
 
 
 
 
 
 
 
 

ABSTRACT 
 

Demonstration of a Power Conditioning System 
for Grid-connected Fuel Cell Power Plant 

 
Guiying Wu, M.S.E.C.E. 

 
Mentor: Kwang Y. Lee, Ph.D. 

 
 

This thesis demonstrates a power conditioning system (PCS) for grid-connected 

hybrid direct fuel-cell with turbine (DFC/T) power plant. The PCS is an interface 

between distributed generation and utility grid. It regulates voltage, current and power 

transmitted from the hybrid DFC/T power plant to utility grid. The proposed system 

consists of DC/DC converters, DC/AC inverter, and an LCL filter. The DC/DC converter 

and DC/AC inverter use switches that operate at high speeds. The use of detailed model 

with switches will decrease the simulation speed, thus it takes long time to execute time 

simulations in MATLAB. This thesis utilizes effective averaged models for converter and 

inverter to reduce the calculation time for a large-scale fuel cell power plant in 

MATLAB. To regulate and stabilize the DC bus voltage, DC/DC converter with PI 

controller is adopted. For the DC/AC inverter, active and reactive power flow controller 

is used.  
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CHAPTER ONE 
 

Introduction 
 
 

1.1 Motivation 

 
Distributed generation (DG) is a small-scale power generation, typically in the 

range of 3kW to 10,000kW, used to provide an alternative to or an enhancement of the 

traditional electric power generation. The small power plants in DG are categorized as 

photovoltaic, wind turbines, and fuel cells. However, wind turbines are constrained by the 

availability of wind and land, and photovoltaic are limited by the weather conditions. 

Fuel cell power plants, compared with other distributed energy sources, have become 

most promising for distributed generation due to their high efficiency, low emissions, 

flexible scalability, and fuel flexibility [1]-[3]. 

Fuel cells generate electricity through an electrochemical process, where the 

chemical energy stored in the fuels is converted into direct current (DC) electricity 

without combustion. The fuel cell power plant can achieve clean, quiet and efficient 

operations because the fuels can be utilized efficiently with the only by-productions of 

water and carbon dioxide. With high operational performance and flexible application 

capabilities, fuel cell power plant becomes a major source of distributed generation and 

possesses the ability of wide commercial applications. 

When a fuel-cell power plant is connected to a distribution system, issues 

associated with power flow control and power quality must be resolved. Since the output 

voltage of a fuel-cell power plant is direct current (DC) and cannot be transmitted to the 

grid directly, an interface between fuel-cell power plant and the utility grid must be added 
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to provide voltage regulation, current regulation, power-flow control and power quality 

improvement. The interface is called power conditioning system (PCS). 

An important issue in the simulation of a PCS is the simulation time step, which is 

very small for accurate modeling. Due to the high switching frequency of the devices, the 

simulation time step is on the order of μs (micro-second) or less for accurate switching 

simulation. As a result, a detailed model of a converter or inverter with its control 

switching signals dramatically decreases the simulation speed. This causes problems 

when we run a long time simulation. Therefore, effective averaged models of converter 

and inverter are utilized in this thesis. These averaged models can significantly improve 

the simulation speed and at the same time achieve sufficient accuracy. 

 
1.2 Background 

 
A fuel cell is a device that converts the chemical energy from a fuel into 

electricity through a chemical reaction with oxygen or some other oxidizing agent. 

Hydrogen is the most common fuel, but natural gas and methanol are the primary fuels 

that produce hydrogen. Fuel cells are different from batteries; they need a constant source 

of fuel and oxygen to run, but they can generate electricity continually for as long as 

these inputs are supplied. The by-products are water and carbon dioxide, which are 

totally pollution free. Fuel-cells have a variety of applications, such as in electric 

vehicles, airplanes, submarines, a stationary power source for home applications, 

cogeneration for office and factory, and distributed generation.  

According to different electrolyte materials, there are mainly five types of fuel-

cells. Some cells need pure hydrogen, and use additional equipment to purify the fuel. 
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Others can tolerate some impurities by running efficiently under higher temperatures [4]-

[5]. 

Alkali fuel cells (AFC) operate on compressed hydrogen and oxygen. They 

generally use a solution of potassium hydroxide (chemically, KOH) in water as their 

electrolyte. Their efficiency is about 60% and their operating temperature is 90-100°C. 

The output range of cells is 10-100kW. Alkali cells were used in Apollo spacecraft to 

provide both electricity and drinking water [5]. 

Phosphoric Acid fuel cells (PAFC) use phosphoric acid as electrolyte. They can 

generate power at more than 40% efficiency and an operating temperature of 150-200°C. 

The output power is 400kW. The PAFC can tolerate a carbon monoxide concentration. 

They are being widely used in commercial buildings, airports and utility plants [5].  

Proton Exchange Membrane fuel cells (PEMFC) work with a polymer electrolyte 

in the form of a thin, permeable sheet. They operate at relatively low temperature range 

from 50-100°C. Efficiency varies depending on different applications. For transportation, 

such as a fuel-cell car, vehicle or bus, they work at 60% efficiency. For a stationary plant, 

which is used for commercial, industrial and residential primary or backup power 

generation, the efficiency is 35%. The PEMFC ranges from 1kW-100kW. Due to their 

high power density and fast response, the most attractive applications are in the 

automotive industry and portable devices. However, costs for PEMFC are relatively high 

[5]. 

Molten Carbonate fuel cells (MCFC) use high-temperature compounds of salt 

(e.g., sodium or magnesium) carbonates (chemically, CO3) as the electrolyte. They have a 

high efficiency of 45-50%. An MCFC operates at 600-700°C, so the natural gas fuel can 
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be reformed directly into hydrogen. This direct fuel cell (DFC) can generate 300kW to 

3MW. Due to their high efficiency and high operating temperature, MCFC is used for 

base-load power generation [5]. 

