has been considered. Figure 2-14 demonstrates a schematic 

model of this generator to determine the input and output parameters of the generator. 

This model is based on the d-q axis model.  
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Figure 2.14 Generator schematic 

There are many models which describe the dynamic behavior of a synchronous 

machine. The model which is used in this study is a second order synchronous generator 

model.  

A phasor diagram for low-order synchronous generators in steady and transient states 

have been drawn as shown in Figure 2-15. 
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Figure 2.15 A phasor diagram for low-order synchronous generator 

Considering ω of the equations (2-39) and (2-40) as approximation of synchronous 

speed ω0 and by neglecting ψd, ψq and Ra, the next equations will be obtained for the 

armature windings [70]: 
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dgdqqg ixev ′−′=  
(2-44) 

qgqdg ixv =  (2-45) 

Based on Figure 2-13 the following reactance can be defined: 

mdLd xxx +Δ  
(2-46) 

mqLq xxx +Δ  
(2-47) 

LFmd

LFmd
Ld xx

xxxx
+

+Δ′  
(2-48) 

mdLFF xxx +Δ  
(2-49) 

Also the following time constant can be defined based on Figure 2-13. 

Fb

F
do r

xT
ω

Δ′  
(2-50) 

Considering Equation (2-41) the state variable is flux linkage ψF, which traditionally 

is replaced by a voltage and therefore the flux linkage equation is converted to a voltage 

equation. To approach this goal some new voltages are defined as follows:  

F
F

md
q x

x
e ψω 0Δ′  

(2-51)  

Fmd ixE Δ  
(2-52)  

F

Fmd
fd r

vxE Δ  
(2-53)  

Substituting these equations in the equation (2-41) and considering the time constant 

T’do, the following equation can be achieved: 

)(1 EE
Tdt

ed
e fd

do

q
q −

′
=

′
=′&  

(2-54)  
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Considering the following equation, we can obtain the first order equation of the 

internal voltage e’
q. 

dddq ixxEe )( ′−−=′  
(2-55)  

The following two first order equations can define the transient response of the 

synchronous generator. It must be mentioned that all values are defined in the per unit 

system. 

))((1
dgddqFD

do

q ixxeE
Tdt

ed
′−−′−

′
=

′

 (2-56)  

)(1 ωω DTT
Jdt

d
em −−=

 (2-57)  

To calculate the real output power Pe and terminal voltage Vt, the following algebraic 

equation can be used: 

22
dgqgt vvV +=  (2-58)  

qgqgdgdge viviP +=
 (2-59)  

2.5 Power Conditioning Systems 

It is necessary to control each generator in the hybrid power system to maintain the 

stable response to get the objective performance. In the presented hybrid power system, 

since the fuel cell output voltage is lower than the grid voltage it is necessary to boost it 

to the grid voltage. To achieve this goal boost a converter is used. Also, to maintain a 

stable DC voltage and minimize the reactive power generated by the synchronous 

generator an active rectifier is employed. Further details will be indicated in the following 

sections. 
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2.5.1 Active Rectifier 

To convert the AC voltage produced by the synchronous generator, an active 

rectifier is used. In this section the system of an active rectifier will be described. The 

advantage of using an active rectifier is that it provides the ability to simultaneously 

control tow parameters. In this study, DC voltage and reactive currents are the two 

parameters which can be controlled by the active rectifier. 

A three-phase boost rectifier and voltage source inverter are considered current 

bidirectional converters as they use the same switching cells which are current 

bidirectional. The switches that are used for these converters either have internal parallel 

diodes, for example IGBTs and MOSFETs, or have external parallel diodes, for instance, 

GTOs.  

 

v

i +

- 
 

Figure 2.16 Symbolic representation of a current-bidirectional switching cell 

 A three-phase boost active rectifier equivalent circuit is shown in the following 

figure.  As it shows it  consists of six switching cells which conduct current from each 

phase prudicly. 
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Figure 2.17 Three-phase boost active rectifier 

The switching cell in Figure 2-17 can be described by a generic switch s, as shown in 

Figure 2-18. 

v

+

-S

i
v

+

-S

i

 
Figure 2.18 A generic switch 

 
When S is open, none of the switch or the diode conducts, as referring to Figure 2-

18, thus resulting in zero current i. When S is closed, either the switch itself or the diode 

conducts, therefore the voltage v is equal to zero. Therefore, a switching function S can 

be defined as follows: 

⎩
⎨
⎧

=
=

=
closed is Sswitch  if,01
open is Sswitch  if,0,0

v
i

S  
(2-60)  

The generic switching unit used in this study called a phase leg, can be described as 

shown in Figure 2-19. The phase leg consists of two switching cells, and has a voltage 
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source (or a capacitor) on one side and a current source (or an inductor) on the other side. 

These features cause the phase leg to be known as a generic switching unit [73]. 

ref (0)

S1

S2 ref (0)

S1

S2

 
Figure 2.19 Generic phase leg in current-bidirectional converters. 

There are switching limitations for the two switching cells. One of these limitations 

is that the voltage sources or capacitors cannot be short-circuited, and the other is that the 

current sources or inductors cannot be open-circuited. To avoid these limitations, it is 

required that the two switching cells be complementary. In other words, to prevent the 

voltage source (or the capacitor) from being short-circuited, only one of the two 

switching cells, S1 or S2, can be closed at any time. Meanwhile, to prevent the inductor 

from being open-circuited, one of the two switching cells has to be closed at any given 

time. Based on the switching function defined in equation (2-61), this complementary 

relationship can be described as: 

121 =+ SS  
(2-61) 

As a result, the phase leg can be represented by a single-pole, double-throw switch, 

as shown in Figure 2-10.  
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Figure 2.20 Phase leg represented as a single-pole, double-throw switch. 

