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ABSTRACT 

The demand of energy is drastically increasing now days mainly in developing countries like 

Ethiopia. It is global and increasing demand in developed countries. The penetration of wind 

energy generation in to existing power system network is increasing rapidly during recent years. 

But Ethiopia electric power corporation is using wind power to solve electric power shortage 

in the existing grid. Currently 153MW from Adama II wind farm, 120MW from Ashegoda wind 

farm and 51MW from Adama I wind farm of the country’s power is generated from wind power. 

The number of Doubly- Fed Induction Generator has grown over the last few years in several 

countries. In Ethiopia, among the most commonly used generators Adama II wind farm use 

Doubly-Fed Induction Generator nowadays. Its stator is directly connected to the grid, whereas 

the rotor is tied via dual (back-to-back) converters. Doubly fed induction generator connected 

to a grid through back-to-back converter have problems, such as converter control, and power 

quality. Therefore, improving the reliability of the wind turbine system in power generation 

sector with optimal performances is one of the important tasks. A detail study of the 

performance of wind turbine systems in various case scenarios namely, using different pulse 

width modulation types namely, sinusoidal pulse width modulation (SPWM), third harmonics 

injection pulse width modulation (THIPWM), space vector pulse width modulation (SVPWM) 

and using different converter topologies are investigated. This thesis is mainly focused on back-

to back converter modeling and pulse width modulation techniques comparison in order to 

reduce voltage and current harmonic distortion and control real and reactive power. From the 

comparative study the DFIG based wind turbine system studied in this thesis, using either two-

level converter or three-level NPC converter using SVM achieve the IEEE 519 criteria of THD 

which is less than 5%.  Analysis and modeling have been developed using MATLAB/SIMULINK 

software based on data obtain from Ethiopian Electric Power (EEP) and Adama II wind farm 

site. 

Key Word: Back-to-Back Converter, PWM, DFIG, MATLAB/SIMULINK, SPWM, THIPWM 

SVPWM. 
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CHAPTER ONE 

1. INTRODUCTION 

1.1. Background of Study 

Renewable energy resources have gained significant attention of the industry and the 

academic researcher, because it is environmentally friendly [1]. Nowadays, wind power 

plants are becoming dominant in serving as source of renewable energy next to hydro power 

in Ethiopia. This is because of the advancement and better understanding of the technology, 

energy security, generation mix, and aim to decrease the greenhouse gases or global 

warming. The Doubly-Fed Induction Generators (DFIG) are currently the most popular wind 

generators in the market among variable-speed wind turbines used because of their high 

energy efficiency and controllability [2]. The main advantages of using variable-speed 

operation of wind turbines are: the possibility to reduce stresses on the mechanical structure, 

acoustic noise reduction, and the possibility to control active and reactive power [3].  

The general shape of the DFIG is that, its stator side is connected to the grid directly while, 

the rotor windings are connected to the grid via AC/DC/AC insulated bipolar power 

converter [4]. A typical block diagram of the DFIG in a wind energy system is shown in 

Figure 1-1.  

 

Figure 1-1: Block diagram of DFIG wind energy conversion system 

The interest focused on wind energy is due to the importance of this source of power in 

terms of quality of energy and its environmental impact. From this power, Adama II wind 

farm is one of the sources of power in Ethiopia, which is located in the middle of Ethiopia, 

about 7 km west of Nazret, and 3.5 km west of Adama I wind power project, with altitude 

elevation of 1741-2200m. The central geographical position of the wind power project is 

39⁰13̍6.46̎ E, 8⁰34̍48.12̎ N, stretching from Northeast to Southwest. The total installed 
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capacity of Adama II wind power project is of 102 turbines with a 1.5 MW each which gives 

153 MW. Since Ethiopia has high wind resource potential, Ethiopian Electric Power (EEP) 

has a plan to increase the power generated from wind more than 600 MW. Thus, the growing 

level of wind power penetration in to the power system requires detailed analysis of grid 

connected converters. 

In recent years, different back-to-back PWM power converters techniques have been 

developed to integrate wind turbines with the electrical grid. The use of power electronics 

converters allows for variable speed operation of wind turbines as well as enhanced power 

extraction. The converter system combined with the rotor of DFIG guarantees superior grid 

connection capabilities but the converter-inverter system used in wind farms generate 

harmonic emissions; hence it may result a power quality problem within the wind farm and 

the grid connected to it. This thesis focuses on developing various pulse width modulation 

and control methods for grid connected back-to-back converters so as to improve their 

performance in wind energy generation. 

In order to efficiently obtain the available power in wind and allow stable power flow at 

machine terminals, the control of DFIG is very important. As the voltage variation is directly 

related to real and reactive power variations, where the voltage is not stiffly constant, the 

DFIG may be ordered to produce or absorb an amount of reactive power to or from the grid 

as per the grid code requirements with the purpose of voltage control. Hence, adapting the 

well-known control methods employed with back-to-back converters in DFIG play a greater 

role. The rotor side voltage source converter is used to control stator active and reactive 

power; whereas the grid side voltage source converter controls the DC link voltage to be 

used as a stable voltage source. Grid voltage orientation technique is used in this paper for 

grid side voltage source converter control. Several types of research are still underway in 

investigating the best control strategies to improve the performance of DFIG [5], which 

shows a key emphasis of the machine. Even though design, simulation, as well as practical 

results from the previous studies, have offered useful hints for DFIG, there is a lack of detail 

analysis especially on regarding converter control issues. For this and adding an additional 

contribution, the study of DFIG through modeling and simulation in the well-known 

MATLAB/Simulink software would help to justify ideas that will be investigated in further 

works and control techniques. 

1.2. Statement of Problem 

The EEP has a plan to use wind power plants to solve the shortage of electric power supply. 

Modern wind turbines are equipped with power converters and generators, mainly Doubly 
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Fed Induction Generator (DFIG) and Permanent Magnet Synchronous Generator (PMSG). 

These thesis focus on DFIG, being a rotating electrical machine and switching in the power 

electronics converter, introduces harmonics that could result in voltage distortions at point 

of common coupling (PCC) to the grid. This effect increases as the number of DFIG wind 

energy conversion system (WECS) connected to the grid increases. The voltage distortions 

resulting from the rotor side voltage source converter of the power electronics converter 

cause increase in eddy current losses in the generator and the voltage distortion in grid side 

converter grid side voltage source converter resulting power quality problem at the grid. The 

power converters will affect the power quality, which can affect the operation and the 

reliability of the electrical grid. In this thesis, harmonics issue will be considered. The 

complete modeling of a back-to-back converter developed using a MATLAB-Simulink 

software. 

1.3. Objective of Study  

1.3.1. General Objective 

The main goal of this thesis is to develop enhanced back-to-back converter control strategies 

for DFIG based wind turbines and to investigate their performance in terms of harmonics 

distortion level and switching losses. 

1.3.2. Specific Objective 

 To model back-to-back PWM converter connected to the electric grid. 

 Analyze the performance of grid connected wind energy conversion system (WECS) 

employing DFIG machine with two level back to back Converters by implementing 

PI controller based SPWM, THIPWM, and SVPWM techniques.  

 Analyze the performance of grid connected DFIG based WECS with three level 

neutral point clamped (NPC) Converters by employing SVPWM techniques. 

 To simulate the system using MATLAB software. 

1.4. Significance of Study 

The benefits that can be achieving from this research are: 

 To reduce the cost and size of filter connected with grid by reducing the harmonics 

of converters output voltage and currents. It also increases the efficiency of the grid. 

 Since multilevel voltage source inverter is recently applied in many applications 

such as ac power supplies, flexible AC transmission systems, renewable energy 

sources, and active power filters and drive system, so having knowledge in such area 

can contribute to transfer technology of the above listed applications in Ethiopia. 
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1.5.  Scope of Study 

All studies for each of the above stated objectives will be modeled and simulated in 

MATLAB/SIMULINK simulation software. Renewable generation technologies currently 

existing in the fields are of many types, including solar, hydro power, wind power and 

biomass. Thus, this thesis focuses only on wind energy for case study on technologies mainly 

available in Ethiopia, particularly in the Adama II wind farm where wind power is found in 

abundance. All elements data type exist in MATLAB and all equipment specification are 

from data obtained at Adama II wind farm.  

1.6. Limitation of Study 

This study is limited to investigating the modeling and Control of dual converters for a grid 

connected wind power system of Adama II wind farm. There was a limitation of harmonics 

voltage and current data collector device. Furthermore, due to the provision of Internet 

accesses and other side effects on the research work during pandemic and un expected cases 

like Covid-19, there was a problem to collect farther data from the site. 

1.7.  Thesis organization 

The thesis is organized into five chapters which are briefly summarized below: 

Chapter one, presents the back ground, statement of problem, Objective of study and 

significance of study. It also highlights scope of study, limitation of study and thesis outline. 

The second chapter introduces the literature review, basic configurations and characteristics 

of different wind generator systems. This chapter further discusses the power converter 

topologies and pulse width modulation techniques to mitigate harmonic distortion. The third 

chapter briefly looks the detailed doubly-fed induction generator models expressed in the 

ABC reference frame and DQO reference frames, the PWM converter models and different 

control schemes for a wind turbine system, which include the grid-side converter control, 

machine-side converter control. The main focus is introducing a space vector PWM 

technology and compared with the traditional sinusoidal PWM and third harmonics injected 

PWM for a two-level inverter. Besides, a three-level neutral-point-clamped converter is 

studied, and the corresponding space vector modulation is developed. The fourth chapter 

present simulation result and discussion of a space vector PWM, third harmonics injected 

PWM and traditional sinusoidal PWM for a two-level converter, three-level converters and 

two-level converters modulated by space vector PWM. Finally, chapter five summarizes the 

main results and conclusions within the scope of the research work performed and reported 

in this thesis. Possible further research topics are also highlighted. 
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CHAPTER TWO 

2. LITRATURE REVIEW 

2.1. Introduction 

Factor that influences the performance and efficiency of wind energy system is proper 

selection of Pulse Width Modulation (PWM) technique that controls gating sequence of 

converters. The main objective of PWM technique is to generate a sinusoidal output voltage 

with minimum harmonic distortion in the grid side converter. PWM techniques are broadly 

classified into two types-Space Vector Pulse Width Modulation (SVPWM) and Triangle 

Comparison Pulse Width Modulation (TCPWM). Comparison of modulating signals with a 

high frequency triangular carrier signal is performed in TCPWM which results in generation 

of PWM signals. Thus, turn on and turn off instants of power semiconductor switches of the 

inverter will be decided. TCPWM technique is suitable to be employed for both single phase 

and three phase inverter circuits. In SVPWM, a rotating voltage vector is considered as the 

reference. For every sector rotation, the switching sequence of the inverter will change and 

output voltage is generated accordingly. The SIMULINK models of Space Vector Pulse 

Width Modulation and Sinusoidal Pulse Width Modulation techniques for three phase 

Voltage Source Inverter are developed using MATLAB and results are compared. Peak 

value of phase voltage obtained at the output of the grid inverter is much higher when 

SVPWM technique is employed [6]. It is observed that Space Vector Modulation technique 

utilizes DC bus voltage more efficiently and generates less harmonic distortion when 

compared with Sinusoidal PWM (SPWM) technique. Thus, prominence of SVPWM in three 

phase Voltage Source Inverters has increased and its application is extended for controlling 

Induction motors, Brushless DC, Switched Reluctance and Permanent Magnet Synchronous 

motors. 

With advances in solid-state power electronic devices, various converter control techniques 

employing pulse-width-modulation (PWM) techniques are becoming increasingly popular 

in induction motor drive applications. These PWM-based drives are used to control both the 

frequency and the magnitude of the voltages applied to machines [7]. Various pulse width 

modulation (PWM) strategies, control schemes, and realization techniques have been 

developed in the past two decades [8]. Modulation strategy plays an important role in the 

minimization of harmonics and switching losses in converters, especially in three-phase 

applications. The first modulation techniques were developed in the mid-1960s by Kirnnich, 

Heinrick, and Bowes as reported in [9]. The research in PWM schemes has intensified in 
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the last few decades. The main aim of any modulation technique is to obtain a variable 

output with a maximum fundamental component and minimum harmonics [10]. The carrier-

based PWM methods were developed first and were widely used in most applications. One 

of the earliest modulation signals for carrier-based PWM is sinusoidal PWM (SPWM). The 

SPWM technique was introduced by Schonung and Stemmler in 1964 as reported in [11]. It  

The utilization rate of the DC voltage for traditional sinusoidal PWM is only 78.5% of the 

DC bus voltage, which is far less than that of the six-step wave (100%). Improving the 

utilization rate of the DC bus voltage has been a research focus in power electronics [8]. 

This problem of the under-utilization of the DC bus voltage led to the development of the 

third-harmonic-injection pulse-width modulation (THIPWM). In 1975, Buja developed this 

improved sinusoidal PWM technique, which added a third-order harmonic content into the 

sinusoidal reference signal leading to a 15.5% increase in the utilization rate of the DC bus 

voltage [12]. Another method of increasing the output voltage is the space-vector PWM 

(SVPWM) technique. 

SVPWM was first introduced in the mid-1980s and was greatly advanced by Van Der 

Broeck in 1988 [13]. Compared to THIPWM, the two techniques have similar results but 

their methods of implementation are completely different. With the development of 

microprocessors, SVPWM has become one of the most important PWM methods for three-

phase inverters [14]. Many SVPWM schemes have been developed and extensively 

investigated in the literature. The goal in each modulation strategy is to lower the switching 

losses, maximize bus utilization, reduce harmonic content, and still achieve precise control 

[15]. 

The SVPWM technique utilizes the DC bus voltage more efficiently and generates less 

harmonic distortion when compared with the SPWM technique [12]. The maximum peak 

fundamental magnitude of the SVPWM technique is about 90.6% of the inverter capacity. 

This represents a 15% increase in the maximum voltage compared with conventional 

sinusoidal modulation.  In 1991, Holtz proposed a classical over-modulation technique 

based on SVPWM, which divided the over-modulation range into two modes of operation 

and increased the utilization rate of the DC voltage to that of a six-step wave [12,16,17]. 

Holtz proposed this technique using switching time calculations in the over-modulation 

region of SVPWM. In 1998, Lee analyzed Holtz’s over-modulation technique graphically, 

gave some approximate linear expressions between the modulation index and its own 

auxiliary parameter, and discussed the harmonic problem [18]. He showed that this 

technique generated less harmonic distortion in the output voltages (or) the currents applied 
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to the phases of an AC motor and provided more efficient use of the DC input voltage. 

Because of its superior performance characteristics, it has found widespread application in 

recent years. Accordingly, many other researchers have explored various aspects of this 

technique in the literature [12, 19]. 

2.2.  Basics of wind energy conversion system 

In this section, a detailed literature review describing various wind turbine generator, back-

to back converter and PWM modulation techniques are presented. More specifically, the 

related previous studies and researches on the modeling, control strategies, and the state-of-

the-art converter topologies applied in doubly-fed induction generator (DFIG) based wind 

turbine-generator systems can be presented.  