Solid Oxide fuel cells (SOFC) use a hard, ceramic compound of metal (e.g., 

calcium or zirconium) oxides (chemically, O2) as electrolyte. Their efficiency is 

approximately 60% and they operate at 700-1000°C. The output power ranges from 1kW 

to 2MW. At such high temperatures, the natural gas fuel can be reformed internally into 

hydrogen and waste heat can be recycled to make additional electricity [5]. 

 
1.2.1 Hybrid	Direct	Fuel	Cell	with	Turbine	Power	Plant	
 

The hybrid direct fuel cell (DFC) with a turbine (DFC/T) is used in this thesis. 

Integration of fuel cells with a gas turbine can greatly enhance the overall efficiency of 

the power plant. Compared to the conventional fuel conversion technologies, where fuel 

turns into a hydrogen-rich gas in an external fuel processor, the DFC reforms natural gas 

internally in the anode compartment with a reforming catalyst directly placed in the 

anode of the fuel cell [2].  

Fig. 1 shows the structure of a DFC/T power plant [3]. The MCFCs are high-

temperature fuel cells that operate at temperatures of 600°C and above. It can 

continuously generate power through an electrochemical process in the fuel-cell stack.  

Due to the high temperatures of MCFCs, the fuels are converted to hydrogen within the 

fuel cell itself by a process called internal reforming. The only by-products of a DFC/T 

power plant are water and carbon dioxide. Thus, it is environmental friendly with a 

higher efficiency than a conventional coal-based power plant. Due to these features, a 
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DFC/T power plant is one of the most promising distributed energy sources in the near 

future [6]. 

 

 
 

Fig. 1. Structure of Fuel Cell Stack with Turbine Power Plant. 

 
The mathematical model of the DFC/T used in this thesis was first developed by 

Lukas, Lee and Ghezel-Ayagh [6], [7], and then Yang, Lee, Junker and Ghezel-Ayagh 

optimized the DFC/T model and developed an intelligent control system with a fuzzy 

fault diagnosis and accommodation system [3]. By integrating a micro-turbine into a fuel-

cell power plant, the overall plant efficiency is expected to achieve 75% [3], [8]-[11]. 

 
1.2.2 Power	Conditioning	Systems	
 

The power conditioning system (PCS) is an interface between a fuel-cell power 

plant and the utility grid. Fig. 2 describes the overall diagram of a fuel cell power plant 
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and PCS. Interfacing circuits of the PCS deal with electric power conversion and control 

using power semiconductor switches that operate at high speeds. The main tasks of a PCS 

are voltage regulation, current regulation, power flow control. With a PCS, high quality 

regulated power following load forecasting can be transmitted to the utility grid [12], 

[13].  

 
Fig. 2. The overall diagram of fuel cell power plant and PCS. 

 
For fuel-cell generation systems, the PCS first regulates the DC voltage source 

before converting it to alternating current (AC) for transmission. Fig. 3 shows the overall 

structure of the PCS. As shown in figure, a PCS consists of a DC/DC converter and a 

DC/AC inverter and LCL filter. The output power generated by fuel cell power plant is 

regulated and controlled by the PCS. The converter is to adapt the output voltage of fuel 

cell to the desired DC voltage because the DC output voltage of fuel cell power plant is 

not stable. To stabilize the DC bus voltage and reduce ripples of the DC bus voltage, a 

large capacitor is place between converter and inverter. For the inverter, the function is to 

convert DC power into AC with a desired magnitude and frequency. The active and 

reactive power delivered to the utility grid can be controlled according to the load 

demand through PQ controller. 
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Fig. 3. The overall structure of the PCS. 

 
1.3 Recent Research and Achievements 

 
There has been a considerable amount of research done to explore the use of the 

detailed and averaged model of a PCS. The general structure and basic principles of the 

PCS have been investigated, and different power conditioning circuit topologies were 

introduced in [12], [13]. The state space averaged model of the converter and averaged 

switch model of the inverter have been developed respectively in [20], [21]. However, a 

fully operational averaged model of the PCS has not been developed to connect to the 

utility grid. Therefore, I have developed an averaged model of the PCS and it is described 

in Chapters 2 and 3. 

 
1.4 Thesis Organization 

 
The averaged model of a DC/DC converter and a DC/AC inverter is described in 

Chapters 2 and 3, respectively. Chapter 4 gives the power flow control through current 

and voltage regulation. Chapter 5 presents the phase locked loop design and Chapter 6 

shows the simulation results of the DC bus voltage and the power flow control. 

Conclusions are drawn in Chapter 7. 
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CHAPTER TWO 
 

Averaged Model of DC/DC Converter 
 
 

2.1 Introduction to DC/DC Converter 

 
The output voltage of a DFC/T power plant is DC, and is low when it is 

connected to an inverter. Moreover, the output DC voltage varies over a wide range. 

Thus, a DC/DC converter is needed to regulate the DC bus voltage so that it is stable. 

There are three types of DC/DC converters, a Buck converter, a Boost converter 

and a Buck-Boost converter. A Buck converter is a step-down converter where the output 

voltage is lower than the input voltage. A Boost converter is a step-up converter where 

the output voltage is greater than its input voltage. A Buck-Boost converter has an output 

voltage that is either greater than or less than the input voltage based on the switching 

duty-ratio. A converter is composed of an inductor, a capacitor, a switching device and a 

diode. The switching device, such as a metal oxide semiconductor field effect transistor 

(MOSFET) or an insulated gate bipolar transistor (IGBT), can be either ON or OFF; and 

it is directly controlled by a pulse width modulation (PWM) wave generator [14]. 