The PWM of the phase leg is shown in Figure 2-21, where T is the switching period 

and d  is the duty cycle of the top switch S1. The corresponding voltage and current 

waveforms are also shown in Figure 2-21. 
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Figure 2.21 Phase leg PWM and corresponding current and voltage waveforms 

 
Based on the waveforms, the average relationships for voltage and current can be 

obtained from Equation (2- 62) and (2-63), assuming the current iλ and the voltage vdc are 

continuous with small ripples. 
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dcl vdv .=  (2-62) 

lp idi .=  
(2-63) 

The average model of the phase leg is depicted in Figure 2-22. 
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Figure 2.22 Phase leg’s average model 

Based on this model, the average model of a three-phase boost rectifier can be 

achieved by connecting three averaged phase legs and the rest of the circuit components, 

as shown in Figure 2-23,  

 

Figure 2.23  A three-phase boost rectifier 

In this model iz is equal to zero. This model can be described by the following 

equations [73]: 
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In the steady state condition, the output DC voltage vdc is controlled by a constant 

value. The phase currents ia, ib, and ic, are controlled to be sinusoidal and in phase with 

the corresponding input phase voltages vAN, vBN and vCN, which are normally given, as 

follows: 

⎥
⎥
⎥

⎦

⎤
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⎢
⎢

⎣

⎡

+
−=

⎥
⎥
⎥
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⎣

⎡
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(2-66) 

In order to reach a DC steady-state operating point and linearize the system to design 

controllers, the model in the stationary coordinates is usually transformed into rotating 

coordinates (d-q axis). The transformation matrix is chosen as follows: 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
+−−−−

+−
=

212121
)32sin()32sin(sin

)32cos()32cos(cos

3
2 πωπωω

πωπωω
ttt

ttt
T  

(2-67) 

where ω is chosen as the same frequency as the AC line frequency, T is an orthogonal 

matrix. The variables in the stationary coordinates Xabc can be transformed into the 

rotating coordinates Xdqz using below. 

abcdqz XTX .=  
(2-68)  

By applying (2-68) to (2-64)-(2-65), the average model of a single boost rectifier in 

the rotating coordinates will be obtained as follows: 
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(2-69)  
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(2-71)  

Since iz is equal to zero, we can simplify the model as shown in Figure 2-24.  
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Figure 2.24 d-q axis model for active rectifier 

Based on this figure, the mathematical model for this converter can be defined by 

three first order equations. 

dcdqrdr
dr vd

L
iv

Ldt
di 11

−+= ω
 (2-72)  

dcqdrqr
qr vd

L
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−−= ω
 

(2-73)  

( )qrqdrd
dc idid

Cdt
dv

+= .1
 (2-74)  
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The voltage and current of the rectifier can be calculated using the following 

equations: 

qrdr jvvV +=  (2-75)  

qrdr jiiI +=
 (2-76)  

Here, vdr and vqr are the d-q axis voltages and idr and iqr are the d-q axis currents. I is 

the active rectifier output current. The real and reactive output power of the rectifier can 

be defined as: 

*5.1 VIjQPS ⋅=+=  (2-77) 

)(5.1 qrqrdrdrdc ivivP +=  (2-78) 
)(5.1 drqrqrdr ivivQ +−=  (2-79) 

Since the d-q axis of the generator differs from the active rectifier, a transfer function 

is proposed here in order to allow the output current of the rectifier to be used for the 

input current of the generator. Hence, this model uses the output terminal voltage of the 

generator (Vt) as the input d-axis voltage of the rectifier (vdr ), thereby making them one. 

Also, vqr is held at zero volts. Figure 2-25 displays this transfer function based on these 

explanations. The transfer function for the system can be expressed in the following 

equations: 

)arctan( drqr ii=β  (2-80) 
22

drqr iiI +=  (2-81) 
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Figure 2.25 d-q axis model for active rectifier 

To calculate the d-q axis current for the generator the following equations can be 

defined: 

)sin( δβ +−= Iidg  (2-82) 

)cos( δβ +−= Iiqg  (2-83) 

2.5.2 Fuel Cell Boost Converter 

The boost converter is a well-known type of switched-mode DC-DC converter which 

is capable of boosting the input voltage to what is desired. Therefore, since fuel cell 

output voltage is less than the grid voltage, to control the output voltage of the fuel cell a 

boost converter is used. Figure 2-26(a) shows a practical realization of the switch, using 

MOSFET and diode.  
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                          (a)                                                                    (b) 

Figure 2.26 Boost Converter, (a) Practical realization using MOSFET and diode, (b) Electrical model 
for the boost converter 
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Also, based on the performance of the switch and analytical calculations [73], a 

boost converter can be simplified as an electrical model as presented in Figure 2-26(b). 

The mathematical model for the boost converter can be defined by the following 

equations: 

 

inout idi .=
 (2-84)  

indc vdv )1(=  (2-85)  
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Chapter 3  

Hybrid Power System Control Strategies  

The Hybrid Power Control System (HPCS) can be considered a newly recognized 

branch in the power system industry. Power generation systems, including the SOFC-GT 

hybrid power system, have their best performance at a specific design condition. 

However considering the change in the demand power, they must be able to operate well 

under conditions that vary from the specific design condition. In the case of the SOFC-

GT hybrid power system, the efficiency is significantly influenced by the change in 

power. Also, since the dynamic response of the SOFC to this change is quit slow, it is 

very important to select the best control strategy to achieve the best performance from the 

system.  Therefore, in this chapter the control design systems and two different control 

strategies are presented and compared. 

3.1 Control System Design 

3.1.1 Fuel Controllers for Fuel Cell and Burner 

There are four valves in the hybrid power system, which control the input fuel and 

air flow rates for the fuel cell and the burner. The proportional-integral (PI) algorithms 

are used to control these vales. Different power sharing strategies can be used to manage 

the valve controllers. The control system design for each valve may change based on 

different control strategies. In this paper, two different control strategies are introduced, 
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which will be explained in detail later.  

In this research, the fuel valve injects fuel to the fuel cell stack to control the output 

power from the SOFC. Since the input air for the fuel cell has a linear relationship with 

the fuel, the amount of the air injected to the fuel cell is a proportion of the fuel. Figure 

3.1 describes these control systems. 
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Figure3.1  Fuel cell fuel and air controller system for the first and second strategy 

One of the control objectives is to have a constant shaft speed on the gas turbine. 

Achieving this goal would depend on the different system designs. If the hybrid system 

aims to utilize the waste fuel from fuel cells in the gas turbine without supplying fresh 

fuel, the control system could be designed to control the shaft speed by controlling the 

burner airflow rate.  The schematic model of this control system is shown in figure 3.2 
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Figu gy I. re3.2  Gas Turbine Shaft Speed control system for Strate

Another control method is that the gas turbine shaft speed is maintained constant by 

controlling the fuel flow rate to the burner if the hybrid power system provides a 

mechanism to supply additional fuel to the gas turbine. The air flow rate to the burner is 

also proportional to its fuel flow rate. The schematic model of this control system is 

shown in Figure 3.3. 
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Figure3.3  Burner fuel and air controller system for the first and second strategy  

3.1.2 Fuel Cell Power Controller 

The fuel cell boost converter is used to control the output power of the fuel cell. The 

switching instant or duty cycle of the boost converter is controlled so that the SOFC 

output power follows the reference. Figure 3.4 represents the control diagram for the 

boost converter. The output from the PI compensator is used to produce a pulse width 

modulation (PWM) signal to drive the MOSFET switches. 
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Figure3.4  Fuel cell power control system. 