2.3.  Wind energy conversion system topologies 

Wind Energy Conversion Systems (WECS) have several different topologies depending on 

the type of machine used as well as the application. WECS can also be classified according 

to their speed of operation, that is, fixed-speed or variable-speed operation of the systems. 

The simple design and low maintenance of fixed-speed WECS made them popular in the 

past. This type of system consists of an induction machine connected directly to the grid. 

The term fixed speed is due to the fact that there is no speed control in this system and the 

operating speed is constant and not dependent on the changing wind speed. This means they 

can only achieve optimal aerodynamic efficiency at a single wind speed [20]. Variable speed 

WECS are more preferred owing to the ability for independent speed control. This is due to 

the technological advances in power converters. Furthermore, the ability to change the speed 

of operation of the generator allows the system to operate at higher aerodynamic efficiencies 

over a wider range of wind speeds [20]. In this section, some common topologies are 

discussed and then the one that is used for this thesis is outlined. 

2.3.1.  Squirrel Cage Induction Machine 

Squirrel Cage Induction machines are used for variable speed operation. The back to back 

converter is connected to the stator windings and has to be rated for the full machine power. 

Figure 2-1 below shows the layout of the Squirrel Cage Induction Generator (SCIG) wind 

energy conversion system (WECS) topology with full bridge back to back converters. 

According to [22], squirrel cage induction machines are not to be overlooked among the 

WECS technologies. They are low cost and have a low maintenance requirement which 

further reduces the cost. They are also robust and have the full speed range operation and 

complete control of active and reactive power [23]. However, the full power rating of the 
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converter can be costly. The back- to back converter is used to transfer the generated power 

from the SCIG induction machine to the three-phase grid. 

 

Figure 2-1: Layout out of SCIG WECS topology [21] 

2.3.2. Permanent magnet synchronous machine 

 

Figure 2-2: Layout of PMSG WECS topology [21]  

Figure 2-2 above shows the layout of Permanent Magnet Synchronous Generator (PMSG) 

WECS topology with back to back converter. This topology is used for variable speed 

operation made possible by the power converter. PMSGs do not require reactive power 

hence they can be connected with various converter topologies. PMSGs have the advantage 

of the full operating speed as well as independent control of active and reactive power 

exchanged with the grid. They do not require much maintenance because they have no 

brushes on the generator. However, PMSGs consist of permanent magnets which are rare 

earth metals, hence they become very expensive to make as the MW capacity increases. 

2.3.3. Doubly fed Induction machine 

A typical block diagram of the doubly fed induction generator (DFIG) wind energy system 

is shown in figure 2-3, the power factor of the system can be adjusted by the power 

converters. A DFIG WECS topology is the basis of this thesis. In this topology the back to 
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back converter is connected to the rotor windings resulting in a much lower rating for the 

converter, about 30 % of the stator power, which reduces the cost of the converter [21]. The 

stator is connected directly to the grid. There is independent control of the active and reactive 

power as well as a wide range of operating speed which is controlled by the machine side 

converter. 

 

Figure 2-3: Layout of DFIG WECS Topology with Full bridge back to back converters 

[21] 

The use of the converters also allows bidirectional power flow in the rotor circuit and 

increases the speed range of the generator. This system features improved overall power 

conversion efficiency, extended generator speed range (±30%), and enhanced dynamic 

performance as compared to the fixed-speed WECS. These features have made the DFIG 

wind energy system widely accepted in today's market. 

2.4. Two-level converter 

Two-level voltage source converter has been the most widely used power converter for three 

phase motor drive applications. Probably, due to the maturity obtained in the drives industry 

during more than a decade, the two-level voltage source converter was widely adopted by 

the wind turbine industry for use in large scale wind turbines in the late nineties [24].  In 

two-level inverter output voltage waveform is produced by using SPWM with two voltage 

levels, this causes the converter output phase to neutral, line to line voltage and current to 

be distorted and the total harmonics distortion (THD) of the voltage is poor. In high power 

and high voltage applications this two level inverter however, have some limitations in 

operating at high frequency mainly due to switching losses and constraints of device rating. 

2.5. Diode clamped or neutral point clamped (NPC) multilevel converter 

One of the traditionally accepted and widely used topology for various industrial and power 

sector applications is diode clamped or neutral point clamped converter which was proposed 
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by Nabae, Takahashi and Akagi in 1981[25]. The diode-clamped inverter is also known as 

neutral-point clamped (NPC) inverter. This inverter is consisting of two pairs of series 

switches (upper and lower). Each phase has complementary switch pairs such that turning 

on, one of the switches of the pair require that the other complementary switch be turned 

off. Here common dc voltage source is share by both upper and lower switches which is 

then subdivided by two series connected capacitor. In between two capacitor the midpoint 

is there which divides the main DC voltage into smaller voltages. As the two-level inverter 

has the drawback of achieving higher power levels so three level inverter configurations was 

developed to meet the requirement of high voltage level. Since all semiconductors are 

operated at a commutation voltage of half the dc-link voltage, the topology offered a simple 

solution to extend voltage and power ranges of the existing two-level technology, which 

were previously limited by the blocking voltages of power semiconductors with active turn-

on and turn-off capabilities. Hence, the converter was of particular interest for medium 

voltage applications. However, as the number of levels has increased the number of 

clamping diodes, switching devices and dc capacitors also increases, thus the circuit 

configuration becomes more complicated [26]. In general, for an m-level diode clamped 

inverter, for each leg 2(n − 1) switching devices, (n − 1) ∗  (n − 2) clamping diodes and 

(n − 1) dc link capacitors are required. Generally, the voltage across each capacitor for an 

m-level diode clamped inverter at steady state is 
Vdc

(n − 1)⁄ .  The operation of NPC 

topology is simple and straightforward but as the number of inverter levels increases, 

number of devices increases and also increased the capacitor voltage balancing which 

becomes a major problem. Hence, design and implementation become more complicated for 

higher number of levels. 

There are different modulation schemes to generate the desired converter voltage. 

Commonly applied modulation methods in industry for diode clamped inverter are the 

carrier-based sine-triangle modulation [27], based on multiple-carrier arrangements in 

vertical shifts. In addition, the space-vector modulation has been extended for the multilevel 

case. From all these modulation technique any one can be preferred depend on in which 

application this inverter is used, but the most preferable is carrier-based sine-triangle 

modulation in which the sine wave is compared with triangular wave and provide PWM 

signal for the switches used in the inverter and also its implementation is easy. 

Following are the advantages of diode clamped or neutral point clamed MLI 
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1. All the phases share a common dc bus, due to which the capacitor requirements for 

the converter minimizes. 

2.  As a group, capacitors can be pre-charged. 

3.  Converter efficiency is high. 

While the disadvantages are the number of switches, capacitors, and diodes required in the 

circuit increases with the increase in the number of output voltage levels. Currently, the 

three-level neutral point clamped inverter is the most widely spread topology in medium 

voltage drives. 

2.6. Flying capacitor (FC) MLI 

This inverter topology is similar to that of the NPC topology except the usage of clamping 

diodes. This inverter topology uses capacitors instead of clamping diodes. Flying capacitor 

MLI has capacitors on dc side and connected like ladder structure, where the voltage across 

each capacitor differs from that of the next capacitor. The voltage increment between two 

adjacent capacitor legs gives the size of the voltage steps in the output waveform. Similar to 

neutral point clamped inverter, the capacitor clamped inverter requires a large number of 

bulk capacitors of voltage clamping. The voltage rating of each capacitor used will be the 

same as that of the main power switch, therefore, an m-level converter will require a total 

of 
(𝑛−1)(𝑛−2)

2
 clamping capacitors per phase leg in addition to (n − 1) main DC-bus 

capacitors. Thus, as the number of levels has increased, more number of storage capacitors 

are required which results in a bulky and expensive structure when compared to diode 

clamped inverter topology [28].  

The main advantages of this topologies are as follows, 

1. Phase redundancy due to which balancing the voltage levels of the capacitors is 

possible. 

2. The large number of capacitors enables the inverter to ride through short duration 

outages and deep voltage sags. 

3.  Real and reactive power flows can be controlled 

The disadvantages are the requirement of more numbers of capacitors results in bulky and 

expensive structure than diode-clamped multilevel inverter and complex control is required 

to maintain the capacitors voltage balance so the inverter control is complicated for higher 

number of levels. 
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2.7. Cascaded H-Bridge (CHB) multilevel converter 

The basic idea of connecting single-phase H-Bridge inverters in cascade with multiple 

isolated dc supplies to realize multilevel waveforms was first introduced in 1990 for plasma 

stabilization. This topology structure has been subsequently extended for three-phase 

applications, such as reactive power compensation by Peng F.Z., et.al [29]. The CHB is 

designed by the series connection of H-bridge power cells. Each cell includes a single-phase 

H-bridge inverter, a capacitive dc-link, a rectifier, and an isolated voltage source. The 

number of output phase voltage level is given by m=2s+1, where s is number of separate dc 

sources and by cascading H bridges the inverter voltage get added. 

The three modulation techniques mentioned for the diode clamped inverter can also be 

implemented for the CHB but they present some drawbacks that makes them not the 

preferred for this inverter. So selective harmonic elimination (SHE) is slightly modified and 

referred as staircase modulation for CHB. For low-switching frequency applications, the 

staircase modulation is used. The main advantage of this method is that the converter 

switches very few times per cycle, reducing the switching losses to a minimum and low-

order harmonic are eliminated. However, this method needs important offline calculations 

to compute the angles for a variety of modulation indexes and is therefore not very suited 

for highly dynamic systems. Advantage of cascaded H bridge MLI are the number of 

possible output voltage levels is more than twice the DC sources  (n = 2s + 1), simple 

voltage balancing and no extra clamping diodes or voltage balancing capacitors are 

necessary. The separate DC sources are required for each of the H bridges is major 

disadvantage of the topology which increases cost of the inverter [30]. 

2.8. Switching devices  

There is a large variety of power semiconductors that function as switching devices in a 

converter such as metal oxide semiconductor field effect transistors (MOSFETs), insulated 

gate bipolar transistors (IGBTs), gate turn-off thyristors (GTOs), and integrated gate 

commutated thyristors (IGCTs). IGBTs were introduced on the market in 1988. Nowadays, 

they have become especially important for the “mass markets” of mains powered systems 

and equipment with a medium or high switching performance. With recent advances in 

semiconductor technology, IGBTs of a rating up till 6.5 kV with DC current ratings up to 

3.6 kA are commercially available today. The selection of semiconductor devices is always 

a compromise between controllability and dynamic requirements of the generator system on 

the one hand, and moderate losses on the other hand. In the DFIG based wind turbine, the 

IGBTs are clearly the dominating semiconductor devices used in various converter 
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topologies. They offer switch-on and switch-off capability and thus provide full 

controllability at a wide range of switching frequencies. 

 

Figure 2-4: Switching devices [31] 

 

 

Figure 2-5: switching frequency ranges for various power semiconductors [32] 

As shown in Figure 2-5, the upper limit of the frequency range is determined by the 

semiconductor switching losses and is approximately at 5 kHz for power applications. The 

lower limit is due to the increased harmonic generation at low switching frequencies and the 

corresponding increased filter size. Other switching devices like GTOs or IGCTs also offer 

switch-off capability, but work at lower switching frequencies. Therefore, in this study, the 

IGBTs are selected as the switching devices. 

2.9. Pulse width modulation techniques  

In power electronic converters, the electrical energy from one level of voltage/current/ 

frequency is converted into another using semiconductor-based electronic switch. The 
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essential characteristic of these types of circuits is that the switches are operated only in one 

of two states – either ON or OFF.  

As the power electronics industry developed, various families of power electronic converters 

have evolved, often linked by power level, switching devices, and topological origins. 

Application areas of power converters improved vastly in semiconductor technology, which 

offer higher voltage and current ratings as well as better switching characteristics. 

Meanwhile, the main advantages of modern power electronic converters are high efficiency, 

low weight, small dimensions, fast operation, and high-power densities. 

The process of switching the electronic devices in a power electronic converter from one 

state to another is called ‘modulation’. Each family of power converters has preferred 

modulation strategies associated with it that aim to optimize the circuit operation for the 

target criteria most appropriate for that family. Parameters such as switching frequency, 

distortion, losses, harmonic generation, and speed of response are typical of the issues that 

must be considered when developing modulation strategies for a particular family of 

converters. The output voltage of power inverter should be a pure sinusoidal waveform with 

minimum distortion. However, for practical inverters, the output voltage is a series of 

rectangular waveforms. The major issues for the control of the power inverters are to get 

suitable modulation methods to control the output rectangular waveforms to synthesize the 

desired waveforms. Therefore, a modulation control method is required to get a desired 

fundamental frequency voltage and to eliminate higher-order harmonics as much as 

possible. 

Modulation techniques are used for switching and operating inverters and controlled 

converters in order to produce output voltages and currents with higher qualities for different 

types of loads. By using these modulation techniques, the switching electronic device get 

the desired amplitude and frequency with the desired quality. Broadly, these modulation 

techniques can be subdivided into two classes [32]: Carrier based modulation and Carrier 

less modulation. There are many types of carrier-based modulation such as; 

1- Sinusoidal pulse width modulation (SPWM)  

2- Modified pulse width modulation (MPWM)  

3-Random pulse width modulation (RPWM) 

4-Third harmonic injection (THIPWM) 

5- Space vector modulation (SVM)   

Carrier less modulation, such as; 

1- Delta modulation (DM)  
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2- Specific harmonic elimination (SHE)  

3- Wavelet modulation (WM). 

The main aim of all of these techniques is to enhance the output of the converters in terms 

of the following reasons. In other words, these various techniques are designed to control 

the inverter switches in order to shape the output ac voltage and currents to be as close to 

sine wave as possible. The quality of these techniques can be measured by six factors:  

1- The amplitude of the fundamental output voltage,  

2- The harmonic content in the converter output,  

3- The switching losses,  

2.9.1. Sinusoidal pulse width modulation (SPWM) 

This modulation is the simplest technique that can be implemented in both two level and 

multilevel inverters [33]. Basically, in SPWM, two signals - a sinusoidal reference signal 

and a high frequency carrier signal (triangular signal) are compared to give two states (high 

or low). The amplitude of the fundamental component of the output voltage of the inverter 

can be controlled by varying Modulation Index (MI). Modulation Index is defined as the 

ratio of the magnitude of the reference signal Vr  to that of the magnitude of the carrier signal 

Vcr.Thus, by keeping  Vcr constant and varying Vr, the modulation index can be varied. This 

conventional pulse-width modulation is the most widely used technique all over the world 

because of its advantages. Some of the advantages of PWM based switching power 

converter over the other techniques can be in its easy to implement and control and in its 

compatibility with almost all the modern digital applications. However it has also some 

disadvantages that might reduce its volubility in some applications, such as its attenuation 

of the fundamental frequency amplitude, its THD is reduced by increasing the switching 

frequency but that will lead to the increase of switching losses; which means greater stresses 

on the associated switching devices and creation of high-frequency components with high 

amplitudes.  