 
2.1.1 PWM	and	Duty	Cycle	
 

The PWM is a commonly used technique for controlling power electronics 

devices and motor drives. The main advantage of a PWM is that power loss in the 

switching devices with a high frequency is very low. There is practically no current while 

the switch is OFF, and there is almost no voltage drop across the switch when it is ON. 

The PWM switching frequency has to be much faster than what would affect the load, 
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which is to say the device that uses the power. Typically switching frequency is range 

from few kilohertz (Hz) to tens of kHz for the power electronics or a motor drive. Fig. 4 

shows the basic principles used to generate a PWM wave. In the figure, the input 

sinusoidal control signal is compared with the internal saw-tooth wave, which is 

generated at the switching frequency. If the input signal is larger than the saw-tooth 

wave, then the rectangle output PWM wave is in the high state (amplitude = 1). 

Otherwise, the rectangle output signal is in the low state (amplitude = 0). The high state 

is used to close the switching device and the low state is used to open the switching 

device. 

 

Fig. 4. PWM Signal Generator 

 
The duty ratio is defined as follows in one period: 

T
D


                                                                                                                 (2.1) 
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where τ is the time when output is in the high state during one time period and T is the 

width of the one time period. Thus, the duty cycle, D, is a decimal value between 0 and 1. 

 
2.2 The Averaged Model of Buck-Boost Converter 

 
Because high frequency switches are used in power electronic circuits, an 

important issue for simulation studies is the choice of the simulation time step. Typically, 

the simulation time step needs to be in the order of μs or less for an accurate switching 

simulation. As a result, a detailed model of a converter with its switching control signal 

decreases the simulation speed considerably. Especially, it is impossible to carry out long 

time simulation studies such as several hours. Thus, an effective average state space 

model of converter is used in this chapter to improve the simulation speed and to achieve 

the desirable accuracy. The high frequency of PWM signal isn’t necessary to use when 

the average state space model of converter is applied instead of the detailed model. 

As we can see in Fig 5, the output voltage of the fuel-cell stack is unstable and 

low compared with the DC bus voltage, which is 480V. It represents of 42 day simulation 

data, which means that the model runs for 42 days. Thus, the output voltage should be 

regulated with the desired DC voltage before they are connected to the inverter and 

transmitted to the grid. The output voltages of the fuel-cell stack varies from 270V to 

360V. Since the DC bus voltage is supposed to be 480V, Buck-Boost converter is 

adopted here, because of the wide range of the input voltage to be regulated [3]. 
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Fig. 5. Fuel Cell Stack Output Voltage. 

 
The topology of the Buck-Boost circuit is shown in Fig. 6, where Vfc is the output 

voltage of the fuel-cell stack, Vdc is the DC link voltage, L is the inductance with its 

equivalent series resistance (ESR) RL, C is the capacitance, and R is the equivalent load. 

The switching device S, directly controlled by the PWM signal, controls the whole circuit 

to be either buck type or boost type.  

According to the different positions of the switching device S, there are two 

modes of the circuit as shown in Fig 7 and Fig 8. When the switch is ON, the inductor is 

charging and the capacitor is discharging. The current in the inductor would then increase 

and the inductor voltage would be equal to the input voltage, transferring the energy from 

the input voltage source to the inductor. The output voltage equals the capacitor voltage, 

transferring the energy from the capacitor to the load. When the switch is OFF, the 
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inductor is discharging and the capacitor is charging. The inductor current flows through 

the load and the diode, transferring the energy stored in the inductor to the capacitor and 

the load [15].  

 
 

Fig. 6. Topology of Buck-Boost DC/DC Converter. 

 
When the switch is ON and the diode is OFF as shown in Fig. 7, the state- space 

representation of the main circuit can be written as 

fcVBxAx 11                                                                                                     (2.2) 

xCV
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Fig. 7. Case for the switch-on condition. 

 
When the switch is OFF and the diode is ON as shown in Fig. 8, the state-space 

representation of the main circuit can be written as 

fcVBxAx 22                                                                                                    (2.4) 

xCVo 2                                                                                                             (2.5) 
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Fig. 8. Case for the switch-off condition. 

 
The average state-space model of the Buck-Boost converter is  

fcBVAxx                                                                                                      (2.6) 

CxVo                                                                                                                (2.7) 
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2.3 Converter Controller Design 

 
Before connecting a fuel cell power plant to a grid, a DC/DC converter is needed 

to regulate the fuel cell output voltage and adapt it to the desired voltage to be supplied to 

the DC/AC inverter. The duty ratio of the converter in the proposed averaged model will 

be a decimal value between 0 and 1. 

The configuration of the controller for converter is shown in Fig. 9. A 

conventional PI controller is adapted here to achieve the duty ratio. The output of 

converter Vdc is compared with the desired output Vref, which is 480V. The difference will 

go through the PI controller to achieve the duty ratio of the converter [16]-[18].  

 

 

Fig. 9. The scheme of the converter controller. 

 
Fig. 10 shows the block diagram for the converter circuit with the controller when 

it is linearized around its operating point. In the figure, the controller is implemented by a 

PI controller.  
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The transfer function for each block in the block diagram is written as 

s

KsK
sG id

c
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where D is the rated duty ratio of the switch, L is the inductance, C is the capacitor, R is 

the equivalent resister of the load, Vfc is the average value of the input voltage and Vdc is 

the average value of the output voltage. 

 
 

Fig. 10. Block diagram of the converter control. 