3.1.3 Generator Excitation Controller 

The generator output voltage is regulated by the exciter control system. Figure 3.4 

demonstrates the excitation control system for the generator [74].  
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Figure3.5   Exciter control system 
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3.1.4  Rectifier Controller 

The rectifier regulates the output DC voltage while it also controls the reactive current 

such that the reactive power generated is zero. The schematic model of the control system 

is shown in figure 3.6. 
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Figure3.6  Rectifier control system 

3.2 Power Sharing Strategies 

In the SOFC/GT hybrid power system, the efficiency is significantly influenced by 

load power changes. Since the dynamic response of the SOFC to these changes is quite 

slow, it is very important to select an efficient control strategy to achieve the optimal 

performance from the system. In this section, two different control strategies are studied 

to control the presented SOFC/GT hybrid power system. 

3.2.1  Strategy I 

In the first control strategy, the exhaust from the fuel cell that contains waste fuel is 

injected and burned in the burner. No additional fuel is supplied to the burner. The hot 
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oxidizer exhaust is expanded through the turbine, driving an electric generator. As the 

load power varies, the fuel cell output power changes and at the same time, the power 

produced from the gas turbine changes as well, as shown in Figure 3.7. 
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Figure3.7  Output power change of the SOFC/GT components in the passive fuel cell strategy 

Figure 3.8 demonstrates the block diagram of the dynamic model and the controllers 

of the hybrid system. This control strategy is the simplest strategy to control the hybrid 

power system. Although, the design of the control system is simple, the flexibility of the 

system is limited. It means that the gas turbine performance depends on the fuel cell and 

the power sharing between the two generators is restricted since the power produced by 

gas turbine is dependent on the waste fuel and heat generated from the fuel cells. 
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Figure3.8   Block diagram of the dynamic model and the controllers for the passive fuel cell strategy 
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3.2.2  Strategy II 

In the second strategy, additional fuel is supplied to the burner in addition to the 

exhaust from the fuel cell stack. In this strategy, the power produced by the fuel cells is 

maintained constant by the controller. Of course this power setpoint can be changed 

during the run time. As a result, as the demand power changes, the gas turbine output 

power changes to produce remaining demand power. Figure 3.9 presents this control 

strategy. 
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Figure3.9  Output power change of the SOFC/GT components in the constant fuel cell strategy 

The block diagram of the dynamic model and controllers of the system is illustrated in 

Figure 3.10.  

The advantage of this strategy is the rapid transient response of the hybrid system. 

Compared with SOFC, the transient response of the gas turbine is very fast. Therefore, 

keeping fuel cell output power constant during operation can help the system reach 

steady-state conditions rapidly. On the other hand, the complexity of the control system 

in this strategy is higher than the previous one. Also, considering that in some cases the 
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gas turbine generators have a lower efficiency, the total efficiency of the hybrid system 

could be reduced with this strategy. 
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Figure3.10  Block diagram of the dynamic model and the controllers for the passive fuel cell strategy 

The proposed control strategies are just some example of posbble one to control the 

hybrid power system. Considering the goal of the hybrid power system, more advanced 

and reliable control strategies may be proposed for control purpose. 
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Chapter 4 

Particle Swarm Optimization 

Power sharing is an important challenge in hybrid power systems. The demand output 

power is produced by the generators which make up the power system. Therefore to 

operate the system efficiently, the power sharing ratio should be determined appropriately.  

In this respect, the design of hybrid power systems can be regarded as an optimization 

problem. The feasible solution set of this problem must be obtained while the hybrid 

system should meet certain power and voltage requirements. Thus, determining the 

optimum power sharing in increasing the efficiency of the system is one of the focuses of 

this study.  

To achieve this goal, some efforts have been devoted to finding appropriate 

optimization methods such as genetic algorithm (GA) and particle swarm optimization 

(PSO) for different kinds of hybrid generation systems. Compared with other optimization 

methods, the use of PSO and GA are growing recently. In comparison to GA however, 

using PSO has the following advantages: 

− PSO is easy to implement  

− It needs few parameters to adjust 

− It has more effective memory capability 

− It can be used for the nonlinear problem 
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As a result, to optimize the system, PSO has been used to achieve the most efficient 

hybrid system design. 

4.1 PSO Background  

Particle swarm optimization (PSO) is a population based stochastic optimization 

solution method. This optimization technique was developed by Eberhart and Kennedy in 

1995. The idea behind the PSO originates from certain social behaviors observed in bird 

groups and fish schools. In PSO, the potential solutions called particles move across the 

problem space by following the current optimum particles based on a certain motion role.  

PSO is very similar to evolutionary computation techniques such as Genetic 

Algorithms (GA). However, unlike GA, there are no evolution operators such as crossover 

and mutation in the PSO algorithm. In optimization literature, PSO has been successfully 

used in many areas such as function optimization, fuzzy system control, artificial neural 

network training, and in all operations where GA can be applied as well.  

4.2 PSO Mechanism 

As mentioned earlier, the PSO technique is used to optimize the hybrid power system. 

First, an initial population of particles is generated with preliminary speeds and positions. 

By operating the best positions encountered by itself and its neighbors, each particle 

updates its position according to its own flight experience and that of its companions 

(motion role). Assume x  and  which determine a particle’s position and its speed in the 

search space, respectively. Therefore, the i-th particle in the generation t can be 

represented as in the M-dimensional space. During 

v

] x , . . . , x , . . . , , x = [x x t
iM

t
id

t
i

t
i

t
i 21

 

http://www.engr.iupui.edu/%7Eeberhart
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the flight, each particle constantly records the best solution it has accomplished. This 

fitness value of the solution is called . The best previous position for  the i-th particle 

is denoted by = [

pbest

 ιpbest   1ιpbest 2ι, pbest ,…, …, ] and is stored in the 

memory. The global best   is the best particle of all particles in the swarm, which is 

the best value reached till that generation by all particles, is also tracked by the optimizer 

in the swarm. The velocity for particle i is represented by v

,idpbest iMpbest

gbest

i= (vi1, vi2 ,…, vid ,…, viM). The 

velocity and position of each particle can be updated based on the current velocity and the 

distance from pbest to gbest. After all the generations, the PSO can find the best existing 

solution from memory. The velocity update of the particle e is graphically illustrated in 

Figure 4-1[76]. 
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Figure 4.1 Graphical illustration of the mechanism of velocity update 

 

Generally there are six steps for PSO algorithm as outlaid below and depicted in Figure 

4-2. 
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Step 1: The position and velocity of the particle in the initial state for n-dimensional 

space are generated randomly. 