2.9.2. Modified Pulse width modulation (MPWM) 

The main principle of the MPWM is based on the comparisons between two low-frequency 

modulating signals with a triangular high frequency carrier. The first modulating signal is 

similar to the fundamental signal of the desired output voltage. The other modulating signal 

is also similar to the first signal but with a phase shift of 180 electrical degrees. The 

advantage of the MPWM over the conventional SPWM is in the location of the first 

harmonic. Where the SPWM is pushing back the harmonics towards the high frequencies 

by which the first significant sideband of the output voltage spectrum is located in the 
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switching frequency sideband, However the MPWM is able to shift back the first significant 

harmonic to a frequency equal to twice of the switching frequency. This means that the THD 

of the MPWM is less than that of the SPWM with the same switching frequency, but the 

fundamental component is not too high. This method is easy to implement and control, but 

it has some disadvantages in high switching stresses on the semiconductor devices and also 

its effect of the harmonic content on the input side is high as well [34]. 

2.9.3.  Random pulse width modulation (RPWM) 

Random pulse width modulation technique is basically based on randomizing the frequency 

of the carrier signal in order to distribute the concentrated energy of the harmonic frequency 

of the inverter output voltage in a narrow high frequency band. The main purpose and 

advantage of this technique is to reduce the energy of the harmonics, which in turn will 

reduce the THD of the inverter output voltage. However, this action will also affect the 

energy of the fundamental frequency component, i.e. the amplitude of the fundamental 

frequency component will be reduced as well, which is the main disadvantage of this 

technique. Also, it has a significant drawback, which is the rapid deterioration of quality of 

operation at low values of modulation index. Moreover, randomizing the carrier frequency 

adds an extra switching losses and extra stresses to the semiconductor devices which in turn 

lead to add more harmonics to the current signal in the input side [34]. 

2.9.4.  Third harmonic injection PWM (THPWM) 

By injecting the third harmonic to the three-phase sinusoidal modulating signals, the inverter 

fundamental frequency voltage can also be increased without causing over modulation. In 

which, the modulating signal is composed of the fundamental component and the third 

harmonic component, making the signal somewhat flattened on the top. As a result, the peak 

fundamental component can be higher than the peak triangular carrier wave which boosts 

the fundamental voltage. 

The injected third harmonic component will not increase the harmonic distortion in the 

output voltage. Although it appears in each of the inverter terminal voltages, the third-order 

harmonic voltage does not exist in the line to line voltage. This is because the line to line 

voltage is given by the difference of the phase voltage relation, where the third-order 

harmonics in the phase voltage are zero sequence with the same magnitude and phase 

displacement and thus cancel each other. The main disadvantage of this technique is that 

there is no defined procedure for determining the proper amount of the added third harmonic 

component [35]. 
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In this work from different Pulse width modulation techniques space vector pule width 

modulation can present more detailed. The Space Vector Pulse Width Modulation is a fast, 

advanced and efficient Pulse width modulation technique among all others for voltage 

source inverter fed loads with superiority of good DC utilization voltage and less harmonic 

problems as compared to other techniques. It is a more advanced technique for generating 

sine wave that provides a higher voltage to the load side with lower total harmonic distortion. 

2.9.5. Space vector pulse width modulation (SVM) 

 The use of SVM based voltage source inverter is suitable for many high-power industrial 

applications such as wind energy conversion system as SVM shows good utilization of dc 

link voltage, easier implementation of the system, less switching loss, & also less total 

harmonic distortion. Consequently, inverter performance improves to a great level as the 

overall THD becomes reduced. In this thesis a topology of a two-level inverter and three 

level NPC based on space vector pulse width modulation technique is described. 

Sinusoidal pulse width modulation technique is often used for many applications for 

controlling the inverter. In this thesis space vector pulse width modulation technique is 

implemented and it is compared with sinusoidal pulse width modulation technique in view 

of voltage utilization and total harmonic distortion. SVM technique is more popular in these 

days compared to conventional techniques because of its excellent features such as more 

efficient use of DC supply voltage, more output voltage than conventional modulation, lower 

total harmonic distortion and prevent un-necessary switching hence less commutation 

losses.  The objective of SVM technique is to approximate the reference voltage vector using 

the eight switching patterns. In the implementation of SVM, determination of reference 

voltage, switching time duration, and switching time of each switch, are vital steps and 

switching sequence should be such that it gives less switching losses. 
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CHAPTER THREE 

3. METHODOLOGY 

3.1.  Introduction 

In this chapter, a necessary collected data required for this study has been described in the 

appendix. The study is based on Adama II wind farm which is found in the middle of Ethiopia, 

about 7 km west of Nazret, and 3.5 km west of Adama I wind power project and its generator 

and converter data has been collected. To analysis the performance of DFIG WECS, all 

procedures and mathematical modelling of doubly fed induction generator and grid 

connected converter with filter using various modulation technique and finally model the 

system using MATLAB software. 

3.2.  Steady State Model of the Doubly Fed Induction Machine 

In order to set a good basis for understanding of the machine behavior, a brief look at the 

steady state model is presented below. The steady state model of the induction machine is 

very useful in testing the performance of the machine in steady sate. The dynamic behavior 

of the machine will then be developed with this understanding.  

The following assumptions are made about the machine so as to allow for it to be modelled 

in steady state [36]; 

1. The stator is supplied by balanced and constant three-phase ac signals from the 

grid, i.e. frequency and voltage amplitude. 

2.  The rotor is also supplied by balanced and constant three-phase ac signals through 

the back to back power converters independently from the stator. 

The above assumptions are incorporated into the development of the electric models and 

derivations of the electric equations. The doubly fed induction machine is made of a stator 

and a rotor each carrying three phase windings which are spatially shifted by 1200. The 

rotor is mounted on bearings and separated from the stator by a gap known as the airgap. 

The two sets of windings are independently supplied and below are the equations of the 

balanced three-phase currents flowing through the windings [36]. 

                                                       

0i = i cos(120 )a m

0i = i cos(ω -120 )m tb

0i = i cos(ω +120 )c m t                                                     (3.1) 
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In the stator, when the windings are supplied by a balanced three-phase voltage at the grid 

frequency fs, a stator flux is induced in the air gap and rotates at synchronous speed which 

is given by [37] and p is the number of pole pairs; 

                                                        

120fsn =s
p                                                                              (3.2) 

 

This flux then induces an emf in the rotor windings. The angular frequency of the 

induced rotor voltages and currents is given by [36]; 

                                                       
ω = ω -ωr s m                                                                     (3.3) 

ωr is the angular frequency of the voltage that is supplied to the rotor winding externally, 

ωm is the machine’s electrical angular frequency and is related to the mechanical angular 

speed Ωm in [37] as; 
ω = pΩm m  

The relationship between the stator and rotor angular frequency can now be looked at 

below; 

                                                        

ω -ωs ms =
ωs                                                                    (3.4) 

s is the slip of the rotor; 

Rotor frequency can also be expressed as; 

                                                             
f = sfr s                                                                                 (3.5) 

The machine can be operated in the following three modes and the sign of the slip is 

determined by the mode in which the machine is operating. 

3.2.1.  Sub-synchronous speed mode  

Figure 3.1 illustrates the case where the rotor magnetic field rotates at a slower speed than 

the stator magnetic field. 

 

Figure 3-1: Sub-synchronous operating mode of DFIG [38] 
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The machine is operated in the sub-synchronous mode, i.e., ωm < ωs,  

 If and only if its speed is exactly ωm = ωs −ωr > 0, s > 0 and 

 Both the phase sequences of the rotor and stator magnetomotive force are the same 

and in the positive direction, as referred to as positive phase sequence (ωr >  0). 

This condition takes place during slow wind speeds. In order to extract power from 

the wind turbine, the following conditions should be satisfied: 

 The rotor side VSC shall provide low frequency AC current for the rotor winding. 

 The rotor power shall be supplied by the DC bus capacitor via the rotor side 

voltage source converter (VSC), which tends to decrease the DC bus voltage. The 

grid side VSC increases/controls this DC voltage and tends to keep it constant. 

Power is absorbed from the grid via the grid side VSC and delivered to the rotor 

via the rotor side VSC. During this operating mode, the grid side VSC operates as a 

rectifier and rotor side VSC operates as an inverter. Hence power is delivered to the 

grid by the stator. 

3.2.2.  Super-synchronous speed mode  

The super-synchronous speed mode is achieved by having the rotor magnetic field rotate 

counterclockwise. Figure 3.2 represents this scenario. However, in order to represent the 

counterclockwise rotation of the rotor, which is analytically equivalent to inverting the 

direction of the rotor magnetic field. 

 

Figure 3-2: Super-synchronous operating mode of DFIG [38] 

The machine is operated in the super-synchronous mode, i.e., ωm > ωs,  

 if and only if its speed is exactly ωm = ωs − (−ωr) > 0, s < 0 and 

 The phase sequence in the rotor rotates in opposite direction to that of the stator, i.e., 

negative phase sequence  (ωr <  0). This condition takes place during the condition 
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of high wind speeds. The following conditions need to be satisfied in order to extract 

maximum power from the wind turbine and to reduce mechanical stress: 

 The rotor winding delivers AC power to the power grid through the VSCs.  

 The rotor power is transmitted to DC bus capacitor, which tends to raise the DC 

voltage. The grid side VSC reduces/controls this DC-link voltage and tends to keep 

it constant. Power is extracted from the rotor side VSC and delivered to the grid. 

During this operating mode, the rotor side VSC operates as a rectifier and the grid 

side VSC operates as an inverter. Hence power is delivered to the grid directly by 

the stator and via the VSCs by the rotor. 

3.2.3.  Synchronous speed mode  

The synchronous speed mode is represented by figure 3.3. 

 

Figure 3-3: Synchronous operating mode of DFIG [38] 

The machine is operated in the synchronous speed mode, i.e.,  ωm = ωs, 

 If and only if its speed is exactly ωm = ωs − 0 > 0, s = 0 and 

 The phase sequence in the rotor is the same as that of the stator, but no rotor 

magnetomotive force is produced ( ωr = 0). The following conditions are necessary 

in order to extract power from the wind turbine under this condition: 

 The rotor side converter shall provide DC excitation for the rotor, so that the 

generator operates as a synchronous machine. The rotor side VSC will not provide 

any kind of AC current/power for the rotor winding. Hence the rotor power is zero 

(Pr = 0). 

 A substantial amount of reactive power can still be provided to the grid by the stator. 

As per the operating modes described above, at any wind speeds a wide range of 

variable speed operation can be performed to achieve maximum wind power 

extraction. 
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3.2.4. Steady-State Equivalent Circuit of DFIG with Rotor-Side Converter 

In order to investigate the steady-state performance of the DFIG wind energy system, the 

rotor-side converter can be modeled by equivalent impedance. Figure 4.1 shows a steady-

state equivalent circuit of DFIG WECS. This equivalent circuit is developed by adding the 

converter equivalent impedance to the SCIG steady-state model. The equivalent impedance 

of the converter is defined by [39]; 

 

Figure 3-4: Steady-state equivalent circuit of DFIG with the rotor-side converter [39] 

                                                
Z = R + jX = R + jω Leq eq eq eq eqsl                                          

(3.6) 

Where ωsl is the angular slip frequency and Leq is the equivalent inductance of the rotor 

side converter. The frequency of the rotor current in the actual rotor winding flowing into 

the converter is the angular slip frequency not the stator frequency ωs. In order to integrate 

the converter equivalent impedance into the steady-state model with the stator frequency 

ωs. The impedance Zeq should be divided by slip (s). The equivalent impedance referred to 

the stator side is then given by [39]; 

                                            

jω LZ R Reqeq eq eqsl= + = + jω Leqsls s s s                                     (3.7)                  

Where, ωsl = sωs 

Assuming that the stator operates at a unity power factor, the air-gap power of the generator 

can be calculated by 

                                                    
P = 3(V - I R )Iag s s s s

          (3.8) 

From the induction machine theory, the air-gap power can also be calculated by 

                                                           

ω Ts mP =ag
P                                                              (3.9) 

Where Tm is the mechanical torque and P is the number of pole pairs of the generator. 
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Substituting equation (3.9) into (3.8) yields 

                                                     

ω Ts m = 3(V - I R )Is s s s
P                                                     (3.10) 

Solving equation (3.10), we have 

                                                   

2 s m s
s s

s

4R T ω
V ± V -

3P
Is =

2R
                                               (3.11) 

With the magnitude of the stator current calculated, we can use the equivalent circuit of 

Figure 3-4 to find the rotor voltage Vr and rotor current Ir. The voltage across the 

magnetizing branch is given [39] as; 

                                                 
V = V - Is(R + jω L )m s s s ls                               (3.12) 

Where the stator voltage and current are given by 

                                                           

0V = V < 0s s

0I = I <180s s                                                                        (3.13)   

The stator voltage and current are 180° out of phase, indicating that the DFIG is in the 

generating mode and the stator power factor (PF) is unity. The magnetizing current can be 

determined by [39]; 

                                                        

VmIm =
jω Lms                                                      (3.14) 

The rotor current is 

                                                          
I = I - Ir s m                                                      (3.15)    

The rotor voltage can be calculated by [39]; 

                                                 

V Rr r= V - I ( + jωL )m r lrs s                                (3.16 

From which 

                                                
V = sV - I (R + jsω L )r m r r s lr                               (3.17) 

The rotor voltage and current relate to the equivalent resistance Req and reactance Xeq by 

                                                     

RV /s eqr = + jX /seq
I sr                                          (3.18)     

Case 1: Equivalent Impedance of Rotor-Side Converter 
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A 1.5 MW, 690 V, 50 Hz, 1500 rpm DFIG wind energy system. The parameters of the 

generator are given in Appendix D. The stator power factor is unity. This case study 

investigates the relationship between the rotor voltage, rotor current, and the equivalent 

impedance of the rotor-side converter when the DFIG operates at super synchronous, 

synchronous, and sub synchronous speeds. 

In the manufacturer manual named “ABB wind turbine converters: System description and 

start-up guide: ACS800-67 wind turbine converters”, it is mentioned as Xls and Xlr are 

typically about 5% of the Xm. Rs and Rr are typically about 0.5% of the Xm.  