 
2.4 Parameters for Buck-Boost Converter and Control System 

 
The parameters of the Buck-Boost converter and control system should be chosen 

appropriately to meet the design requirements of the DC/DC converter. The regulated 

output voltages of two DC/DC Buck-Boost converters are 480V; however, they still have 

some small ripples due to switching patterns and storage devices. Based on the specific 

current ripples and voltage ripples, the choice of the inductor and capacitor in the Buck-

Boost converter are given by the following equations [14]: 

L

sfc

i

DTV
L


                                                                                                       (2.11) 
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DTI
C


                                                                                                        (2.12) 

where Vfc is the voltage of fuel-cell stack, D is the average duty ratio as calculated in 

above equation, Ts is the one period of the PWM signal, that is, Ts=1/fs, with fs as the 

switching frequency, and ∆iL is the inductor current ripples in ampere (A), which is less 

than 3% of the inductor current. Furthermore, Io is the average output current and ∆Vdc is 

the voltage ripples in volt (V), which is less than 1% of the DC link voltage. According to 

the design requirements, the current ripple limit and voltage ripples limit must be defined. 

Then with these two equations, the inductor and the capacitor can be calculated. The 

controller parameters can be adjusted from the values obtained through the above design 

procedure based on the simulation study. The parameters of DC/DC converter and 

control loop are given in Table 1. 

Fig. 11 shows the close-loop bode diagram for the Buck-Boost converter control 

system with PI controller. The gain margin of the close-loop is 8.85dB and the phase 

margin 14.6º, which implies that the proposed converter control system is stable with 

small signal disturbances because of the positive phase margin [19]. 
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Table 1: Parameters of DC/DC Converter and Control System.  
 

Parameters Value

L 0.5mH

C 86mF

RL 0.02mΩ

Req 1.3553Ω

Kd 0.0002

Ki 0.001

Vdc 480V

D (average value) 0.6154

fs 5kHz

∆iL 3%

∆Vdc 1%
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Fig. 11. Bode Diagram of the Control System for Buck-Boost Converter. 
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CHAPTER THREE 
 

Averaged Model of Three-phase Inverter 
 
 

3. 1 Introduction to Voltage Source Inverters 

 
An inverter is an electrical power converter that changes DC to AC; the converted 

AC can be at any required voltage and frequency with the use of appropriate 

transformers, switching, and control circuits. It can convert the DC voltage sources, such 

as photovoltaic, fuel-cell or batteries, into AC voltage to be utilized or transmitted.  

Depending on the type of the supply source and the related topology of the power circuit, 

there are two types of inverters, a voltage source inverter (VSI) and a current source 

inverter (CSI) [15].  The circuit topology of a typical 3-phase 6-switch PWM VSI is 

shown in Fig.12.  

 
 

Fig. 12. Three Phase Full-Bridge Inverter. 

 
As shown in Fig. 12, there are three arms in the inverters, one for each phase. 

Each arm consists of two power electronic switches. T1 to T6 are six switching devices 
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that are directly controlled by a PWM signal to be either ON or OFF. A sinusoidal pulse-

width-modulation (SPWM) is one of the modulation schemes used to control and shape 

the VSI output voltages. 

 
3.1.1 Three‐Phase	SPWM	Wave	
 

In order to control the magnitude, phase angle and frequency of the output voltage 

on the DC side of VSI, SPWM is used to generate appropriate switching pulses to control 

the six switches in the inverter as shown in Fig. 13. The three-phase SPWM wave is the 

rectangular wave that is generated by the three-phase SPWM generator. The three 

sinusoidal waves are the balanced sinusoidal control voltage signals for three-phase.  

They are compared with the internal triangular wave to generate SPWM in each phase.  

The wave is generated at the switching frequency fs, normally 5 to 10 kHz, which is 

generally much higher than the frequency of the control voltage and is called the carrier 

frequency.  

Each pair of switching devices, T1 - T2, T3 - T4, and T5 - T6, comprise a switching 

arm.  In one time period, only one switching device is closed in one arm. See phase (a) in 

Fig. 13, for example. If the control signal voltage is larger than the triangular carrier 

signal, then T1 is ON and T2 is OFF. On the contrary, if the control signal voltage is less 

than the carrier signal, then T1 is OFF and T2 is ON. For phases b and c, the operation is 

exactly the same as phase a. 

The output voltage, depending on the switching pattern of the SPWM wave, can 

be either positive or negative, and generates the AC source voltage. The difference in 

phase angle depends on the SPWM wave.  
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Fig. 13. Three-Phase SPWM Wave. 
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3. 2 The Averaged Model of Three-Phase Inverter 

 
The switching model of the inverter, as shown in Fig. 12, has two limitations. 

First, the switching model is inefficient because it takes a long time to simulate. Typically, 

it takes more than 10 minutes to run several seconds of simulation time. Second, it cannot 

perform small-signal analysis due to its discrete behaviors [20]. The averaged model can 

overcome these limitations. The circuit averaging model of the inverter uses in Fig. 14, 

and shows an averaged model of each one of the inverter arms, which can be represented 

by controlled voltage and current sources with averaged switching duty cycles [21].  

 

 
 

Fig. 14. Averaged equivalent circuit of an inverter arm. 

 
In Fig. 14, da is the duty cycle of the upper switch of the inverter arm in a 

switching period. The average values during a switching period of the voltage across and 

current through the lower switch are represented by duty cycle as shown in Fig. 14. The 

current flowed into the point a in the left of Fig. 14 is represented by multiplying the duty 

cycle with the inductor current. The voltage at the point a is calculated by multiplying the 

duty cyle with the DC bus voltage as shown in Fig. 14. By averaging the three inverter 
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arms in swiching model shown in Fig. 14, the whole averaged model of the inverter is 

obtained in Fig. 15. According to this scheme, the set of equations is derived [21]: 

 
Fig. 15. Averaged equivalent circuit in the three-phase VSI. 
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3. 3 Simplified Model of Three-Phase VSI 

 
A detailed model of the inverter which consists of power electronic switches 

which has high frequency. Due to the high frequency of the switching devices, the 

simulation time step is made very small. As a result, it isn’t suitable for long-time 

simulation. Thus, a simplified inverter model is required to use [15],[29],[30]. 