Step 2: considering defined fitness function, the fitness value of the particle is well 

evaluated. 

Step 3: The Individual Perspective: Here each particle will evaluate its performance by 

evaluating the fitness function. In the t-th generation, the present fitness f (xt
id) value of 

the i-th particle is compared with the ones stored in pbestid
(t) . If f (xt

id) > f(pbestid
(t)), then 

the algorithm sets pbestid
(t+1) = xt

id . By this method, a record of the best individual 

particle is kept for the velocity update. 

Step 4: The Social Perspective: Here the particle considers the performance of the entire 

swarm. The best performance of all particles is stored in the global best gbest. The fitness 

value at the current generation is then compared to the one calculated at gbest, and the 

algorithm sets gbestt = xt
id if f (xt

id) > f(gbestt). 

Step 5: The new velocities and positions of the particles for the next generation is 

determined according to equation (4-1) and equation (4-2). 

( )1+t
id

v = * + * *( -w ( )t
id

v 1c ()rand
di

pbest ( )t
id

x )+ * *2c ()Rand ( )( )t
id d

xgbest −  (4-1) 

( ) ( ) ( ) NdMivxx t
i

t
i

t
i ddd

,...,2,1,...,2,1,11 ==+= ++  
(4-2) 

Where N is the number of particles in a swarm, M is the number of members in a 

particle, t is the counter of generations (iteration), w is the inertia weight factor, c1 and c2 

are weight factors, rand() and Rand() are uniform random values in a range [0, 1], ( )t
id

v is 
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the velocity of particle i in generation t, and ( )t
id

x  is the current position of particle i in 

generation t. 

Step 6: If the search satisfies the termination condition then it stops; otherwise, it returns 

to step 2. 
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Figure 4.2 Flowchart of the PSO algorithm 

In the following section the implementation methodology of PSO to achieve the high 

efficiency for the hybrid power system will be explained. 

4.3 PSO Algorithm to Maximize the Efficiency  

As mentioned, one of the important challenges in the hybrid power system is to reach  

a high efficiency of the system. Therefore the issue of finding the amount of the power 

generated by each generator in the hybrid power system to maximize the efficiency is 

formulated as an optimization problem. In this research, two types of configurations 

based on different assumptions have been studied to determine their optimum efficiency. 
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The first problem assumes that two generators of the hybrid power system, SOFC 

and GT, operate independently. In the second, these two generators are unilaterally 

connected. These two configurations will be explained as follows. 

4.3.1 Hybrid Power System Containing Independent Generators  

The hybrid system in this study consists of a SOFC operating at ambient pressure, 

and a gas turbine. Each power generator has its own efficiency curve, which is obtained 

from the experiments. The goal is determining the operating point for each generator in 

order to obtain maximum efficiency for the hybrid power system. Figure 4-3 illustrates 

the graphic representation of the model. 
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Figure 4.3 Hybrid power system model with independent generators  

The total efficiency of the system is calculated from the following equation: 

Load

LoadfefeLoadgtgt
fegt P

PPPPPP
PP

)/()()/()(
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⋅+⋅
=

ηη
η  (4-3) 
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Pe,f  is the power produced by the fuel cell and Pgt is the power produced by the gas 

turbine. In addition, Pload is the total power of the system that is constant and is calculated 

from equation 4-5: 

gtfeLoad PPP += ,  (4-5) 

Moreover, each generator has a limitation to produce the eclectic power. These 

power limitations can be defined by the following inequality constraints:  

max,,min, fefefe PPP ≤≤  (4-6) 

maxmin gtgtgt PPP ≤≤  (4-7) 

 Therefore the objective function in this problem is the efficiency while the power 

output generated by the generators is considered as particles in the swarm in the PSO 

approach. The power output vector is defined as . Here P),( )(
2

)(
1

0 t
i

t
ii PPx = i1

(t) represents the 

SOFC output power and Pi2
(t) represents the GT output power in each iteration. Both 

quantities must be between the minimum and the maximum power for each generator 

[Pmin, Pmax]. The process of the modified PSO algorithm is as follows: 

Step 1) Choose the initial set of variables randomly while satisfying the 

constraints 

Step 2) Update pbest  and gbest based on the fitness function (4-3) 

Step 3) Update the velocity and position by using equation (4-1) while satisfying 

inequality constraints (4-6) and (4-7) 
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Steps 4) Return to Step 2 until the stopping criteria is satisfied  

Initialization (Step 1): In this step a set of power quantities is generated randomly 

such that the vectors  satisfy the constraints by mapping them into the 

interval . The initial velocity vectors, , are also randomly 

generated. The initial value of pbest

),( 0
2

0
1

0
iii PPx =

],[ maxmin PP ),( 0
2

0
1

0
iii vvv =

 is the same as the random initial positions, , and 

the initial value of gbest

0
ix

d is vector  for 0
jx j which maximize the objective function, i.e. 

the efficiency.  

Updating gbest and pbest (Step 2): In this step for each particle, , the 

fitness values, η ( p

),( 0
2

0
1

0
iii PPx =

i1
(t), pi2

(t)), is being calculated from the equation (4-3). These fitness 

values are then being compared to the fitness values based on the previous pbest. If η ( 

pi1
(t), pi2

(t)) > η ( pbesti1
(t), pbesti2

(t)), then the algorithm sets  pbesti1
(t+1) = pi1

(t)
 and 

pbesti2
(t+1) = pi2

(t) respectively. In all other cases, the value of pbest remains uinchanged. 

The same comparison is being done to update the value of gbestd. 

Velocity update (Step 3): For the first generator, the position of each individual is 

modified based on the updated velocity of that individual using equation (4-1). The 

values of the parameters C1 and C2 in (4-1) and wmin and wmax (initial and final weights) in 

(4-8) are chosen such that the system reaches the optimum solution with the minimum 

number of iterations. The value of w then is calculated from equation (4-8). 