Converter Equivalent Impedance at 1800 RPM (Super synchronous Mode): 

From Equation (3.11), the rated mechanical torque is calculated [39]; 

                                                  

2 23P[V - (2R I - V ) ]s s s sT =m
4R ωs s                   (3.19) 

In the manufacturer’s manual, the rated stator current, Is is given as 1110A.  It has negative 

sign during generating mode. Thus, Rated Mechanical Torque, Tm can be calculated us:  

2
2

2 2

690 690
6[ {2*0.006243*1110 ( )}

3 [ (2 ) ] 3 3
8.2984 8.3

4 4*0.006243*2*50*

s s s s
m

s s

P V R I V
T kNm kNm

R 

 
 

   

 

Where, P is number of pole pairs 

Using the equivalent circuit of Figure 3-4, the voltage across the magnetizing branch is 

                                           
V = V - Is(R + jω L )m s s s ls                                                            (3.20) 

                       

690 0Vm = -1110 180 [0.006243+ (j100*pi*0.0001988)]
3



 

                                                         
0= 411.19 9.71  

The magnetizing current is calculated by 

                                                       

Im m

s

V

j Lm


                                                                          (3.21) 

                                            

0411.19 9.71
Im =

0(100*pi*0.003976) 90



  

                                                    
0= 329.10 -80.29 A  

From equation (3.15) the rotor current is  



   25 
 

                                                  

-1110-[55.522- j324.5A]

0=1290.852 -15.56    

The rotor voltage from equation (3.17) is calculated us:  

-0.2[405.30 + j69.333[-[9 -1165.522 + j324.5)* 0.011014- j0.2*100pi*0.0001988}]
  

                                                        = 78.99 23.92  

Where 

                                                       

ωs -ωr
s = 0.2

ωs
 

      

The equivalent impedance for the rotor-side converter is given by 

                                                        

Vr
Zeq =

Ir                                                                          (3.22) 

0
0

0

78.99<23.92
0.065 39.48 0.05 0.04133

1209.852<-15.56
eqZ j       

From which 

                                                       

Re 0.05

Xeq = 0.04133Ω

q  

 

Following the same procedure, the calculated rotor voltage, rotor current, and the equivalent 

impedance of the rotor-side converter in the subsynchronous mode (1250rpm) and 

synchronous (1500rpm) are summarized in Table 3-1. For the convenience of comparison, 

the calculated results for the DFIG operating in supersynchronous (1800). 

Table 3-1: Equivalent impedance of RSC in 1.5 MW/690 V DFIG WECS (PF = 1) 

Rotor speed (rpm) 1250 1500 1800 

mT (kNm)
 

-4.091 -5.8909 -8.3 

Slip 0.1667 0 -0.2 

rV  (V)
 

76.89<5.840 9.59<-21.890 79.02<23.910 

rI  (A)
 

664.72<25.730 865.78<-21.890 
1209.852<-15.560 

eqR  ( )
 -0.0986 

-0.0111 0.05 

( )eqX 
 

-0.0606 

0 0.042 
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From the above table 3.1 analysis, it can be remarked that at synchronous speed, the rotor 

equivalent reactance is zero implying due to DC excitation, DC current flowing into the 

rotor circuit by the rotor side converter. 

Case 2: Steady-State Analysis of DFIG in WECS with stator power factor (PF = 1) 

To facilitate the steady-state analysis of the DFIG wind energy system, the equivalent circuit 

of Figure3-4 can be rearranged as shown in Figure 3-5, where the mechanical power Pm, the 

rotor power Pr , and stator and rotor winding losses, Pcu,s and Pcu,r can  be easily calculated 

by a general equation of  P = 3I2R. The rotor power Pr is the power transferred from or to 

the rotor-side converter. 

Neglecting the rotational losses Prot of the turbine, the power transferred or dissipated in the 

generator can be calculated by [39]; 

                                                        

2

e

2

r e

2

,

2

,

3 ( R )(1 ) /

P 3 R

3 R

3 R

P 3 cos

m r r q

r q

cu r r r

cu s r s

s s s s

P I R s s

I

P I

P I

V I 

  








                                    (3.23) 

Where Ps is the stator power and  ɸs is the stator power factor angle. The power delivered 

to the grid, Pg, is the sum of the stator and rotor power, given by 

                                                          

P + Pr s
P =g

P - Ps r



                                                                    (3.24) 

During a super synchronous operating mode, equivalent resistance Req of the rotor-side 

converter has a positive value and the rotor power Pr is positive. This implies that the 

resistance Req consumes power similar to the winding resistances Rr and Rs. In reality, the 

rotor power Pr is not dissipated in Req, but transferred from the rotor to the grid through the 

converters. In the sub synchronous mode, Req has a negative value and the rotor power Pr 

is also negative. This indicates that the rotor circuit receives power from the grid through 

the converters. 
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Figure 3-5: Steady-state equivalent circuit of DFIG WECS [39] 

This case is a continuation of previous case 1, where the equivalent impedance for the rotor-

side converter of a 1.5 MW/690 V DFIG wind energy system was developed. The steady-

state operation of the system at the super synchronous, synchronous, and sub synchronous 

speeds is analyzed below. 

DFIG Operation at Rotor Speed of 1800 Rpm (Super synchronous Mode): 

At the rated rotor speed of 1800 rpm, the rotor current calculated in Case 1 is 1209.86A, 

from which the mechanical power of the generator is calculated: 

                                                                
P = T .ωm m m                                                               (3.25) 

                                                       

8294.4*1800*2*pi/60

       =1.56MW  

The rotor power is 

                                                              

2P = 3I Rr r eq
                                                        (3.26)   

                                                           

23*1209.86 *0.05

   = 219.56KW  

The rotor and stator winding losses are 

                                                               
2P = 3I Rcu,r r r                                                            (3.27) 

                                                           

23*1209.86 *0.011074

     = 48.63KW  

                                                                
2P = 3I Rcu,s s s                                                         (3.28) 

                                                          

23*1110 *0.006243

    = 23.1KW  

The stator active power is 

                                                            sP = 3V I coss s s 
                                                       (3.29) 
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03*690/ 3*11108cos(180 )

     = -1326.58KW  

Where the stator power factor angle ɸs is 180° since the DFIG operates in the generating 

mode with a unity power factor. The total power delivered to the grid at Super synchronous 

Mode is 

                                                                  
P = P + Pg s r                                                      (3.30) 

                                                           

1326.58 + 219.56

   =1546.14KW  

The difference between Pm and Pg is the losses on the stator and rotor windings, that is, 

                                          
P = P + P = P - Pcu,r cu,s m gloss                                                    (3.31) 

                                                            

48.63+ 23.1

   = 71.73KW  

                                                              

Pm - Pg 

1609.16 -1546.14

  = 63.02KW  

There is small deviation between two cases  

                                                     71.73-63..02 = 8.71KW    

The efficiency of the DFIG is  

                                                                 

Pg
 η =

Pm                                                                        (3.32) 

                                                              

1546.14
= 96.1%

1609.16  

DFIG Operation at the Synchronous and Sub synchronous Speeds following the same 

procedure presented above. Table 3.2 summarizes the calculation results. It is noted that in 

the sub synchronous mode the rotor circuit receives power from the grid through the 

converters.  

Table 3-2: Three operating modes of 1.5 MW/690V DFIG WECS (PF = 1) 

Operating 

mode 
Subsynchronous 

operation (1250rpm) 

Synchronous 

operation 

(1500rpm) 

Supersynchronous 

operation (1800rpm) 

Slip 0.1667 0 -0.2(rated) 

T (kNm)m  4.091 5.8909 8.3 
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R (Ω)eq
 -0.0986 -0.0111 0.05 

X (Ω)eq
 -0.0606 0 0.042 

I (A)s  533.2434 765.1 1110 

P (kW)m  535.512 925.34 1609.16 

P (kW)r  130.7 24.961 219.56 

P (kW)s  637.29 914.383 1326.58 

P (kW)g
 506.59 889.422 1546.14 

η(%)  94.6 96.12 96.1 

3.3. Dynamic modelling of the doubly fed Induction machine 

Nowadays doubly fed induction machine has been widely used in wind power generation 

system. These types of machines can be used resolutely as a generator or a motor. Though 

demands as motor is less because of its mechanical wear at the slip rings but they have 

gained their prominence for generator application in wind and hydro power plant because 

of its obvious adoptability capacity and nature of controllability of power. Before 

proceeding to the control and analysis of the machine for its performance, a model of the 

machine in space vector form using Clarke and park transformations is very important to 

facilitate the simulation and implementation of control schemes in wind power systems. The 

Induction Generator space-vector model is generally composed of three sets of equations: 

voltage equations, flux linkage equations, and motion equation [40].  

3.3.1.  State space model in the a-b-c natural frame 

The Doubly-fed induction machine (DFIM) is provided with laminated stator and rotor cores 

with uniform slots in which three-phase winding are placed as shown in Figure 3-4. Usually, 

the rotor winding is connected to copper slip-rings. Brushes on the stator collect the rotor 

currents from the rotor-side static power converter. For the time being, the resistances of 

slip-ring-brush system are lumped into rotor phase resistances, and the converter is replaced 

by controllable voltage source. The three-phase model of a DFIG can be described as: 
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Figure 3-6: Three-phase stator and rotor windings of the DFIG [40] 

From the ideal model above, the following equations showing the relationship of the 

instantaneous stator voltages to the currents and fluxes of the machine are obtained [41]. 

                                             

dψ (t)
AsV (t) = R i (t) +sAs As dt

dψ (t)
BsV (t) = R i (t) +sBs Bs dt

dψ (t)
CsV (t) = R i (t) +sCs Cs dt









                                                       (3.33) 

The rotor electric relationships can be described by the equations below [40]                                                                                                                                                                                                               

ar
r ar

br
br br

cr
cr cr

dψ (t)
V (t) = R i (t) +ar

dt

dψ (t)
V (t) = R i (t) +s

dt

dψ (t)
V (t) = R i (t) +s

dt









                                                  (3.34) 

From the above equations, a complete representation of the DFIG is shown below in figure 

3-5 [40]; 
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Figure 3-7: Equivalent circuit of the DFIG [40] 

Where iAs(t), iBs(t), iCs(t) are the three-phase stator currents; iAr(t), iBr(t), iCr(t) are the 

three-phase rotor currents; VAs(t), VBs(t), VCs(t) are the three-phase stator voltages; 

Var(t), Vbr(t), Vcr(t) are the three-phase rotor voltages; ΨAs(t), ΨBs(t), ΨCs(t) are the three-

phase stator flux linkages;  Ψar, Ψbr, Ψcr are the three-phase rotor flux linkages; Rs and Rr 

are stator and rotor resistances. The stator equations are represented in the stator natural 

frame, and the rotor equations are described in the rotor natural frame. 

3.3.2. Clarke transformation 

Considering a symmetrical three phase induction machine with stationary a-phase, b-phase 

and c-phase axes are placed at 120◦ angle to each other, as shown in Figure 3-8. The main 

aim of a Clarke transformation is to transform the three-phase stationary frame variables 

into a two-phase stationary frame variables α - β, and vice versa. Any three-phase voltage 

or current χ in a-b-c components can be converted into α - β components via Clarke 

transformation and can be represented in the matrix as; 
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Figure 3-8: a-b-c to α - β axes transformation of stationary frame 

                                                         

χ Χα a

χ = Tc Χ
β b

Χχ co

   
   
   
   
                                                                         (3.35) 

Where Tc is the transformation matrix of Clarke transformation. 

                                                        Tc=  
2

3
 

[
 
 
 
 0 −

1

2
−
1

2

0
√3

2
−
√3

2
1

2

1

2

1

2 ]
 
 
 
 

                                                                     (3.36) 

χ0 is the zero-sequence component, which equals to zero for symmetrical three phase 

variable. The reference transformation of stator and rotor currents are described as follows, 

and the reference frames can be seen in Figure 3-8. 

                                                       

i iαs as

i = Tc i
βs bs

ios ics

  
  
  
  
                                                                            (3.37) 

 

Figure 3-9: Transformation between stationary reference frames for stator and rotor 
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i iαr ar

i = Tc i
βr br

ii cror

   
   
   
   
                                                            (3.38) 

Where i0s and  i0r are the zero sequence components of stator and rotor current, 

respectively. The rotor variables represented in the rotor stationary reference frame can be 

referred to the stator stationary reference frame by a transformation matrix Tr, as shown in 

Figure 3-9. 

                                                       

si iαr αr
= Ts r ii βrβr

   
   
                                                                       (3.39) 

Where 

                                                             Tr = [
cos θr − sin θr
sin θr cos θr

]                                                    (3.40) 

3.3.3.  Park transformation           

A Park transformation transfer variable from a two-phase stator stationary reference frame 

to a two-phase rotating reference frame through the rotation transformation matrix Tp(θ), as 

shown in Figure 3-10.  

                                                        

i iαsds
= T )

p(θ iiqs βs

   
   
                                                             (3.41) 

Where Tp(θ) is the transformation matrix, 

                                                                 Tp(θ) =  [
cos θ − sin θ
sin θ cos θ

]                                                (3.42) 

where θ is the angle between d-axis and α-axis. 

The same transformation in general orthogonal coordinates, rotating at genetic electric speed 

ω = 
 dƟ

dt
 , is valid for all currents and flux linkages.  

 

Figure 3-10: Transformation of reference frames 
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The transformation from three-phase (a-b-c) to two-phase stationary reference frame (α-β) 

and to a two-phase rotating reference frame (d-q) is summarized in Figure 3-10. 

For the design of controllers, the stator and rotor equations should be referred to the same 

reference frame. The stator equations in the stator stationary reference frame αs, βs can be 

derived from (a-b-c) three-phase model by using Clarke transformation Tc: 

                                                            UαS = Rsiαs + 
dΨαs

dt
                                                             (3.43) 

                                                            Uβs = Rsiβs + 
dΨβs

dt
                                                                (3.44) 

where iαs and iβs are α-axis and β-axis stator currents, respectively; Ψαs and Ψβs are α-axis 

and β-axis stator-flux linkages, respectively. 

The state variables in equation below are aligned with the rotating d-q frame by substituting 

the Park transformation matrix Tp(θ) into equation (3.43) and equation (3.44), after the 

computations of each variables from stationary to rotating reference frame, the equations 

can be written as: 

                                                  

dψ
dsU = R i + -ωψs qsds ds dt                                             (3.45) 

                                                 

dψqs
U = R i + -ωψqs s qs dsdt                                            (3.46) 

where all the variables are in rotating reference frame, ω is the rotation speed. The last terms 

in equation (3.45) and (3.46) can be defined as speed emf due to rotation of the axes, that is, 

when ω = 0, the equations revert to stationary form. 