The averaged models of a DC/DC converter is presented in equations (2.6) and 

(2,7), and a DC/AC inverter are presented in Fig. 15, respectively. However, when they 

are combined together to become a power conditioning unit, the current flow from 

converter to inverter should be known. Since we assume that there are no power losses 

from converter to inverter, the output power of the converter is equal to the input power 

of the inverter.  

Fig. 16 shows how the simplified inverter works. Here, Vdc, Idc stand for the output 

voltage and current of the DC bus, respectively, da(t), db(t) and dc(t) are the three-phase 

duty cycles of the inverter which will be presented in the next section; and Va(t), Vb(t) and 

Vc(t) are the three-phase output voltages of the inverter [15].  
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Fig. 16. Simplified model of the inverter. 

 
The power P can be calculated as 

)()()()()()( tVtItVtItVtIP ccbbaa                                                                (3.5) 

where Ia(t), Ib(t) and Ic(t) are the three-phase instantaneous values of the inverter current, 

P is the three-phase instantaneous power which is constant for balanced system.  

Since there is no power loss, input power is equal to the output power of the 

inverter. Thus, the output current of DC bus can be written as 

dcdc VPI                                                                                                        (3.6) 

The relationship between converter and inverter with respect to current can easily 

be derived. The output current of the converter is the sum of the current of the dc bus 

capacitor plus the inverter input current Idc , as shown in Fig. 16. 
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CHAPTER FOUR 
 

Power Flow Control of Grid-connected Fuel Cell Power Plant 
 
 

4. 1 Introduction 

 
When the output power of a fuel-cell power plant is transmitted to the grid, the 

output of voltage magnitude and phase angle should be regulated based on the desired 

voltage magnitude and phase angle. By using the control of the inverter, not only DC bus 

voltage is converted to a desired AC voltage, but also implement the power flow control. 

To meet the demands of the utility grid in different operation modes, the controller of the 

inverter needs to be designed properly to control the real and reactive power flow from 

the fuel cell power plant to utility grid. This chapter will discuss the power flow control 

by controlling the inverter in the grid-connected operation mode.  

In the grid-connected operation mode, the main function of a fuel cell power plant 

is to control the real and reactive power, where the real power reference can be taken from 

the grid energy management controller. There are several types of controllers for the 

inverter. For example, the real and reactive power can be controlled through current 

regulation or through voltage regulation.  

 
4. 2 Power Flow Control through Current Regulation 

 
With power flow control through current regulation, if both real and reactive 

power flow is to be controlled, then the real power control loop can generate the 

synchronous frame d-axis reference current (id) and the reactive power control loop can 

produce the q-axis current (iq). Generally, the unity power factor should minimize the 
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inverter power losses. As a result, a null reference for the q-axis current is chosen [21], 

[22]. 
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Fig. 17 shows the scheme for the current control structure. The inverter output 

currents are regulated to the given current references, so the reference current on the d-

axis and on the q-axis, idref and iqref, are calculated using equations (4.1) and (4.2). The 

measured inverter output currents in the three-phase form are transformed onto the d-q 

axis current through an abc/dq transformation, i.e., the Park transformation. The 

difference between reference and actual output current for the d-axis and the q-axis is 

calculated. The duty cycle is achieved by adding the decoupling terms Kd and Kq with the 

value calculated by the difference going through the PI controller. The decoupling gain Kd 

and Kq can be calculated by using the equations (4.3) and (4.4): 
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                                                                                                (4.4) 

Compared to the power control through current regulation, the voltage regulation 

is more sensitive to the line impedance between the fuel cell and the grid, and thus a small 

line impedance will cause significant power flow even with a slight variation of the fuel 

cell output voltage. However, voltage regulation is similar to the voltage control strategy 
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that can be used in islanding grid operation employed by the P-ω and Q-V droop methods. 

Using a similar control strategy in different operation modes enhances smooth transients 

between operation modes. Therefore, the voltage regulation control was chosen as the 

inverter in this thesis [22].  

 

Fig. 17. Block Diagram of Current Control. 

 
4. 3 Power Flow Control through Voltage Regulation 

 
Power flow control through voltage regulation is related to the real and reactive 

power flows between the inverter output voltage and the grid input voltage. Consider a 

two-node circuit as shown in Fig. 18. Typically, the line impedance (Z=R+jX) is 

represented by a transformer and/or LC filter. Then, the real and reactive power flows are 

computed as follows [22]-[24], [31]: 
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where V1 and Vg  are the voltage magnitudes of inverter and grid, respectively, and δ is 

the phase angle difference between the two voltages. 

Due to the mainly inductive line or filter with a high X/R ratio, the resistance may 

be neglected. Typically, the phase angle difference δ is small, thus it can be assumed that 

sin(δ)≈δ and cos(δ)≈1. As shown in Equations (4.5) and (4.6), we can conclude that the 

flow of real power P is proportional to the phase angle δ and the flow of reactive power Q 

is proportional to the voltage magnitude difference (V1-Vg) due to a high X/R ratio.  

1V 0gV

 

Fig. 18. Power flow between two sources. 

 
According to the above relationship, the output real power can be controlled by 

regulating the output voltage phase angle δ, and the output reactive power can be 

controlled by regulating the output voltage magnitude [32]-[35].  