Iter
Iter

wwww ×
−

−=
max

minmax
max  (4-8) 
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Where Itermax is the maximum number of iterations and Iter is the number of current 

iteration.  To update the position for each particle (i.e. updated power for each generator), 

this updated velocity is added to the previous position (equation (4-2)). This updated 

power must satisfy the inequality constrains (4-6) and (4-7). Therefore the finalized 

updated output power of the first generator in each iteration is 

⎪
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max,1
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i  (4-9) 

After finding the power output of the first generator in each iteration ( ), the 

power output of the second generator ( ) is found by deducting  from the demand 

power.  

)(
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iP )(
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4.3.2 Hybrid Power System Containing Dependent Generators  

 The second configuration (hybrid power system consisting of an SOFC and a GT) is 

shown in figure 4-4. In this configuration, the first generator (SOFC) transmits its waste 

fuel as well as heat to the second one (GT).  As explained in chapter 2, SOFC uses only a 

certain percentage of fuel calculated in utilization factor (Uz). Therefore, several studies 

have proposed sending the remaining of the fuel used in the fuel cell to the gas turbine. In 

addition to this unused fuel, since the SOFC works at high temperatures, the system 

efficiency can be increased by making a use of SOFC’s high temperature exhaust in the 

gas turbine.  Therefore, the gas turbine performance depends on the SOFC performance 

in this configuration. 
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Figure 4.4 Hybrid power system model consisting dependent generators  

 To achieve the maximum efficiency of the system, each generator is modeled as 

described in chapter 2. The following equation describes the objective function for the 

optimization problem in this configuration. 

100
)( ,,

×
×+

=
LHVmm

P

bfff

loadη  (4-10)

Where η is the system efficiency, mf,f is the fuel mass flow rate of the fuel cell, mf,b is 

the fuel mass flow rate of the burner , Pload is the demand power, and LHV is the lower 

heating value of the fuel which is a constant.  

To maximize the efficiency of the system, the total mass flow rate injected to the 

system, mf,f  pluse mf,b, should be minimized. In this optimization problem, Pe,f  and Pgt are 

introduced as particles in the swarm (in the PSO approach). mf,f  and mf,b are evaluated by 

the power demanded from each generator. Therefore, based on the model presented in 

chapter 2, and equations (4-11) and (4-12), mf,f  is a function of SOFC output power (Pe,f) 

and mf,b is a function of  GT and SOFC output power (Pe,f and Pgt)  
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)( ,, feff Pfm =  (4-11)

),( ,, gtfebf PPfm =  (4-12)

Similar to the previous configuration, the total output power produced by two 

generators is constant here. Also, the power production limitations determine by 

inequalities (4-6) and (4-7) has to be satisfied all the time.    

The PSO algorithm to solve this optimization problem can be summarized as 

following: 

Step 1) Choose the initial set of output powers randomly for both generators while 

satisfying constraint (4-5). 

Step 2) Determine mf,f and mf,b using (4-11) and (4-12) 

Step 2) Update pbest and gbest based on fitness function (4-10) 

 Step 3) Update the velocity and positions using equation (4-1) while satisfying 

constraints enumerated by inequalities (4-6) and (4-7) . 

  Steps 4) Return to Step 2 until the stopping criteria is satisfied. 

All these steps are executed in the same way explained in Section 4.3.1 with the only 

difference of using the objective function in equation (4-10) instead of (4-3).  
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Chapter 5 

Simulation Results 

In Chapter two, the modeling of the SOFC-GT hybrid power system was studied. The 

mathematical model for each component was introduced there. Also, those models had 

the capability to investigate the transient response of the system. Chapter three has 

presented different strategies that can be used to control the hybrid power system. In 

addition, the control design for each strategy has been explained. In Chapter four PSO 

has been introduced as the optimization method to improve the efficiency of the system. 

This method has been implemented for tow different problems. In the present chapter the 

results of simulation which has been done in the previous chapters is presented. MATLAB 

is the programming tool which is used to study the system. Since MATLAB has a 

powerful toolbox for runtime simulation, we use Simulink toolbox for modeling the 

hybrid power system and study the proposed control strategies. Also, it is used to 

programming the PSO algorithm for optimization module. In the following section the 

results of the simulation of the system modeling and controlling will be presented. 

Furthermore, the PSO algorithm behavior and the results of this method are shown. 

 

5.1 Simulation Results and Discussions 

The hybrid power system is tested on a standalone load supplied by a voltage source 

inverter. The SOFC consists of 600 cells and provides nominal output power 150 KW. 
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Gas turbine consists of compressor with pressure ratio (PRc) 3, heat exchanger and a 

turbine with pressure ratio (PRT) 3. The nominal power for gas turbine considered as 50 

KW. The compressor input temperature in this simulation is ambient temperature. The 

generator is a two-pole generator working at 60 Hz by 50kW nominal power and 200V 

nominal voltage. During the simulation, SOFC provides 90kW power while the rest of 

the demanded power is supplied by gas turbine generator. The load power demand 

changes from 114 kW to 132 kW at 0.8s while the fuel cell output power reference 

changes to 95kW at 2s. The line voltage is kept constant at 600V. The schematic of the 

simulated hybrid power system in Matlab is presented in Figure 5.1  

 

Figure 5.1. Matlab Simulink schematic 

As it shows in the Figure 5.1 the waste fuel (m_wast fuel) and exhaust (m_exhast) 

from the fuel cell injects into the gas turbine. The mechanical output power of the gas 

turbine (Pgt) is connected to the generator to produce the electrical power in the 

synchronous generator. The generator terminal voltage (Vtg) is connected to the d axis 
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voltage of the rectifier.  The d-q axis transfer function used to produce the generator d-q 

axis currents (idg , and iqg)from the rectifier d-q axis currents (idr , and iqr)  can be seen in 

figure 5.1. Also, from this figure it can be seen that the duty cycle  of the fuel cell boost 

converter (d) is controlled by the fuel cell output power. 

The gas turbine is considered as a subsystem in the Matlab Simulink which is 

demonstrated in Figure 5.2. 