Since the rotor actually moves at speed ωr against to the stator, the d-q axes fixed on the 

rotor move at a speed ω−ωr. Therefore, in d-q frame, the rotor equations represented in 

the d-q frame as: 

                                       
 

dψ
drU = R i + - ω-ω ψr r qrdr dr dt                                              (3.47) 

                                       

dψqr
U = R i + + (ω-ω )ψqr r qr r drdt                                            (3.48) 

Figure 3.9 shows the equivalent circuits for d-q dynamic model that satisfy equations (3.45)-

(3.48), in whichUs =  Uds + jUqs, is, ir, Ψs, Ψr can be presented in the same form, Ls =

Lls + Lm is the stator self-inductance;  
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Lr = Llr + Lm is the rotor self-inductance; Lls is the stator leakage inductance; Llr is the 

rotor leakage inductance;  Lmis the mutual inductance. The flux linkage expressions in terms 

of the currents can be obtained as follows: 

                                               

ψ = L i +L is mds ds dr

ψ = L i +L iqs s qs m qr



                                                                     (3.49) 

                                               

ψ = L i +L ir mdr dr ds

ψ = L i +L ir qr m qsqr




                                                                     (3.50) 

   

Figure 3-11: Dynamic d-q equivalent circuits of machine 

The electromagnetic torque equation is represented as: 

                       
T = ψ i -ψ i = L (i i ) = ψ i -ψ ie qs qs m qs qr qrds ds dr dr dr                             (3.51) 

The active and reactive stator power equations are presented as: 

                                                    

3
P = (U i + U i )s qs qsds ds2                                             (3.52) 

                                                    
s

3
Q = (U i - U i )qs qs qsds2                                                   (3.53) 

With the mathematical equations for computing the active and reactive powers of rotor side 

                                                     

3
P = (U i + u i )r qr qrdr dr2                                                         (3.54) 

                                                     
r

3
Q = (U i + u i )qr qr qrdr2                                                      (3.55) 
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3.4. Back-to-Back voltage source converter (VSC) models  

The AC/DC/AC converter model based on two-level voltage source converter topology is 

widely used in renewable energy systems. The converter provides good abilities to transmit 

the generated power from wind turbine to grid effectively, respond quickly and accurately. 

Nowadays, some kinds of power electronics semiconductors are popular [42], including 

Power MOS Field Effect Transistors (Power MOSFETs), Gate Turn Off Thyristors (GTOs), 

and Insulated Gate Bipolar Transistors (IGBTs). The AC/DC/AC converter usually utilizes 

IGBT devices in the power industry. The IGBT combines the advantages of the MOSFETs 

and the advantages of the bipolar transistors by using an isolated gate FET as the control 

unit, and utilizing a bipolar power transistor as the switch to transmit high currents. The 

IGBT is used in medium to high power applications. The control unit in an IGBT is much 

simpler than a GTO, and the switch frequency can be up to 40 kHz. High power IGBT 

modules may consist of many devices in parallel and can have very high current handling 

capabilities. 

Figure 3-12 shows a typical a back-to-back converter consists of two converters, i.e., the 

left-hand side is an AC/DC converter (machine-side converter) and the right-hand side is a 

DC/AC converter (also called grid side converter) with a DC-link capacitor which is placed 

between the two converters. The main objective for the grid-side converter is to keep the 

variation of the DC-link voltage small. With the control of the generator-side converter, it 

is possible to control the torque, the speed of a DFIG as well as its active and reactive power 

at the stator terminals. 

 

Figure 3-12: A typical AC/DC/AC converter 

Actually, these two types of converters are very similar to each other, the fundamental 

control theories of these two types of converter are almost the same.  
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3.4.1. Three-phase voltage source converter model  

The main power circuit of a three-phase PWM voltage source converter is shown in Figure 

3-13. It consists of six IGBTs with six antiparallel freewheeling diodes, three-phase AC 

input inductances and resistances, and a DC output capacitor. 

  

Figure 3-13: Configuration of a PWM voltage source rectifier [43] 

Here, ea(t), eb(t) and ec(t) are the three-phase voltage sources  as a feed node in the power 

system, Rg, is the AC side resistances, and Lg, is the AC side inductances. Here, C, is the 

DC-link capacitor, RL, is the load resistance, while, iag, ibg and icg, are the input currents of 

a three-phase PWM rectifier. Here also, idc, is the DC-link current, iL, is the load current, 

and Vdc, is the DC-link voltage. 

First, let us define Sk( k = a, b, c ) as the switch function of phase, k. Based on the principle 

that any two switches in the same leg cannot be on at the same time, one can write the 

following definition [44]: 

                                               

1 The upper IGBT is ON
S =

K 0 The upper IGBT is OFF



                                     (3.56) 

Applying Kirchhoff’s laws to the circuit of Figure 3-13, the instantaneous values of the 

currents can be obtained, and written as following: 

                                              

diag
L = e - R ig a a ag

dt

di
bg

L = e - R ig b b bgdt

dicg
L = e - R ig c c cg

dt










                                     (3.57) 
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Here, V(a,o), V(b,o), and V(c,o), are the voltages from the AC side of the PWM rectifier to the 

power neutral point 0, and can be obtained by using the following equations: 

                                                

V = V ) + V )
(a,o) (a,N (N,o

V = V ) + V )
(b,o) (b,N (N,o

V = V ) + V )
(c,o) (c,N (N,o







                                                         (3.58) 

Where, V(N,O), is the voltage from point N to point 0. Here, V(a,N), V(b,N) and V(c,N), are the 

voltages from the AC side of the PWM rectifier to point N. 

For a balanced three-phase system, one can write: 

                                            V(a,o) + V(b,o) + V(c,o) = 0                                                      (3.59) 

Substituting from equation (3.58) into (3.59), the following equation can be deduced: 

                                      

V(a, N) + V(b, N) + V(c, N)
V(N,o) = -

3                                                 (3.60) 

Considering phaseA, when the upper IGBT is on and lower IGBT is off, one can derive; 

Sa = 1 and V(a,N) = Vdc. Similarity, when the upper IGBT is off and lower IGBT is on, one 

can also write; Sa = 0 and V(a,N) = 0. Therefore, based on the above characteristic, V(a,N), 

V(b,N), V(c,N) and V(N,O) , can be rewritten as follows: 

                                              

b

c

V = S Va(a,N) dc

V = S V
(b,N) dc

V = S V
(c,N) dc







                                                                  (3.61)                             

Substituting from equations (3.58) and (3.61) into equation (3.57), the following set of 

equations can be derived:   

                                   

di 1ag
L = e - R i - V (S - S )g a a ag adc kdt 3 k=abc

di
1bg

L = e - R i - V (S - S )g b b bg dc b kdt 3 k=abc

di 1cg
L = e - R i - V (S - S )g c c cg cdc kdt 3 k=abc











 

                            (3.62) 

Under the assumption that the power switch resistances of a balanced three-phase system 

could be neglected, the power relationship between the AC side and DC side is given as 

follows: 
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i (t)V (t) = i (t)V
kg kN dc dck=a,b,c



                                                (3.63) 

By combining equation (3.62) with (3.63), one can write: 

                                        dc ag a bg b cg ci (t) = i (t)S +i (t)S +i (t)S
                                                 (3.64) 

By applying Kirchhoff's laws to the positive node of the DC-link capacitor, one can easily 

reach the following equations: 

                                                       
i = i - ic Ldc                                                              (3.65) 

                                        

dV V
dc dcC = S i +S i +S i -a ag c cgb bgdt R

L                                  (3.67) 

3.4.2. Two level grid-side converter model 

The grid side system is composed by the grid side converter feed by the DC link, the grid 

side filter, and the grid voltage. Since, the wind turbine and machine side converter are not 

the main issue for this thesis, the modified layout of the modeling system can be seen in 

below.  

Figure 3-14 shows a typical DC/AC inverter, there are six IGBTs in this inverter, which 

inverts a DC power input into a controlled three phase AC power output based on the control 

signals applied on the gate circuits of IGBTs. 

  

Figure 3-14: Simplified converter, filter, and grid model [45] 

The control signals used for the gate circuits of IGBT are usually generated through a PWM 

signal generator. To model the grid side inverters, the following elements are considered. 

 The grid side converter is modeled with ideal bidirectional switches. It converts 

voltage and currents from DC to AC, while the exchange of power can be in both 

directions from AC to DC (rectifier mode) and from DC to AC (inverter mode). 
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The ideal switch normally is created by a controlled semiconductor with a diode in 

antiparallel to allow the flow of current in both directions.  

 The grid side filter is normally composed of inductances and capacitor, which are 

the link between each output phase of the converter and the grid voltage. When a 

high filter requirement is needed, each inductance can be by one capacitor and one 

more inductance (LCL). 

 The grid voltage is normally supplied through a transformer. This AC voltage is 

supposed to be balanced and sinusoidal under normal operation conditions. The 

effect of the transformer or grid impedances is neglected. 

There are eight different combinations of output voltages, according to the eight permitted 

switching states of Sa−g, Sb−g, and Sc−g given in Table 3.3 below. The circuit satisfies the 

Kirchhoff’s Voltage Law and the Kirchhoff’s current Law, both of the switches in the same 

leg cannot be turned ON at the same time, as it would short the input voltage violating the 

Kirchhoff’s Voltage Law. Thus, the nature of the two switches in the same leg is 

complementary.  

                                                            

,
S +S = 1a-g a-g

,
S +S = 1

b-g b-g

,
S +S = 1c-g c-g







                                                             (3.66) 

Different output voltages can be distinguished in a converter, for instance, the voltages 

referenced to the zero point of the DC bus: 

                                                                
V = V S

jo bus j-g                                                       (3.67) 

Where Sj−g ϵ {0,1} and j = a, b, c  

Thus, by different combinations of  Sa−g, Sb−g, and Sc−g it is possible to create AC output 

voltages with a fundamental component of different amplitude and frequency. The converter 

provides two possible voltage levels at each phase. 

The converter output voltages referred to the neutral point of the grid three-phase system 

(n). As Figure 3-15 illustrates, the following voltage relationships are true: 

                                                         

V = V - Van ao no

V = V - Vnobn bo

V = V - Vcn co no





                                                            (3.68) 
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Figure 3-15: Simplified equivalent single-phase grid circuit (a phase). 

The voltage between the neutral point (n) and the negative point of the DC bus (o) is needed, 

so assuming holds, the grid AC voltage is supposed to be balanced and sinusoidal under 

normal operation conditions. 

                                                       
V + V + V = 0an cnbn                                                              (3.69) 

Substituting expression (3.66) into (3.67) yields 

                                                      

1
V = (V + V + V )no ao cobo3                                          (3.70) 

Substituting expression (3.68) into equation (3.66) 

                                                      

2 1
V = V - (V + V )an ao cob03 3                                       (3.71) 

                                                       

2 1
V = V - (V + V )coa0bn bo3 3                                     (3.72) 

                                                       

2 1
V = V - (V + V )cn co aob03 3                                      (3.73) 

Or more simply, directly from the order commands, 
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V
busV = (2S -S -S g)an a-g c-b-g3

V
busV = (2S -S -S g)a-g c-bn b-g3

V
busV = (2S -S -S g)cn c-g a-g b-3









                                (3.74) 

Table 3-3: Different Output Voltage Combinations of grid side converter 

Sa−g Sb−g Sc−g Vao Vbo Vco Van Vbn Vcn 

0    0    0 0 0 0 0 0 0 

0 0 1 0 0 Vbus −
Vbus
3

 −
Vbus
3

 2
Vbus
3

 

0 1 0 0 Vbus 0 
−
Vbus
3

 2
Vbus
3

 −
Vbus
3

 

0 1 1 0 Vbus Vbus −2
Vbus
3

 
Vbus
3

 
Vbus
3

 

1 0 0 Vbus 0 0 
2
Vbus
3

 −
Vbus
3

 −
Vbus
3

 

1 0 1 Vbus 0 Vbus Vbus
3

 −2
Vbus
3

 
Vbus
3

 

1 1 0 Vbus Vbus 0 Vbus
3

 
Vbus
3

 −2
Vbus
3

 

1 1 1 Vbus Vbus Vbus 0 0 0 

 

Current on the DC side can be calculated as a function of phase currents and switches 

configuration: 

                                                  
i = S i +S i +S ia-g ag c-g cgdc b-g bg                               (3.75) 

3.4.3.  Grid side two-level converter model with LCL-filter 

The PWM output voltage of the grid-connected inverters contains abundant of switching 

harmonic components, which results in the harmonic current injecting into the grid. 

Therefore, a filter is required to interface between the inverter bridge and the power grid. 

Figure 3-16 show the topology of a three-phase grid-connected inverter with LCL filter, 

where switches Q1–Q6 compose the three-phase legs, and three sets of inductors L1, L2, 

and capacitor C compose the three-phase LCL filter.  
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Figure 3-16: Grid connected converter with LCL filter [44] 

From figure 3-16 Vao, Vbo, and Vco are the three inverter output voltages with respect to 

midpoint O; ia1, ib1, and ic1 are the inverter-side current; VCa, VCb,  VCcand ica, icb, and iCc 

are the filter capacitor voltage and current, respectively; ia2, ib2, and  ic2 is the grid-side 

current. From Figure 3-16, inverter output voltages and grid voltage can be expressed as 

                                                      

di
a1V = L + Vao ca1 dt

di
b1V = L + V

1bo cbdt

di
c1V = L + Vco 1 Ccdt









                                                           (3.76) 

                                                      

a2
ga 2

gb 2

gc 2

di
V = L - Vca

dt

di
b2V = L - V

cbdt

di
c2V = L + V

Ccdt









                                                        (3.77) 

From the above equations the inverter and grid currents can be expressed as 
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Cc

di 1a1 = V - Vao ca
dt L

1

di 1b1 = V - V
bo cbdt L

1

di 1c1 = V - Vco
dt L

1


   


    


   
                                                   (3.78) 

                                                      

ga

2

gb

2

gc Cc

di 1a2 = V + Vca
dt L

di 1b2 = V + V
cbdt L

di 1c2 = V + V
dt L

1


   



    


   
                                                       (3.79) 

The three-phase filter capacitor voltages can be expressed as 

                                                           

1
V = i dtca ca

c


                                                                     (3.80) 

                                                           

1
V = i dt

cb cbc


                                                         (3.81) 

                                                           

1
V = i dt

Cc Ccc


                                                             (3.82) 

Where, ica = ia1 − ia2, icb = ib1 − ib2, iCc = ic1 − ic2 

Thus, the model of the grid side system is represented in Figure 3-17.  
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Figure 3-17: SIMULNK model of grid side converter, filter and grid voltage 

3.4.4. DC Link Model 

The DC part of the back-to-back converter is typically called the DC link, it tries to maintain 

a constant voltage in its terminals. It is the linkage between the grid side and machine side 

converters. Figure 3-18 shows a possible simplified model of a DC link. It is composed of a 

capacitor in parallel with a high resistance. In order to derive the model of the DC link, the 

DC bus voltage must be calculated. 

 

Figure 3-18: DC link system. 
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1
V = i dtcbus C

bus



                                                        (3.83) 

The current through the capacitor can be found as 

                                                   
i = i + i - Ic resr-dc g-dc                                                  (3.84) 

where 

Ires = current through the resistance (A) 

ig−dc = DC current flowing from the DC link to the grid (A) 

ir−dc  = DC current flowing from the rotor to the DC link (A) 

The current through the resistance is ires =
Vbus

Rbus
 

On the other hand, the DC currents can be calculated as follows from the output AC 

currents of the converters: 

                                              
i = S i +S i +S ia-g c-ga2 c2g-dc b-g b2                                 (3.85) 

                                              
i = S i +S i +S ia-r c-ra1 c1r-dc b-r b1                                               (3.86) 

 

Figure 3-19: DC link model. 