As shown in Fig. 19, to achieve power flow control, several parameters are 

required, including the desired real and reactive power, the feedback real and reactive 

power that represent the output power of inverter. By using the P-ω and Q-V relationship, 

the duty cycle of the inverter can be calculated as shown in Fig. 19, where Pref and Qref are 

the real and reactive power demands of the utility grid, and PFbk and QFbk are the output 

real and reactive power of inverter. The difference between the reference and the actual 
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power is the conventional PI controller input. Since the reference of the voltage magnitude 

and voltage phase are achieved, then the duty cycle could be calculated according to the 

following equation: 

)sin(5.0)(   tVtd                                                                                       (4.7) 

where V is the voltage magnitude, ϕ is the voltage phase angle, and ω is the frequency of 

the grid voltage [21],[24],[25],[28]. 

 

Fig. 19. Scheme of PQ controller for inverter. 

 
4. 4 Fuel-Cell Power Plant Connected to the Grid 

 
When a fuel-cell power plant is connected to a power grid, it is necessary to 

calculate the power flow to determine the real and reactive power of the fuel-cell power 

plant. The most common formulation of the power flow problem requires that all input 

variables (PQ at loads, PV at generators) are specified as deterministic values. There are 

3 types of buses in power flow and they are classified as: 

1. PQ bus - the real power P and reactive power Q are specified. It is also known 
as Load Bus. 

2. PV bus – the real power P and the voltage magnitude V are specified. It is also 
known as Generator Bus. 

3. Slack bus – used to balance the real and reactive power in the system. It is 
also known as the Swing Bus or Reference Bus. 
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Consider fuel cell power plant as a generator in the power system as shown in Fig. 

20. Because the bus connected with the fuel-cell power plant can be viewed as a PV bus, 

the reactive power and voltage phase angle can be calculated by the power flow. Power 

flow control could then be implemented using the reference values calculated from the 

power flow. Tables 2 and 3 shows the bus and line input data in Fig. 20. 

 

0V

fcV

 

Fig. 20. Fuel Cell Power Plant integrated into Grid. 

 
Table 2: Bus input Data. 

 
Variables Bus1 Bus2 Bus3 

Real Power (kW) - 120 100 
Reactive Power (kVAR) - 12 - 
Voltage Magnitude (p.u) 1.025 - 1.03 

Voltage Phase Angle (p.u) 0 - - 
 
 

Table 3: Line input Data. 
 

Bus-to-Bus R(p.u) X(p.u) 
1-2 0 0.025 
1-3 0 0.05 
2-3 0 0.025 
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Fig. 21. VSI connected to Grid. 

 
Fig. 21 shows the simplified structure of a fuel cell power plant as a generator 

connected to power system. The bus connected to the fuel cell is a PV bus where P and 

Vg are specified. The internal values are computed as the follows: 

gV

jQP
I


1                                                                                                        (4.8) 

11 IjXVV Tg                                                                                                 (4.9) 

111 VV                                                                                                       (4.10) 

 gg VV                                                                                                      (4.11) 

By using the power flow, four variables (P, Q, V, and δ) can be determined. Thus, 

real and reactive power references are achieved from the power flow, and the duty cycle, 

control signal of the inverter can be calculated according to the PQ controller in Fig. 19. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



33 
 

 
 
 

CHAPTER FIVE 
 

Phase Locked Loop 
 
 

5. 1 Introduction to Phase Locked Loop 

 
A phase locked loop is a control system that generates an output signal whose 

phase is related to the phase of an input “reference” signal. It consists of a variable 

frequency oscillator and a phase detector. The phase locked loop (PLL) was originally 

described in [25] and is widely employed in radio, telecommunications, computers and 

other electronic applications. It can be used to recover a signal from a noisy 

communication channel, generate stable frequencies at a multiple of an input frequency 

(i.e., frequency synthesis), or distribute clock timing pulses in digital logic designs such 

as microprocessors. Since a single integrated circuit can provide a complete PLL building 

block, the technique is widely used in modern electronic devices, with output frequencies 

ranging from a fraction of a Hz up to many Giga Hz. 

In the area of power electronics, the PLL technique has been adopted for the 

speed control of electric motors, as well as synchronizing utility voltages and the control 

of currents or voltages in utility interface operations [26]. Thus, the main use of PLL used 

in this thesis is to synchronize the output voltage of VSI with the utility voltage when the 

fuel-cell power plant is connected to a grid. 

 
5. 2 Three-Phase PLL Design 

 
In grid-connected systems, a critical component of the converter’s control system 

is the PLL, that provides phase angle and frequency measurements of the grid voltage for 
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control and protection purposes. Because the three-phase balanced source is used in the 

utility grid, a three-phase PLL is required. 

 

Fig. 22. Phase Locked Loop. 

 
The input to the PLL, the three phase voltages Va, Vb, Vc, is fed into multipliers 

that serve as phase detectors. Due to the balanced, three-phase sinusoidal signals in the 

grid, the three-phase voltages Va, Vb, Vc are sinusoidal signals. To present the phase 

detection, three-phase voltages Va, Vb, Vc should be multiplied by another sinusoidal 

signal that is phase shifted by 90° with respective to the three phase voltages [26]. This 

phase detection is represented mathematically as follows:  

)()()( 213 tStStS                                                                                                (4.1) 

))(sin()( 111 ttAtS                                                                                      (4.2) 

))(cos()( 222 ttAtS                                                                                     (4.3) 

where S1 is one of three phase sinusoidal signals, S2 is the sinusoidal signal shifted by 

90°, and S3 is the product of S1 and S2. 