 

Figure 5.2. Gas turbine subsystem 

As it can be seen from Figure 5.2 the burner input fuel flow rate (mf_b) air flow rate 

(mair_b) are controlled by shaft speed (w). Also, as it shows in this figure the fuel cell 

waste fuel (m_wast fuel) is injected to the burner. The input temperature of the turbine is 

the output temperature of the burner (T_burner). The output power of the gas turbine is 

the difference between of the power produced by the turbine (Pm,t) and power consumed 

by the compressor (Pm,c).The simulation results are are discussed in the follow. As it is 

 



www.manaraa.com

68 

shown in Figure 5.3 when the demanded power is changed the DC bus voltage of the 

hybrid system remains almost unchanged with a slight disturbance.  
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Figure 5.3.  Load Current and Voltage 

Also, the fuel cell output voltage and current do not change while the power produced 

by fuel cell is constant , but as the fuel cell output power increases at 2s, the stack current 

increases as well  Fig. 5.4. Since the fuel flow rate of the fuel cell has a linear relationship 

with the current and power, it does not change before 2s and it increases at 2s. 
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Figure 5.4.  Fuel Cell Output Voltage and Current and Fuel Flow Rate 

 Figure 5.5 shows all the powers generated in the system. The output power of the fuel 

cell, as expected, remains unchanged before 2s, while the turbine, compressor and 

generator output powers increase by increasing the demand power of the system. But by 

increasing the fuel cell output power at 2s, since the total demand powers is constant, the 

generated power by gas turbine and generator decrease. 
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Figure 5.5.  Output Powers for Turbine, Compressor, Generator and Fuel cell 
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Also, the gas-turbine generator output voltage is controlled by excitation control 

system, Fig. (5-4). The generator terminal voltage is maintained unchanged while the 

exciter voltage increases to generate more power as the load increases. 
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Figure 5.6. Generator Terminal Voltage and Excitation Voltage 
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Figure 5.7. Gas Turbine Shaft Speed and Burner Fuel Flow Rate 
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 The burner fuel flow rate changes while the shaft speed is almost constant, as shown 

in Figure 5.7. This is because the shaft speed is maintained constant by controlling the 

fuel flow rate of the burner. Moreover, as it can be seen in Figure 5.7 the shaft speed 

remains almost constant but the burner fuel flow rate increases as the load demand 

changes at 0.8s. 
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Figure 5.8. Rectifier d-q axis current 

As it can be seen in the Figure 5.8, the rectifier q axis current is controlled to be 

constant at -10 (A). but the d axis current follows the change of the out power produced 

by the generator. The d-q axis current produced by generator changes also follows the 

output power generated by generator as it can be seen in the Figure 5.9 
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Figure 5.9. Generator d-q axis current 

5.2 Comparison of Control Strategies 

Two different strategies, as described in chapter 3, are investigated in the proposed 

hybrid power system. Simulation results with both strategies are presented as follow.  

The rated power of solid oxide fuel cell stack is 150kW and contains of 600 cells. The 

gas turbine is operated at 24,000rpm (400Hz). The generator is a two-pole synchronous 

generator with a 100kW nominal power and 200V nominal voltage. The DC bus voltage 

is kept constant at 600V. The load power demand changes from 114 kW to 132 kW at 

20s.  
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Figure 5.10.  Load Current and Voltage 

As shown in Figure 5.10, as the load demanded power is changed, the DC bus voltage 

of the hybrid system remains almost unchanged with a slight disturbance.  

By increasing the demand power, the fuel cell output power increases, as can be seen 

in Figure 5.11. Besides, the gas turbine produced output power increases as the fuel cell 

produced more output power. 
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Figure 5.11.  Output Powers and Demand Power 
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Since the output current of the fuel cell has a direct relationship with the output power 

and fuel flow rate, the fuel cell current and fuel flow rate both increase, as shown in 

Figure 5.12, while the fuel cell voltage decreases. 
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Figure 5.12.  Fuel Cell Output Voltage and Current and Fuel Flow Rate 

As the output power increases, the temperature of the fuel cell increases, as illustrated 

in Figure 5.13. Figure 5.12 shows the fuel cell and gas turbine output powers change 

correctly with respect to the demand power change, which is consistent with Figure 3.7.  
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Figure 5.13. Fuel Cell and Burner Temperatures 
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The gas-turbine generator voltage is regulated by excitation control system. As shown 

in Figure 5.14, the generator terminal voltage is maintained unchanged while the exciter 

voltage increases to generate more power as the load increases. 
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Figure 5.14. Generator Terminal Voltage and Excitation Voltage 

 

Since no additional fuel is injected to the burner, the burner air flow rate changes while 

the shaft speed is almost constant, as shown in Figures 5.15 and 5.16. This is due to the 

fact that the shaft speed is maintained constant by controlling the burner air flow rate. 
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Figure 5.15.  Gas Turbine Shaft Speed and Burner Fuel Flow Rate 

The air flow rate for the fuel cell has a linear relationship with the fuel flow rate 

injects into the fuel cell. It can be seen from the Figure 5.16. 

0 10 20 30 40 50 60 70
0

50

100

Fu
el

 c
el

l A
ir 

Fl
ow

 R
at

e

 

 

0 10 20 30 40 50 60 70
0

2000

4000

B
ur

ne
r A

ir 
Fl

ow
 R

at
e

Burner Air Flow Rate
Fuel Cell Air Flow Rate

Time (min)

(g
/m

in
)

0 10 20 30 40 50 60 70
0

50

100

Fu
el

 c
el

l A
ir 

Fl
ow

 R
at

e

 

 

0 10 20 30 40 50 60 70
0

2000

4000

B
ur

ne
r A

ir 
Fl

ow
 R

at
e

Burner Air Flow Rate
Fuel Cell Air Flow Rate

Time (min)

(g
/m

in
)

 
Figure 5.16.  Burner and Fuel Cell Air Flow Rate 
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In the second strategy, the SOFC provides 90kW power constantly while the rest of 

the demand power is supplied by the gas turbine generator.  

As shown in Figure 5.17, although the demand power is changed , the DC bus 

voltage of the hybrid system remains unchanged, like the first strategy. 
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Figure 5.17.  Load Current and Voltage 

 

 The fuel cell output voltage and current do not change, as shown in Figure 5.18, 

since its output power is regulated at a constant level.  