 The current through the capacitor in figure 3-19 depends on the switching function of the 

grid side converter, rotor side converter DC output current and grid side AC output current. 
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3.5.   Filter design 

3.5.1.  Design of LCL Filter 

The first step is the design of the filter inductance. This should be designed carefully because 

a large inductance value attenuate higher frequencies and limit current ripples. On the other 

hand, it brings many disadvantages, such as greater inductor size, a decrease in the 

converter’s dynamics and a smaller range of operation. The operation range is limited 

through the maximum reachable voltage drop across the inductance. It is dependent 

indirectly on the DC-link voltage. Thus, in order to achieve a large current through the 

inductance, a high DC-link voltage level or low input inductance is needed. 

An AC-DC-AC converter is connected to the grid through an AC filter (e.g., L or LCL). The 

inductance allows current control by the voltage drop on itself. In order to obtain better 

reduction of current ripples, the LCL filter can be selected. The advantage of using an L 

filter as opposed to an LCL filter is the simple design concept. The disadvantage is that, for 

a specific amount of attenuation required at a switching frequency, a larger overall value of 

inductance is needed. The larger the inductance, the greater is the voltage drop across it 

thereby requiring a larger converter output voltage and the required minimum DC-link 

voltage. 

For the LCL filter to fulfill the grid codes, or recommended practices for example, IEEE 

519-1992 a variety of optimization criteria exist, such as minimum costs, low losses, smaller 

weight. However, it is a complex task because many parameters influence this process, for 

example, DC-link voltage level, phase current, modulation method, modulation index, 

switching frequency, fundamental frequency, and resonance frequency.  

The purpose of the AC filter is to reduce higher harmonics distortion caused by switching 

process of a power electronics devices. The filtration capability of LCL filters are 

significantly higher than simple L filter. LCL filters allows to reduce volume of the filter 

and assures more effective higher harmonics current filtration in respect to L filter.  

In the industrial grids, L-filters are usually applied. In applications where grid current 

harmonics should be attenuated significantly to achieve compliance with the grid standards, 

LCL-filters are more advantageous than L-filters. 

The main advantages of LCL filter are  

 Low grid current distortion, 

 Reactive power production. 
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The input inductor has to be designed carefully because low inductance will give a high 

current ripple and will make the design more depending on the line impedance. The high 

value of inductance will give a low current ripple, but simultaneously reduce the operation 

range of the rectifier. The voltage drop across the inductance has influence for the line 

current. This voltage drop is controlled by the input voltage of the PWM rectifier but 

maximal value is limited by the DC-link voltage. Consequently, a high current (high power) 

through the inductance requires either a high DC-link voltage or a low inductance (low 

impedance). 

The starting point for the design procedure is usually assumptions of the converter’s rated 

power, grid, and switching frequencies. Those parameters allow the calculation of base 

values (base impedance Zb, capacitance Cb and inductance Lb) as calculated in the next 

sections. The aim of the input filters (L1) is to reduce the high harmonics at the grid side. 

The filter design procedure should take into account following aspects: power rating, line 

and switching frequency.  

Step-1: Base impedance Zb , base capacitance Cb and inductance Lb are defined by equation 

(3.87) and (3.89) in order to represent the filter components as percentages of the base 

values.  

                                                         

n

2V
Z =

b Pn

Z
bL =

b ωn

1
C =

b ω Zn b                                                                            (3.87) 

where ωn= 2π*5, Vn
2 is nominal line to line converter voltage.  

2690 0.3174 1
Z = = 0.3174Ω;L = = 0.001H =1mH;C = = 0.010029F =10029μF

b b b6 100π 100π*0.31741.5*10  

Step-2: Converter side inductance L1calculation 

In manufacturer manual, the rating of the Grid side converter is given as 365 kVA. Taking 

the grid side voltage, assuming unity power factor and neglecting converter losses, then the 

Nominal RMS converter phase current (In) can be calculated as: 

                                               

3P 365*10nI = = = 305An
3V 3 *690n                                                   (3.88) 
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Based on the IEEE 519-1992 [46] limitations and the assumption that peak ripples must not 

exceed 10% of the grid current. In this way,   

                                               
I , = 2 *10%*305 = 43.1335
P-P rip                                  (3.89) 

By assuming the RMS converter voltage is equivalent with the grid rms voltage:  

                                                

1

mU
dcL = ,

8 3f Isw p-p,rip

2 2Up
m =

U
dc                                                  (3.90) 

Where fsw is a switching frequency and 5kHz is used in this study 

Up is the converter RMS voltage = 690/√3 

           

p

1

sw p-p,ripp

6902* 2*2 2U 3
L = 0.21769

8 3f I 8 3*5000*0.1*305 2
mH 

 

On the other hand, the maximum ripple current Imax,rip can be selected between 10 and 25 

% of nominal phase current In and the limit of L1that has to be fulfilled is given [47] as; 

                                               

dc
c

sw max,rip sw max,rip

U Ug 2
L

6f I 6f I
 ≫

                                                      (3.91) 

In this regard, by assuming that Imax,rip = 0.20(20%), Then maximum converter side ripple 

current can be calculated as: 

                                                
maxI , = 2 *0.20*305 = 86.27A

rip  

    

Accordingly,  

                                                  
c

690* 2
L = 0.21769mH

6*5000*86.27


 

This value is used in this study for converter side filter. 

Step-3: Filter capacitance (𝐂) calculation 

The filter capacitance should be less than 5 % of the base capacitance  Cb [46]. For this 

study, if the assumption of the 4 %, i.e, the filter capacitance can be derived from: 

                                                           
bC = 0.04C

ref   
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1 1
C = C C = C = 0.04 = 0.000401F = 401μF

ref b ref ω Z 100π*0.3174n b         (3.92) 

 Step-4:  Grid side inductance 𝐋𝟐 calculation 

The main objective of a grid side filter is to damp the current harmonics injected to the grid. 

Typically, the converter-side inductance L1 is larger than the grid-side inductance L2 in order 

to attenuate most of the current ripple. In this case, a split factor r, given by 

[48]; 

                                                                     

a

L
2r =

L
1                                                                      (3.93) 

The ripple attenuation is described as: 

                                                      

I (h ) 1g sw
=

2 2I (h )p sw 1+ r(1- 4π )L Cfc sw
                                 (3.93) 

where Ig(hsw) is the grid higher harmonics current and Ip(hsw) is the converter higher 

harmonics current. 

 The split factor can be calculated as: 

                                                     

A
a

A 1 sw

1- H
r =

2H (1- L Cω
                              (3.94) 

where, HA is the harmonics attenuation of the phase current. The voltage disturbances given 

by IEEE 519-1992 is 5 % for the THD and below 3 % for each individual frequency. 

Moreover, according to IEEE 519-1992 and EN 50160 the THD factor can be calculated as: 

                                              

40 2THD = u (h) *100%
ind h=2

250THD = u (h) *100%
IEEE h=2




                                            (3.95) 

 In this study, HA = 0.05 has been chosen. Then, ra, can be found as: 

                               

1- 0.05
r = = 0.1282a -6 20.05(1- 0.000377*401*10 *[2π*5000]

 

Then 

                                             

2L = r L = 0.1282*0.2177a 1

       = 0.0279mH  
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3.5. Three-level neutral point clamped grid side voltage source converter model 

Multilevel voltage source converter topologies allow the handling of high power with 

standard components (semiconductors and drivers) and smaller filters, enabling operation 

to higher voltage levels. This is achieved by arranging a higher number of switches than in 

the classical two-level converters, configuring more complicated converter topologies. In 

general, the increased number of switching devices provides extra degrees of freedom, 

which are also used to improve the performance and quality of the output power and voltage. 

The trend of using voltage source converters (VSCs) with increasing converter output 

voltage and power, the restriction of the classical two-level converter imposed by the voltage 

rating of the semiconductors and the need to use series connected semiconductors, has led 

to the development of multilevel topologies. Although the most suitable multilevel VSC 

topologies for the doubly-fed induction generator-based wind turbine is the three-level 

neutral point clamped converter (3L-NPC). 

The three-level neutral point clamped multilevel converter (Figure 3-20) is a VSC from the 

family of diode clamped multilevel converters. It generates output phase voltage waveforms 

(Vao, Vbo, Vco) comprising three switching levels of amplitude (0,
Vbus

2⁄ , Vbus). These 

voltages are created on the AC side by switching the controlled switches (Sa1, Sa1
̍ , Sa2, Sa2

̍ ,

Sb1, Sb1
̍ , Sb2, Sb2

̍ , Sc1, Sc1
̍ , Sc2, Sc2

̍ ) connecting the DC bus to the AC output. The DC bus 

is created by two DC sources (C1and C2 capacitors in practical cases), providing a neutral 

point Z. This topology connects clamping diode (Da, Da
̍ , Db, Db

̍ , Dc, Dc
̍ , ) from the neutral 

point to each arm (a, b, c) to achieve the medium voltage level  
Vbus

2⁄ . 

 

Figure 3-20: Three-level-NPC VSC topology 
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To perform a bidirectional flow of the current through the converter, each controlled switch 

is accompanied by one diode in antiparallel, as done in two-level converters. The switching 

states of the converter at each phase are restricted in such a way that each switch presents 

its complementary switch. Thus, in order to avoid non permitted states that would result in 

improper operation of the converter, the following switching status is imposed: 

                                          

, ,
S +S = 1  and S +S = 1

a1 a1 a2 a2
, ,

S +S = 1 and S +S = 1
b1 b1 b2 b2

, ,
S +S = 1  and S +S = 1

c1 c1 c2 c2






                                          (3.96) 

The commutation of the converter in normal operation produces a current flow through the 

neutral point Z, of different characteristics depending on the operating conditions. This 

current flow makes the DC bus capacitors (C1and C2) charge and discharge. In general, with 

a finite value of the capacitors, this converter requires a special modulation algorithm that 

achieves DC bus voltage balance. 

The output AC voltages of the converter referred to as the zero of the DC bus can be 

expressed as follows: 

                                             

V = S V +S Vao a1 c1 a2 c2

V = S V +S V
c1 a2 c2bo b1

V = S V +S Vco c1 c1 a2 c2





                                                   (3.97) 

From expressions (3.71) - (3.72) derived for the two-level converter, but valid also for 

Three-level-NPC VSC topology, combined with expressions (3.95) - (3.97), the output AC 

voltage expressions are calculated depending on the order commands: 

                                    

V V
c1 c2V = (2S -S -S ) + (S -S -S )an a1 c1 a2 c2b1 b23 3

V V
c1 c2V = (2S -S -S ) + (S -S -S )

a1 c1 a2 c2bn b1 b23 3

V V
c1 c2V = (2S -S -S ) + (S -S -S )cn c1 a1 c2 a2b1 b23 3









                  (3.98) 

The voltages of the capacitors in general are not necessarily exactly equal. On the other 

hand, the currents flowing through the DC bus capacitors can be calculated first by deducing 

the currents: 

                                                           1 a1 a d1 b c1 ci = S i +S i +S i
                                                     (3.99) 
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                                         2 a2 a1 a b2 b1 b c2 c1 ci = (S -S )i + (S -S )i + (S -S )i
                                   (3.100) 

                                         
i = -(i + i ) = -(S i +S i +S i )z 1 2 a1 c1b1 ba c                              (3.101) 

Thus, depending on the state of the switches, the output phase current(ia, ib, ic) determine 

the current though the capacitors as follows: 

                                                        
i = -i = -S i -S i -S ia cc1 1 a1 c1d1 b                                     (3.102) 

                                                         
i i = -S i -S i -S ia cc2= 2 a2 2 c2b b                             (3.103) 

The capacitor C1 and C2 are charged and discharged depending on the switching function 

and the output AC currents. 

 

 

 

 

 

 

  

 

 

Figure 3-21: SIMULNK model of 3L-NPC VSC 

Figure 3-21 shows the schematic block diagram of the three-level neutral point clamped 

converter model. Modeling of filter and grid for three level NPC voltage source converter 

are similar to that of two-level voltage source converter as seen in previous section, the only 

difference is the modeling of the converters. 

3.6.  𝛂𝛃 Model of Grid side converter with LCL-filter 

By applying the space vector notation to the abc modeling equations (3.76) and (3.77), it 

is possible to represent the electric equations in αβ components, the resulting equations 

yields; 
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di
α1V = L1 + VcααO dt

di
β1

V = L1 + V
βO cβdt                                                      (3.104) 

                                                 

di
α2V = L2 - Vαg cα
dt

di
β2

V = L2 0 - V
βg cβdt







                                                  3.105) 

Or in a compact version, referred to a stationary reference frame, 

                                                                    {
Vo
s = L1

di1
s

dt
+ Vc

s

Vg
s = L2

di2
s

dt
− Vc

s
                                                     (3.106) 

Where 

                                                                 {
Vo
s = VαO + jVβo
Vg
s = Vαg + jVβg

                                                       (3.107) 

3.7. 𝐝𝐪 Model 

In a similar way, by multiplying Equation (3.99) by e−jθ, from the αβ expressions the dq 

expressions are also derived as: 

                                                     

di
da1V = L + V - jωL i

1 1 qa1d0 cddt

di
da1V = L + V + jωL icqq0 1 1 da1dt






                         

(3.108) 

                                                     

2 2

2 2

di
da2V = L - V - jωL i

qa2dg cddt

di
da2V = L - V + jωL iqg cq da2dt






                        (3.109) 

These last two expressions are the dq equations of the electric system, referred to a reference 

frame dq rotating at speed 𝜔. In order to decouple and further simplify the system, typically 

the synchronous angular speed ωa is chosen equal to the angular speed of the grid voltage 

ωs, and the d axis of the rotating frame is aligned with the grid voltage space vector Vg
a. This 

choice corresponds to one of the most important requirements, in order to perform the vector 

control technique. The super index of the space vectors is omitted, but both reference frames 

(αβ and dq) are represented. The resulting dq components of the grid voltage yield: 
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aV = Vgdg

V = 0qg




                                                      (3.110) 

This grid voltage alignment not only slightly simplifies the voltage equations of the system, 

but also reduces the active and reactive power computations.  

                                                     

3 3 aP = (V i + V i ) = V ig qg qg gdg dg dg2 2

3 3 a= (V i - V i ) = - V ig qg qg g qgdg dg2 2
Q





                  (3.111) 

The voltage terms of these last two expressions are constant under ideal conditions; this 

means that a decoupled relationship between the current dq components and active and 

reactive powers has been obtained. Thus, the idgcurrent is responsible for the Pg value, while 

the iqg current is responsible for the Qgvalue. 