The output of the multiplier is  

3 1 2 1 2( ) sin( ( ))cos( ( ))S t A A t t t t       



35 
 

                     ))()(2sin(
2

1
))()(sin(

2

1
21212121 tttAAttAA                       (4.4) 

S3(t) has two parts. The first one is a function of the phase difference only, while the 

second one is twice the signal frequency plus the two phases. As a result, the output of 

the multiplier consists of a DC signal, since the phase difference is independent on the 

function of frequency, and the signal at twice the fundamental frequency. The first term is 

called the error signal Se(t), that is, 

))()(sin(5.0)( 2121 ttAAtS e                                                                         (4.5) 

The error signal is zero when the phase difference is zero, which represents the 

phase locked state of a PLL. Any state results in a non-zero error signal except for the 

locked state. For the second term, the high frequency component needs to be removed. If 

it is a single-phase PLL system, a low-pass filter is used to remove the second harmonic 

term since it is not useful information [26]. 

An advantage of a three-phase PLL is to eliminate the need for the filter, as shown 

by (4.6). Due to the balanced three-phase source used in the grid, the phase of each input 

signal is shifted by 120°. Let   )()(2 21 ttt , if the three input signals are added, 

then 
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         = 0 

Thus, under ideal conditions there is theoretically no second harmonic component 

presented. This reduces the filtering effort required for implementation. Thus, the total 

error signal for three phase results in a DC error signal 
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To achieve a zero error signal, the voltage-controlled oscillator (VCO) described 

in Fig. 22 is used to change the phase of the feedback signals to match the phase of the 

input voltages Va, Vb, Vc. A VCO is an electronic oscillator whose oscillation frequency is 

controlled by a voltage input. If the error signal is zero, then the VCO produces the 

desired frequency (60HZ), however, if the error signal is not zero, then the frequency is 

changed. Typically, the VCO has a constant K representing a change in the instantaneous 

frequency of the VCO as a function of the error signal (Serr),  

de

d
K


                                                                                                              (4.8) 

The feedback output signal of the VCO for each phase is given by 

))(cos()( 222 ttAtS ref                                                                                 (4.9) 

The VCO produces a change in the output signal frequency as the error signal changes 

with time. The output frequency (ωo) is written by the following relationship, 

)(tKerefo                                                                                               (4.10) 

where ωref is the usual operating frequency (60Hz). Then by taking the integral of the 

output frequency ωo to get the following relationship, 


t

refo dtteKtt
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)(                                                                                     (4.11) 
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t
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02 )()(                                                                                              (4.12) 

Thus as long as the error signal has a non-zero value, the output of the VCO signal will 

keep increasing until it equals θ1(t). Substituting equation (4.12) into (4.7), Serr(t) can be 

representes as 
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CHAPTER SIX 
 

Simulation Results 
 
 

This chapter discusses the simulation and testing of the PCS. First, the DC bus 

voltage is checked whether it is regulated by DC/DC converter to achieve a stable 

voltage. Second, the real and reactive output power of the inverter is verified whether 

they follow the fixed and dynamic load demand. Third, when the fuel cell power plant as 

a generator is connected to the grid, the real and reactive output power of the inverter is 

tested to keep the demand change well. 

The PCS developed in this thesis was programmed in Matlab version 2009a. The 

fuel cell power plant mathematical model developed by Lukas, Lee and Ghezel-Ayagh 

[6-7] and the PCS was simulated in Matlab Simulink. The PCS built in Matlab Simulink 

can be found in the Appendix. Fig. 23 shows the flow diagram of the basic operation of 

the PCS between the fuel cell stack and the grid. The output power of the fuel cell stack 

is DC power, so it should be converted into AC power before transmit to the grid. By 

using the PCS, the wide range of the fuel cell stack output voltage is regulated to the 

desired voltage, Vref ; and the power flow from the fuel cell stack to grid can be controlled 

based on the active and reactive reference power, Pref and Qref. 

 
6. 1 DC Bus Voltage 

 
The output voltage of the fuel cell stack has a wide range; so the main task of the 

converter is to regulate the fuel cell stack voltage into a desired voltage, which is 480V. 

The stability of DC bus voltage needs to be checked first. The output voltage of DC/DC 
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converter model is shown in Fig. 24. The parameters for DC/DC converter and PI 

controller were given in Table 1 in Chapter Two. 

 

                          

refref QP ,

refV

fcV

 

Fig. 23. Flow diagram of the basic operation of the PCS. 

 
The voltage of fuel cell stack has been significantly regulated and stabilized only 

in 2 seconds as compared to the DFC/T output voltages shown in Fig. 5 in Chapter Two. 

The voltage in Fig. 5 is the results of 42 days of simulation data. Since the process is too 

slow and it is not necessary to run for 42 days of simulation data, and only 10 seconds of 

simulation results are shown here. In this first 10 seconds, the output voltage of hybrid 

DFC/T power plant varied significantly. However, as shown in Fig. 24, the output 

voltage of the DC/DC converter has regulated the voltage into a stable 480V in less than 

2 seconds. Therefore, 10 seconds of simulation data is sufficient to prove its stability. 
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6. 2 Real and Reactive Power Flow Control 

 
When the fuel cell power plant is connected to the grid, the real and reactive 

output power of the inverter should be controlled based on the load demand changes. It 

can be regulated by the inverter, and with the reference power demands, the output power 

of fuel cell should follow the power demands. The load demand can be a fixed load or a 

dynamic load. Generally, the reactive power is set to 10% of real power. Figs. 25 and 26 

show the simulation with a fixed load in second units. The PCS follows the reference 

well in short time.  

 

Fig. 24. DC bus Voltage. 
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The solid lines are the reference power point and the dot-dash lines are the actual 

power output. The result shows that active and reactive power are controlled to follow the 

power references set as P=100kW and Q=10kVar.   