As it can be seen since fuel flow has a linear relationship with current, it  reaches to a 

constant level after a 7 minute and remain unchanged during the experiment. 
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Figure 5.18.  Fuel Cell Output Voltage and Current and Fuel Flow Rate 

Figure 5.19 shows the power changes in different subsystems. The output power 

from the fuel cell remains unchanged, as expected, while the generator output power 

increases when increasing the demand power of the load. The fuel cell and gas turbine 

respond correctly to the load power change, which is consistent with Figure 3.9. 
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Figure 5.19.   Output Powers and Demand Power 
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As shown in Figure 5.20, the generator terminal voltage is maintained unchanged 

while the exciter voltage increases to generate more power as the load power increases, 

like in the first strategy. 
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Figure 5.20.  Generator Terminal Voltage and Excitation Voltage 

 

The fuel flow rate of the burner changes with the load power while the shaft speed is 

almost constant, as shown in Figure 5.21. This is because fact that the shaft speed is 

maintained constant by controlling the burner fuel flow rate.  
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Figure 5.21. Gas Turbine Shaft Speed and Burner Fuel Flow Rate 

The burner air flow rate in this strategy have a linear relationship with the burnr fuel 

flow rate as it can be seen in the Figure 5.22. 
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Figure 5.22. Burner and Fuel Cell Air Flow Rates 
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The fuel cell and burner temprature are shown in the Figure 5.23.  The fuel cell 

temprature has a  linear relationship with the fuel injected to the fuel cell and power 

produced by stack. Since the fuel flow rate and the power are fixed, the fuel cell 

temprature is unchaned after reaching to the study sate. But since the gas turbine changes 

by changing the demand power at 20s,  while  gas turbine output power  changes, the 

shaft speed changes as well as  the burner fuel flow rate. By changing the burner fuel 

flow rate its temprature changes as well as it is seen in Figure 5.23.  
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Figure 5.23. Fuel Cell and Burner Temperatures 

 

5.3 Hybrid Power System Optimization Results 

As it was mentioned in the optimization process of SOFC-GT, two different 

combination structures have been considered. 
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5.3.1 Hybrid Power System Containing Independent Generators 

 In the first experiment there is no interconnection between fuel cell and gas turbine. 

In this problem two generators introduced by their efficiency curves as it can be seen in 

the Figure 5.24. 

The specifications of both generators are depicted in the Table (5-1). The demand 

power in this experiment is 300KW. The parameter that have been used for the PSO 

algorithm are presented in the Table (5-2). These parameters were chosen to reach the 

optimum solution for the efficiency in the shortest time. 

Performance Index SOFC GT 

Min Output Power 20Kw 20Kw 

Max Output Power 320Kw 180Kw 

Demand power 300 Kw 

Table 5.1.  Hybrid Power System’s generators Specifications 

This data has been chosen based on general information about gas turbine and 

SOFC. The experiment consists of 45 iterations and there are 50 particles in the swarm. In 

the first iteration, the output powers are randomly initialized considering the output power 

limitations. 
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Figure 5.24.  Efficiency curve for both generator in the Hybrid Power System 

  In the following iteration, all the particles are updated to reach the best value to 

maximize the efficiency. 

 

 

wmax 0.6
wmin 0.1 
C1 2 
C2 2 

Table 5.2.  PSO Parameters 

The particle movements in the swarm to reach the optimum solution for both 

generators are shown in the Figure 5.25. It can be seen that initial output powers  meet the 

best position after 15 iterations.  

In PSO algorithm as it was explained before, after initialization, particles update 

their velocity and their position respectively.  As it is shown in Figure 5.25, the particles 

are updated in each iteration. Particles movement is going to converge to the optimum 

solution.     
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b)Output power for GT for different particles in the Swarm 
 

Figure 5.25.  Behavior of the system to find the best power output for each generators 
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The maximum efficiency can be reach in this problem is 50.85% as it seen in the 

Figure 5.26. as it was expected all the particles updated to converge to reach the maximum 

efficiency . In the algorithm if there is one individual which can improve the fitness 

function, then it will be considered as the best position in the swarm and all the 

movements go toward  to that position (gbest). Therefore, to maximize the efficiency, all 

the particles move from the minimum amount to the best solution.   

As it can be seen the efficiency for each particle is less than the maximum 

efficiency during in all iterations. This shows that the implied PSO algorithm is working 

properly.    
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Figure 5.26.  System efficiency 

In Figure 5-27 the behavior of an individual (out of 50) during the PSO processing 

is depicted.  
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Figure 5.27.  Power  ratio for both Fuel Cell and GT for one particle 

In next experiment, the hybrid power system had been optimized in power sharing 

for demand powers. The results as it shows in Figure 5.28 determine that by increasing the 

demand power, the efficiency of the system will be decreased.  
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Figure 5.28. Efficiency based on different demand power 

 



www.manaraa.com

87 

Also the power ratio after a specific demand power remains unchanged as it can be 

seen in Figure 5.29.  

Power Ratio Based on Total Load
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Figure 5.29. Power ratio based on different demand power 

5.3.2 Hybrid Power System Containing Dependent Generators 

In this configuration, the first generator (SOFC) transmits its waste fuel as well as 

the heat to the second one (GT). The maximum power that SOFC in this hybrid power 

system can produce is 80 KW. SOFC contains of 600 cells and works at around 500 V. 

The nominal voltage of gas turbine is 50KW and the total demand for the system is 110 

KW. In this implementation the initial population size is 15 and the program stops after 20 

maximum iterations. 
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a) Fuel cell output power for different particles in the Swarm 
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b)Gas turbine output power  for different particles in the Swarm 
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c) Optimum efficiency for the SOFC-GT hybrid power system with utilization factor 0.7 

Figure 5.30.  Optimum output power sharing and efficiency for the system  with utilization factor 0.7 

The simulation results for different utilization factor can be seen in the Figure 5.30. 

as it can be seen the efficiency for all the particles during the optimization process is less 

than the maximum efficiency, and it shows that PSO algorithm is properly applied to the 

problem.   

The optimum efficiency in the hybrid power system with 0.7 utilization factor is 

around 65% as it shows in the Figure 5.30 (c). 

Increasing the utilization factor has a very interesting impact on the system 

efficiency. The results of optimization of hybrid power system with utilization factor 0.8 

and 0.9 are illustrated in the Figure 5.31 and Figure 5.31. 
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c) Optimum efficiency for the SOFC-GT hybrid power system with utilization factor 0.8 

Figure 5.31.  Optimum output power sharing and efficiency for the system  with utilization factor 0.8 
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c) Optimum efficiency for the SOFC-GT hybrid power system with utilization factor 0.9 

Figure 5.32.  Optimum output power sharing and efficiency for the system  with utilization factor 0.9 

The result of these tree experiment are presented in table 5-3. 