3.8. Grid-side converter control 

The inverter is connected to the grid with LCL filter. It is positioned after the DC bus and 

has two basic functions: the first one is to maintain constant DC bus voltage whatever the 

magnitude and direction of power flow through it, second to maintain a stable power factor 

at the connection point to the power grid. The basic control principles of the grid side 

converters are implemented by measure abc voltages of the grid and transformed form three 

phase to two phases in the dq reference frame. In this section, a vector control-based schema 

is studied. This control technique is widely extended among the control strategies for grid 

connected converters. It provides good performance characteristics with reasonably simple 

implementation requirements. The vector control technique follows the philosophy of 

representing the system that is going to be controlled-in our case the grid side system-in a 

space vector form represented, reasonably good decoupled control of currents and power is 

achieved. 

3.8.1. Grid voltage-oriented vector control 

The vector control method is based on a synchronously rotating, stator flux-oriented d-q 

reference frame, which means that the d-axis is aligned with the vector of the grid voltage 

and the q component is zero. The grid side converter is in charge of controlling part of the 

power flow of the doubly fed induction generator (DFIG). The power generated by the wind 

turbine is partially delivered though the rotor of the DFIG. This power flow that goes 

through the rotor flows also through the DC link capacitor and finally is transmitted by the 

converter to the grid. The block diagram of the grid side system, together with a schematic 
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of its control block diagram, is given in Figure 3-22. In this section two-level voltage source 

converter (VSC) topology is presented. Generally, from a vector control point of view, using 

three-level-NPC or two-level converter topology the same procedure is followed [49]. In 

order to keep DC bus voltage and the reactive power of the gird constant and at the required 

rang, as illustrated in figure 3-22, currents and voltages of the grid (iag,ibg,icg),  (Vag,Vbg,Vcg) 

are measured and transform to rotating reference frame, as well as the voltage of the DC bus 

(Vbus) are measured and compared to the DC bus voltage reference Vbus
∗  and  set reactive 

power reference Qg
∗  , finally pulses are generated by the modulator to the converter switches 

or transistors to open or close accordingly [50]. 

 

Figure 3-22: Grid Side Control [51] 

The pulses for the controlled switches  (Sa−g, Sb−g, Sc−g) of the two level-VSC, that is, the 

output voltage of the converter, are generated in order to control the DC bus voltage (Vbus) 

of the DC link and the reactive power exchanged with the grid (Qg). This is done, in general, 

according to a closed loop control law.  The typical vector control method used in the grid 

side converter is grid voltage-oriented vector control (GVOVC). On the other hand, control 

of Vbus is necessary since, the DC link is mainly formed by a capacitor. Thus, the active 

power flow through the rotor must cross the DC link and then it must be transmitted to the 

grid. Therefore, by only controlling the Vbus variable to a constant value, this active power 

flow through the converters is ensured, together with a guarantee that both grid and rotor 

side converters have available the required DC voltage to work properly. In a similar way, 

one variable that can also be controlled with this schema is the reactive power exchange 
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with the grid (Qg).  Since, in general, a sensor-less strategy is not typically adopted, for 

control the magnitudes that must be measured are the grid side current and voltage, together 

with the DC link voltage. 

The grid voltage-oriented vector control (GVOVC) block diagram is shown in figure 3-23 

in more details. From the Vbus and Qg reference, it creates pulses for the controlled switches 

(Sa−g, Sb−g, Sc−g). Thus, the modulator creates the pulses Sa−g, Sb−g, Sc−g from the abc 

voltage references (Vaf
∗ , Vbf

∗ , and  Vcf
∗ ) for the grid side converter. The modulator can be based 

on any of the schemas presented in the next section in this chapter for two-level and three-

level NPC VSC converter. In this work the grid side converter are analysis by using different 

pulse width modulation, the abc voltage  are first transformed in dq coordinates (Vdf
∗ ,  Vqf

∗ , ), 

then transformed to αβ coordinates (Vαf
∗ ,  Vβf

∗ ), and finally generate the abc voltage 

references. Then, the dq voltage references (Vdf
∗ ,  Vqf

∗ , ) are independently created by the dq 

current (idg
∗ ,  iqg

∗ , ) controllers.  

Figure 3-23 indicates that by modifying Vdf, idg is mainly modified; while by modifying Vqf, 

iqg is mainly modified. There is also one coupling term in each equation that is best 

considered in the control as a feed-forward term (at the output of the current controllers), 

for better performance in the dynamic responses: 

                                                     

e = -ω L is qgdf f

e = ω L is qgdf f



                                                     (3.112)  

The current references (idg
∗ , iqg

∗   ) are totally decoupled from the active and reactive powers. 

Thus, idg
∗  control implies Pg control, while iqg

∗  control implies Qg control. The constant terms 

needed are easily deduced form Equations (3.106): 

                                                     

1
K =

Pg 3
V

dg2

1
K =

Qg 3
V

dg2








                                                         (3.113) 

As mentioned before, the power Pg reference is created by the  Vbus regulator. Indirectly, by 

this loop, active power flow through the back-to-back converter is ensured. Finally, for 

voltage and current coordinate transformations and to estimate the angle of the grid voltage 
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, the angle of the grid voltage is needed( θg). In general, this angle is estimated by a phase 

locked loop (PLL). 

 

 

Figure 3-23:  Grid voltage-oriented vector control (GVOVC) block diagram [51] 

The presented PLL is synchronized by using the dq coordinates of the voltage with which it 

is required to be synchronized. Thus, the d component of the grid voltage (Vdg) must be 

aligned with the d rotating reference frame; this means that the estimated θg must be 

modified until the q component of the voltage Vqg)  is zero. At that moment, it can be said 

that the rotating reference frame  dq and the grid voltage space vector are synchronized and 

aligned to the d axis.  

 

Figure 3-24: PLL structure block diagram 

The closed loop PLL structure is illustrated in Figure 3.25. It takes the input abc voltages 

and transforms them into  dq coordinates by using its own estimated Qg  angle. Then the 

calculated  d component is passed through a PI controller which is tuned by Ziegler Nichols 

tuned technique, modifying the estimated angular speed until the d component is made zero; 

this means that the synchronization process has been stabilized. 
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 Figure 3-25: estimated grid angle 

3.8.2. Designing a proportional-integral (PI) controller  

A PI (proportional-Integral) controller has been defined for DFIG rotor circuit for output 

power to closely track and follow the reference. Designing a PI controller gain parameters 

and applying them into a system like wind power energy conversions system (WECS) is 

very important. The controller can play a greater role in attenuating the signal to the desired 

value with minimization of error and optimization of the process output. Even though PID 

control is by far the most common way of using feedback in natural and man-made systems, 

most controllers do not use derivative action. That is why a PI control is selected in this 

study for tuning the machine parameters. This section describes a fundamental concept of a 

PI controller for the DFIG connected with the grid and the back to back PWM converter 

used in the system for optimal power flow to ensure stable and improved power quality. 

Based on Ziegler Nichols tuned technique the value of 𝐾𝑝 and ki are calculated. 

The PI control in mathematical expression is given as: 

                                         Output(t) = kpe(t) + ki ∫ e(τ
t

0
)d(τ)                                  (3.116) 

Taking the Laplace transform: 

                                                    Output(t) = [kp + ki
1

S
] e(t)                                     (3.117) 

e(t) = Set Reference Value – Actual Calculated Value 

The steady state and transient simulation models developed in MATLAB/Simulink would 

analyze the performance of DFIG and its power controller using two different orientation 

frames (d-axis and q axis). The Q axis of the grid voltage, Vq will be zero while, the d-axis 

of the grid voltage, Vd will be a constant. The real and reactive power of a grid -side 

converter under such reference in equation (3.113) is regulated by the currents, idg and iqg 

respectively. The inner or current control loop is applied in real and reactive power flow 

control in the stator and rotor part of the machine and the voltage (outer) control loop can 

be designed and used for controlling the DC link voltage between two back to back 
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converters for stable power flow to the grid through the converters. The voltage error is 

produced by comparing the actual dc voltage with the reference dc voltage. The voltage 

error   is processed through a PI controller to keep constant dc voltage. In relates to the PI 

controller, a reference current signal igd is produced and q-axis current part igq is set as zero, 

to maintain unity power factor at the grid. 

                                                               idg
∗ = (kp1 +

ki1

s
) (Vdc

∗ − Vdc)                              (3.118) 

The dq axis drive voltage signals are generated through equations (a). The control signal for 

grid converter are obtained by transformation this dq axis voltage. 

                                                         Vd = (kp2 +
ki2

s
) (idg

∗ − idg)                                (3.119) 

                                                                 Vq = (kp3 +
ki3

s
) (iqg

∗ − iqg)                                (3.120) 

The value of Kp and Ki are calculated Based on Ziegler Nichols tuning technique.  

3.9.  Pulse width modulation techniques   

The order commands for the controlled semiconductors of the two-level converter can be 

generated according to different laws called “Modulation.” This section presents some of 

the most commonly used modulation techniques. 

1. Sinusoidal pulse width modulation (PWM) technique 

2. Third Harmonic Injection Pulse Width Modulation (THIPWM) 

3. Space vector modulation (SVM) technique 

 The modulations are used for two-level converter and in addition to this Space vector 

modulation (SVM) technique are used for three level neutral point clamped converter, 

eliminating in the notation of the order commands (Sa−g, Sb−g, Sc−g) the sub-indexes 

referring to the gird: Sa, Sb, and Sc. The modulation technique can be applied at both the 

rotor and grid side converters. 

3.9.1.  Sinusoidal Pulse Width Modulation (PWM)  

This modulation is a widely extended modulation technique among voltage sourced 

converters. From the Vbus and Qg reference in GVOVC, it creates abc voltage references 

(Vaf
∗ , Vbf

∗ , and  Vcf
∗ ). Three sinusoidal reference signals at the frequency of the desired output 

but displaced from each other by 120 degree are compared with a triangular carrier 

waveform of suitably frequency to creates the pulses Sa−g, Sb−g, Sc−g. The resulting 

switching signals from each comparator are used to drive the inverter switches of the 

corresponding leg. The switching signals for each inverter leg are complementary. This 

technique creates the output voltage according to the following law: 
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Sj = 1if Vj
∗ > Vtri with j = a, b, c 

Where 

Va
∗, Vb

∗, V c
∗ = Reference voltages for each phase 

Vtri = Triangular signal 

The relationships between the amplitudes and frequencies of the signals need the following 

indexes: 

1. Frequency Modulation Index(mf). The relationship between the frequency of the 

triangular signal and the reference signal can be expressed as 

                                                             mf =
ftri

fref
                                                                  (3.121) 

In general, in order to create a good quality output voltage, mf should be a high number. 

However, since the imposed frequency of the triangular signal (ftri) determines the 

switching frequency of the switches of the converter. As the frequency  ftri gets high 

(switching frequency of switches), the group of harmonics can be displaced further away 

from the fundamental frequency. This is advantageous in obtaining good quality voltage and 

current at the output of the converter; however, this increases power losses in the switches. 

Therefore, when it comes to choosing a value for mf, it is necessary to find a compromise 

between the quality of the voltage created and the power losses in the converter. 

2. Amplitude Modulation Index(ma). The relationship between the amplitude of the 

reference signal and the triangular signal can be expressed as 

                                                      ma =
Vref

Vtri
                                                                (3.122) 

Under ideal conditions, the amplitude relationship between the fundamental component of 

the achieved output voltage and the DC bus voltage is given by the amplitude modulation 

index as follows: 

                                                           〈Van〉1 =  ma
Vbus

2
  if ma˂1                                           (3.123) 

The schematic block diagram for the implementation is shown in Figure 3-24. The maximum 

achievable fundamental voltage without over-modulation (ma ≤ 1) is 
Vbus

2⁄ .  
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Figure 3-26: SIMULNK model of SPWM 

3.9.2.  Third Harmonic Injection Pulse Width Modulation 

Sinusoidal PWM is easy to understand and easly implementation but it is not able to fully 

occupy the available DC bus supply voltage. Due to such problem, third harmonic injection 

pulse width modulation (THIPWM) came in light. This method helps inverter in its 

performance enhancement. The sine PWM method approaches less of maximum achievable 

output voltage. Hence, by simply adding third harmonic signal in low frequency sinusoidal 

reference signal, we can achieve the amplitude increase in output voltage waveform. 

Similar to SPWM the method of modulation can also be applied in third harmonic PWM 

method. In THIPWM, addition of third harmonic means that, in one cycle of sinusoidal 

wave, three cycles of harmonic should complete. The third harmonic injection to reference 

signal wave is shown in Figure 3-28. It is impressive that, the result of addition of the third 

and fundamental harmonic is less in amplitude than fundamental harmonic. On other side, 

the reference signal occupies two maxima at θ = π 3⁄   and θ = 2π equals to 1.  

 

Figure 3-27: Third harmonic injection to the reference signal 
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The fundamental harmonic and third harmonic equations can be written as 

                                                                 V1 = V1max sin θ                                                                  (3.124) 

                                                                  V1 = V1max sin (
π

3
)  

Hence at θ = π 3⁄ , 
Vbus

2⁄  is the voltage taken by the first harmonic of line to neutral output 

voltage. Now, the equations can be written as 

Vbus

2
= V1max sin (

π

3
)  

Which yields, 

                                                       V1max =
Vbus

2
(0.86) =

Vbus

1.732
                                        (3.125) 

In this case, the amplitude modulation index is still defined as in Equation (3.126); however, 

since the reference is composed of the addition of two signals (fundamental component and 

injected third harmonic),  ma is referred only to the fundamental component: 

                                                               ma = 
|V1
∗ |

|Vtri|
                                                             (3.126) 

Third harmonic injection increase the amplitude of the fundamental output voltage by 15% 

more than sinusoidal PWM. The schematic block diagram for implementation on MATLAB 

is shown in Figure 3-28. The output voltage waveform for each phase with third harmonic 

content can be written as 

                                              V1max sin(ωt) + V3max sin(3ωt)  

                                              V1max sin (ωt −
2π

3
) + V3max sin(3ωt)   

                                             V1max sin (ωt +
2π

3
) + V3max sin(3ωt)  

 

Figure 3-28: Third harmonic pulse generation model. 
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3.10.3.    Modeling of Space vector modulation for two level inverters (AC/DC/AC) 

Modeling of Space vector modulation for two level converters (AC/DC/AC) is one of the 

preferred real-time modulation techniques and widely used for digital control of voltage 

source converters. It generates the output converter voltage, based on the space vector 

representation principle. As an alternative to the PWM method seen in the previous sections, 

with SVM the pulses for the controlled switches of the converters are generated by a slightly 

different philosophy. The biggest difference from other PWM methods is that the SVPWM 

uses a vector as a reference. This gives the advantage of a better overview of the system. 

Therefore, as seen in pervious section, the two-level converter provides eight different 

output voltage combinations on the AC side (V0,  V1,  V2,  V3,  V4,  V5,  V6,  V7) that can be 

represented in a space vector diagram as shown below in Figure 2.21. The region in the 

plane covered by the voltage vector disposition is a hexagon divided into six different. 