The averaged model of inverter follows the reference well in short time as shown 

in Figs. 25 and 26. The main task of the averaged model of inverter is to adapt the long-

time simulation. Thus the result for long-time simulation should be checked. Figs. 27 and 

28 show the long-time dynamic simulation for fuel cell. As known in the figures, the 

model follows the reference very closely in the long time period. The dashed lines are the 

reference power and the solid lines are the actual power output. When long-time 

simulation carry out, due to fuel-cell power plant connected with grid, we can set the 

frequency fixed in 60HZ. 

 
 

Fig. 25. Short-time simulation for real power. 
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Fig. 26. Short-time simulation for reactive power. 

 

 
Fig. 27. Long-time simulation for real power. 
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Fig. 28. Long-time simulation for reactive power. 

 
As discussed in Chapter Four, real and reactive powers should be checked 

whether they follow load demand well when the fuel-cell power plant is considered as a 

generator in the power system. Fig. 29 shows the real and reactive power of the load 

demand. Real power is set to 120kW at the beginning of simulation, then it is increased to 

160kW in 3600 seconds (one hour later), and finally it is dropped down to 140kW in 

7200 seconds (two hours later). Reactive power is 10% of the real power and the set 

points are the same as the real power.  

The four variables (P, Q, V, and δ) of the PV bus are needed to be calculated as 

the power reference for the fuel cell power plant. As shown in Fig. 20, because the bus 

connected to the fuel cell power plant is considered as the PV bus, the voltage magnitude 

and the real power are specified. Therefore, the rest of two variables, reactive power and 
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the voltage phase angle (Q, and δ), are determined. The calculation of the power flow is 

calculated by Newton-Raphson Method [36]. 

Figs. 30 and 31 show the four variables (P, Q, V, and δ) of the PV bus which is 

connected with the fuel cell power plant. Real power is fixed to 100kW, and reactive 

power varies depending on the load demand. The voltage magnitude is fixed to 1.03p.u. , 

and the voltage angle of the bus varies as well based on the load demand. Thus, the 

difference with simulation in Figs. 27 and 28 is that the voltage of grid-side changes with 

load demand. As shown in Fig. 32, the output reference of real power is 100kW. There 

are two small spikes in the figure because the voltage angle changes with dynamic 

demand and the same as in Fig. 33. Even though there are some small spikes in Figs. 32 

and 33, the difference between the reference and simulation is within 1-2% so the 

performance is closed enough to the reference.  

 

Fig. 29. Real and Reactive Power of Load Demand. 
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Fig. 30. Real and Reactive Power of PV Bus. 

 

Fig. 31. The Voltage Magnitude and Phase Angle of PV bus. 
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Fig. 32. Simulation of real power for fuel cell considered as a generator. 

 
Fig. 33. Simulation of reactive power for fuel cell considered as a generator. 
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6. 3 Comparison with Detailed Model 

 
In order to check the accuracy of the averaged model in the steady state, it is 

reasonable to compare the output power with the detailed model. Due to the high 

switching frequency in the detailed model, it is not practiced to run for a long time 

simulation, thus the test checks the result during a short time. The reference real and 

reactive powers give 160kW and 16kVar, respectively as shown in Figs 34 and 35. The 

solid line represents the output of detailed model and the dash-dot line is achieved from 

the averaged model. As one can observe from the figure, the averaged model is working 

very closely to the detailed model, and it is more accurate than the detailed one when 

following the reference. 

The table 4 contains the elapsed time for the detailed model and the averaged 

model of the PCS. As shown in Table 4, the elapsed time of the averaged model is 

smaller than the detailed model; even the simulation speed is approximately increased by 

7 times. Therefore, the averaged model is suitable to run the long time simulation. 

 
Table 4:The Comparison of the Elapsed Time between the Detailed and Averaged Model. 
 

Model Elapsed Time for 3 seconds 

The Detailed Model 132.8 seconds 

The Averaged Model 21.6 seconds 

 
 
 



48 
 

 
 

Fig. 34. Comparison of the real power output of two models. 

 

 
 

Fig. 35. Comparison of the reactive power output of two models. 
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CHAPTER SEVEN 
 

 Conclusion and Future Work 
 
 

7.1 Conclusions 

 
This thesis demonstrated the design and modeling of averaged methods of a 

power conditioning system (PCS) for the fuel cell power plant. There are two main tasks 

for the proposed PCS, which are DC link voltage regulation and power flow control. The 

main purpose of using the averaged model of PCS instead of detailed model is for a long-

time simulation such as several hours or days. It is also suitable to run the simulation for 

the fuel cell power plant connected to the grid. 

 For control strategies of each subsystem, the PI controller is adopted in the Buck-

Boost DC/DC converter and inverter control system, and stability for each control system 

is analyzed.  

The simulation results have validated the proposed PCS system. The results 

showed the proposed PCS can control the power flow very well to follow the active and 

reactive power reference for both short- and long-time simulation. 

 
7.2 Future Work 

 
The proposed averaged models of PCS improve the calculation speed, so it is 

suitable for studying the transient stability of fuel-cell power plant in grid-connected and 

standalone mode. When the fuel-cell power plant is in standalone mode, voltage and 

frequency droop control can be adapted to control the micro-grid. Due to disconnection 

from the grid, variations of frequency should be regulated. Thus, additional studies and 
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developments are needed to maintain the stability in the transient mode and standalone 

mode. 
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APPENDIX 
 

The PCS in Matlab Simulink 
 
 
The Fig. 36 shows the PCS built in Matlab Simulink. There are five main parts: DC/DC 

converter, DC/AC inverter, the feedback control for the DC bus voltage, the PQ 

controller for the inverter and the interface to calculate the data in PV bus. 

 

 
 

Fig. 36. The PCS in Matlab Simulink. 
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