  GT SOFC GT SOFC GT SOFC 
Uz 0.7 0.8 0.9 
System Efficiency 64.9 59.8 49.8 
Fuel Flow rate 0.677 0.74 0.88 0.649 1.27 0.564
Power Sharing(KW) 30.597 79.402 30.398 79.602 32.178 77.822
Power Ratio 0.278 0.722 0.276 0.723 0.292 0.707

Table 5.3 PSO Parameters 
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As it is obvious from Figure 5.33,The system efficiency decreases by increasing 

the utilization factor. 

Effect of Utilization Factor on SOFC-GT Efficiency 
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Figure 5.33. Hybrid power system eficiency based on utilization factor 

As it can be seen in Figure 5.34, by increasing fuel cell utilization factor, while the 

power ratio for SOFC decreases, the gas turbine power ratio increases.  
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Figure 5.34. Power ratio based on utilization factor for both generator 
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Chapter 6 

Conclusion   

6.1 Summary  

The fuel cell - gas turbine hybrid power system can utilize exhaust fuel and waste heat 

from fuel cells to increase the system efficiency. This research considers an internally 

reforming solid oxide fuel cell-gas turbine (SOFC-GT) hybrid system, where the anode 

exhaust, which contains the remainder of the fuel, is mixed with the cathode exhaust as 

well as an additional supply of fuel and compressed air and then burned in a catalytic 

oxidizer. The hot oxidizer exhaust is expanded through the turbine section, driving an 

electric generator. After leaving the gas turbine, the oxidizer exhaust passes through a 

heat recovery unit in which it preheats the compressed air that is to be supplied to the fuel 

cell and the oxidizer. The major conurbations in this research can be summarized as 

follow: 

This study concentrates on multidisciplinary modeling and simulation of the fuel 

cell-gas turbine hybrid power system. The mathematical presented model has considered 

thermodynamic, electro mechanic, and electromagnetic characteristics of the system. 

Considering the dynamic model of the different component in the hybrid power system is 

one of the capabilities of this model, which provides the ability of studying the transient 

response of the hybrid system through time-domain simulation. 
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In the hybrid system, the control system plays a critical role in achieving the 

synergistic operation of various subsystems, improving the reliability of operation, and 

reducing the frequency and costs of maintenance. This work investigates different control 

strategies for the power sharing between the subsystems. An internally-reforming SOFC-

GT hybrid power system is considered for the development of advanced control 

algorithms. The power electronic interfaces and controls for the hybrid power system are 

discussed in this research. Two different power sharing strategies are studied and 

compared.  In the first control strategy, the exhaust from the fuel cell that contains waste 

fuel is injected and burned in the burner. No additional fuel is supplied to the burner. This 

control strategy is the simplest strategy to control the hybrid power system. Although, the 

design of the control system is simple, the flexibility of the system is limited. It means 

that the gas turbine performance depends on the fuel cell and the power sharing between 

the two generators is restricted since the power produced by gas turbine is dependent on 

the waste fuel and heat generated from the fuel cells. In the second strategy, additional 

fuel is supplied to the burner in addition to the exhaust from the fuel cell stack. In this 

strategy, the power produced by the fuel cells is maintained at a set point that can be 

changed during the run time by the controller. As a result, as the demand power changes, 

the gas turbine output power changes to produce remaining demand power. The 

advantage of this strategy is the rapid transient response of the hybrid system. Compared 

with SOFC, the transient response of the gas turbine is very fast. Therefore, keeping fuel 

cell output power constant during operation can help the system reach steady-state 

conditions rapidly. On the other hand, the complexity of the control system in this 

strategy is higher than the previous one. Also, considering that in some cases the gas 
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turbine generators have a lower efficiency, the total efficiency of the hybrid system could 

be reduced with this strategy. Simulation results are presented and analyzed. This study 

suggests that the hybrid power systems can be managed so as to achieve specified control 

objectives. 

Power sharing is an important challenge in hybrid power systems. The demand output 

power is produced by the generators which make up the power system. Therefore to 

operate the system efficiently, the power sharing ratio should be determined appropriately.  

In this respect, having a reliable and simplified model for online optimization will help to 

improve the system optimality. The feasible solution set of this problem must be obtained 

while the hybrid system should meet certain power and voltage requirements. In this 

research PSO introduced as the optimization method for the hybrid power system. The 

objective of this optimization problem is to determine the optimum power sharing to 

increase the total efficiency of the system. PSO algorithm is implemented in Matlab and 

results have been presented in the previous chapter. In the optimization problem the effect 

of changing in the fuel cell utilization factor on the system efficiency has been studied. 

Based on the presented results in chapter 5, increasing the fuel cell utilization factor can 

cause the decrease in the system efficiency. 

6.2 Future Work 

Hybrid power systems have been introduced to the power industry to combine 

different property of various energy resources to achieve a global goal such as high 

power density, fast transient response, maximum efficiency, minimum emission, and 

minimum coast. Although the presented model can be a good reference for the study of 
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the hybrid power system it is not complete and there would be more work to improve the 

system. Also, putting more effort to study and optimize the system can help to achieve an 

economic and efficient system. Possible future developments, expansions, and 

improvements to our contributions are as follows: 

The presented hybrid power system is a combination of fuel cell and gas turbine 

generator. The approach used here can be extended to study other hybrid power systems. 

For instance, an expanded hybrid power system can be introduced by adding a wind 

generator or solar cells. 

In the modeling section the gas turbine dynamic model can be improved and studied 

in more detail. In the presented work the dynamic model of the heat exchanger has been 

not considered. Also, the generator which is used in this research is synchronous 

generator which needs excitation control system. Instead a permanent magnet generator 

can be used to reduce the complexity of the control system.  

The control strategies introduced in this research are the simplest strategies for the 

system and have limitations. Considering different goals for the system more control 

strategy can be introduced. For instance, the life time live for the fuel cell is one of the 

aspects of study in the SOFC-GT hybrid power system. Therefore, temperature control 

can be one of the control strategies for this system. In this strategy the fuel cell power 

output will controlled in such way that the temperature would not increase more than a 

reference set point. 

The optimization method which is used in this research can be used as the online 

optimization method to identify the power sharing ratio to increase the system efficiency. 
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Also the optimum objective function can be identified to optimize the cost and improve 

the economic feature of the hybrid power system.  
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