3.9.3.1. Reference Vector 

The reference vector is represented in a αβ-plane. This is a two-dimensional plane 

transformed from a three-dimensional plane containing the vectors of the three phases. The 

switches being ON or OFF is determined by the location of the reference vector on this αβ-

plane.  

 

3-29: The reference vector in the two- and three-dimensional plane 

Table 3.4 shows that the switches can be ON or OFF, meaning 1 or 0. The 

switches(Sa−g, Sb−g, Sc−g) are the upper switches and if these are 1 (separately or together) 

it turns the upper inverter leg ON and the terminal voltage (Vao, Vbo, Vco ) is positive 

(+Vbus). If the upper switches are zero, then the terminal voltage is zero). The lower switches 

are complementary to the upper switches, so the only possible combinations are the 

switching states: 000, 001, 010, 011, 100, 110, 110, 111. This means that there are 8 possible 

switching states, for which two of them are zero switching states and six of them are active 

 𝑗𝛽 

𝛼 

A 

C 

B 

𝑉𝑟𝑒𝑓 

ϴ 

𝑉𝛼  
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switching states. These are represented by active (V1 − V6) and zero (V0and V7) vectors. The 

zero vectors are placed in the axis origin (Figure 3-30). 

 

Figure 3-30: Space vector in different sectors 

It is assumed that the three-phase system is balanced: 

                                                                 VaO + VbO + VcO = 0                                                      (3.127) 

These are the instantaneous phase voltages: 

                                                      {

Vao = V sin(θt)

Vbo = V sin(θt +
2π

3
)

Vco = V sin(θt +
4π

3
)

                                                       (3.128) 

When the three phase voltages are applied to an AC machine a rotating flux is created. This 

flux is represented as one rotating voltage vector. The magnitude and angle of this vector 

can be calculated with Clark's Transformation: 

                                                        Vref = Vα + jVβ =
2

3
(Va + aVb + a

2Vc)                             (3.129) 

                                                 a = ej
2π

3   

The magnitude and angle (determining in which sector the reference vector is in) of the 

reference vector is: 

                                                        |Vref| = √Vα
2 + Vβ

2                                                            (3.130) 

The reference voltage can then be expresses as: 

                                                     Vα + jVβ =
2

3
(Va + e

j
2π

3 Vb + e
−j
2π

3 Vc)                                    (3.131) 

Inserting the phase shifted values for Va, Vb and VC, gives 
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     Vα + jVβ =
2

3
(Va + cos (

2π

3
)Vb + cos (

2π

3
)Vc) + j

2

3
(Va + sin (

2π

3
)Vb − sin (

2π

3
)Vc                       

(3.132) 

The voltage vectors on the alpha and beta axis can then be described as: 

          [
Vα
Vβ
] =

2

3
∗ [
1 cos (

2π

3
) cos (

2π

3
)

0 sin (
2π

3
) − sin (

2π

3
)
] ∗ [

Va
Vb
Vc

] =
2

3
∗ [
1 −

1

2
−
1

2

0
√3

2
−
√3

2

] ∗ [
Va
Vb
Vc

](3.133) 

                                                                 Vα =
2

3
(Va −

1

2
Vb −

1

2
Vc)                                            (3.134) 

                                                                Vβ =
2

3
(
√3

2
Vb −

√3

2
Vc                                                      (3.135) 

Having calculatedVα, Vβ, Vref  and  the reference angle in this step is taken. The next step is 

to calculate the duration time for each vector V1 − V6. 

3.9.3.2. Time Duration 

Vref  can be found with two active and one zero vector. For sector 1 (0 to 
π

3
): Vref   can be 

located with V0 , V1  and V2  . Vref   in terms of the duration time can be considered as: 

 

Figure 3-31: Space vector diagram for Sector 1 (a) described with the duty cycle for each 

vector (b) described with it switching states 

The general calculation to receive the duty times in the rest of the sectors is given by: 

T1 = Tc ∗ a ∗ sin (
π

3
− θ +

n−1

3
∗ π) = TC ∗ a ∗ [sin(

n

3
π) cos(θ) − cos(

n

3
π) sin(θ)] (3.136) 

T2 = Tc ∗ a ∗ sin (θ −
n−1

3
∗ π) = TC ∗ a ∗ [−cos(θ) sin (

n−1

3
π) + sin(θ) cos(

n−1

3
π)]  

                                                                                                                                      (3.137) 

                                                                     T0 = Tc − T1 − T2                                                          (3.138) 

Choosing n as the number of the sector (n = 1,2,3,4,5,6) the calculations for the time duration 

in each sector can be calculated. 



   67 
 

                                                     Vref ∗ Tc = V1 ∗
T1

Tc
+ V2 ∗

T2

Tc
+ V0 ∗

T0

Tc
                                                                    

                                                                Vref = V1T1 + V2T2 + V0T0                                             (3.139) 

The total cycle is given by: 

                                                                              TC = T1 + T2 + T0                                               (3.140) 

The position of Vref, V1, V2 and V0 can be described with its magnitude and angle: 

                                                               Vref = Vref ∗ r
j0                                             (3.141) 

                                                            V1 =
2

3
∗ Vbus ∗ e

j
π

3                                             (3.142) 

V0 = 0 

                         TC ∗ Vref ∗ (
cos θ
sin θ

) = T1 ∗
2

3
∗ Vbus ∗ (

1
0
) + T2 ∗

2

3
∗ Vbus ∗ (

cos(
π

3
)

sin(
π

3
)
)(3.143) 

Dividing these in real and imaginary parts simplifies the calculation for each duration time: 

Real part: TC ∗ Vref ∗ cos(θ) = T1 ∗
2

3
∗ Vbus  + T2 ∗

1

3
∗ Vbus  

Imaginary part:  TC ∗ Vref ∗ sin(θ) = T2 ∗
1

√3
∗ Vbus  

T1 and T2 is then given by: 

                                     T1 = Tc ∗
√3∗Vref

Vbus 
∗ sin (

π

3
− θ) =Tc ∗ a ∗ sin (

π

3
− θ)              (3.144) 

                                                 T2 = Tc ∗
√3∗Vref

Vbus 
∗ sin(θ) =Tc ∗ a ∗ sin (θ)                          (3.145) 

Where a =
√3∗Vref

Vbus 
 is modulation index. 

3.9.3.3.  Switching Time 

Duty cycle for each sector there are 7 switching states for each cycle. It always starts and 

ends with a zero vector. This also means that there is no extra switching state needed when 

changing the sector. The uneven numbers travel counter clockwise in each sector and the 

even sectors travel clockwise.  For sector 1 it goes through these switching states: 000 – 100 

– 110 – 111 – 110 – 100 - 000, one round and then back again. This is during the time Tc 

and it has to be divided amongst the 7 switching states, three of them being zero vectors. 

                                                    Tc =
T0

4
+
T1

2
+
T0

2
+
T2

2
+
T1

2
+
T0

4
                                               (3.146) 

This can be calculated for all the sectors (Figure 3-27). There are different kinds of 

waveforms: center aligned and edge aligned. Edge align waveforms makes it easier when 

comparing with the carrier wave, but the center aligned has the advantage of reducing the 
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harmonics and also reducing noise. Following the pattern for each sector results in a 

ON/OFF waveform for each sector and phase. Each switch has it switching information 

depending on where the reference vector is located.  For Sector 1, the switch is ON between 

T0
4⁄  and Tc −

T0
4⁄  in the first phase, between 

T0
4⁄ +

T1
2⁄   and Tc − (

T0
4⁄ +

T1
2⁄ ) for the 

second phase and so on. For the switch to know that it should be switched ON at these 

specific times requires a timer that can give this information.  

3.10. Space Vector Pulse Width Modulation for three-level converters 

Figure 3-32 shows a three-level neutral point clamped inverter. It contains 12 switching 

devices and also supplied with two capacitors connected in series. Both are charged 

with VDC. The point between these capacitors is the DC-voltage neutral point. Each phase 

leg consists of 4 series-connected switching devices (IGBT's) and two clamping diodes. This 

diode is used to clamp the six middle switches potential to the DC-link point at Z. Specific 

combinations of the twelve switches gives the three-level output voltage. 

 

Figure 3-32: Three-level, three-phase neutral point clamped inverter 

The four switches in one phase leg can only be turned on two at a time and so be connected 

to the DC-link point’s p, o, and n. These are represented with the switching states P, O and 

N. This means that three voltage levels can be created using O as the reference. The 

advantages of three-level converters instead of two-level: 

 Higher levels mean that the output waveform resembles the sinusoidal waveform 

more. This also means that the harmonic distortion is decreased. 

 Smaller voltage levels are used. This means smaller voltage change, which means 

reduced stress on the motor bearings. 
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 The clamping diodes limits the voltage across the OFF-state switching devices to 

one capacitor voltage level (half of the DC-link voltage). This reduces the voltage, 

so medium rated semiconductor devices can be used for high-voltage level 

application. 

3.10.1. Switching state 

The operating status of the switches in the NPC inverter can be represented by switching 

states shown in Table 3.4. Switching state “P” denotes that the upper two switches in leg A 

are on and the inverter terminal voltage VAZ, which is the voltage at terminal Z with respect 

to the neutral point Z, is +E, whereas “N” indicates that the lower two switches conduct, 

leading to VAZ = −E. 

Table 3-4: definition of switching states 

 Switching   

state 

Device Switching Status (Phase A) Inverter terminal 

Voltage (VAZ) 

S1 S2 S3 S4 

P ON ON OFF OFF +E 

O OF ON ON OFF                    0 

N OFF OFF ON ON −E 

 

Switching state “𝑜” signifies that the inner two switches S2 and S3are on and VAZ  is clamped 

to zero through the clamping diodes. Depending on the direction of load current iA, one of 

the two clamping diodes is turned on. For instance, a positive load current (iA > 0) forces 

DZ1 to turn on, and the terminal A is connected to the neutral point Z through the conduction 

of DZ1 and S2. It can be observed from Table 3.4 that switches S1 and S3 operate in a 

complementary manner. With one switched on, the other must be off. Similarly, S2 and S4 

are a complementary pair as well. For a three-level three-phase inverter there are 27 

switching states. These states represent the connection to the different DC-link points. The 

generated inverter output phase voltage can be expressed as follows: 

                                  {

VAZ = (2S1 − S1 − S1) + (2S2 − S2 − S2)

VBZ = (2S1 − S1 − S1) + (2S2 − S2 − S2)

VCZ = (2S1 − S1 − S1) + (2S2 − S2 − S2)
                                       (3.147) 

These are the line-to-neutral voltages. To receive the line-to-line voltage: 
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                                                       {

VAB = VAZ − VBZ
VBC = VBZ − VCZ
VCA = VCZ − VAZ

                                                           (3.148) 

There is requested to generate five levels of outputs, so the three-level can be created. These 

levels are 2E, E, 0, −E and − 2E (for the line-to-line voltage).  

As for the two-level inverter the reference vector is given with the help from three voltage 

vectors. For the three-level converter each sector also is divided into 4 regions, specifying 

the output even more. Based on the magnitude the voltage vectors and switching states can 

be defined in table 3.5: 

Table 3-5: Voltage vectors and switching states 

Space Vector Switching State Voltage Vector 

Classification 

Vector 

Magnitude 

V0⃗⃗⃗⃗  PPP, OOO. NNN Zero vector  0 

V1⃗⃗  ⃗  P-type N-type  

 

 

 

 

 

 

 

 

 

Small vector 

 

 

 

 

 

 

 

 

1

3
Vd 

V1P⃗⃗⃗⃗⃗⃗  POO  

V1N⃗⃗ ⃗⃗ ⃗⃗    ONN 

V2⃗⃗⃗⃗  V2P⃗⃗ ⃗⃗ ⃗⃗  POO  

V2N⃗⃗ ⃗⃗ ⃗⃗    OON 

V3⃗⃗⃗⃗  V3P⃗⃗ ⃗⃗ ⃗⃗  OPO  

V3N⃗⃗ ⃗⃗ ⃗⃗    NON 

V4⃗⃗⃗⃗  V4P⃗⃗ ⃗⃗ ⃗⃗  OPP  

V4N⃗⃗ ⃗⃗ ⃗⃗    NOO 

V5⃗⃗⃗⃗  V5P⃗⃗ ⃗⃗ ⃗⃗  OOP  

V5N⃗⃗ ⃗⃗ ⃗⃗    NNO 

V6⃗⃗⃗⃗  V6P⃗⃗ ⃗⃗ ⃗⃗  POP  

V6N⃗⃗ ⃗⃗ ⃗⃗    ONO 

V7⃗⃗⃗⃗  POP  

 

 

 

 

 

 

√3

3
Vd 

V8⃗⃗⃗⃗  OPN 

V9⃗⃗  ⃗ NPO 

V10⃗⃗⃗⃗⃗⃗  NOP 

V11⃗⃗⃗⃗⃗⃗  ONP 
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V12⃗⃗⃗⃗⃗⃗  PNO Medium vector 

V13⃗⃗⃗⃗⃗⃗  PNN  

 

 

 

Large vector 

 

 

2

3
Vd 

V14⃗⃗⃗⃗⃗⃗  PPN 

V15⃗⃗⃗⃗⃗⃗  NPN 

V16⃗⃗⃗⃗⃗⃗  NPP 

V17⃗⃗⃗⃗⃗⃗  NNP 

V18⃗⃗⃗⃗⃗⃗  PNP 

 

The inverter has a total of 27 valid combinations of switching states. As listed in Table 3.5, 

these three-phase switching states are represented by three letters for the inverter phases 

A, B, and C. The 27 switching states listed in the table correspond to 19 voltage vectors, 

based on their magnitude (length), the voltage vectors can be divided into four groups: 

 Zero vector (V0⃗⃗⃗⃗ ), representing three switching states [PPP], [OOO], and [NNN]. 

The magnitude of V0⃗⃗⃗⃗  is zero; 

 Small vectors (V0 ⃗⃗⃗⃗  ⃗to V6⃗⃗⃗⃗ ), all having a magnitude of  
1

3
Vd. Each small vector has 

two switching states, one containing [P] and the other containing [N], and therefore 

can be further classified into a P- or N-type small vector; 

 Medium vectors (V7 ⃗⃗⃗⃗  ⃗to V12⃗⃗⃗⃗⃗⃗ ), whose magnitude is  
√3

3
Vd; and 

 Large vectors  (V13 ⃗⃗⃗⃗⃗⃗  ⃗to V18⃗⃗⃗⃗⃗⃗ ), all having a magnitude of   
2

3
Vd. 

3.10.2. Time duration (Dwell Time Calculation) 

To facilitate the dwell time calculation, the space vector diagram can be divided into six 

triangular sectors (I to VI), each of which can be further divided into four triangular regions 

(1 to 4) as illustrated in Figure 3-33. The switching states of all the vectors are also shown 

in the figure. Similar to the SVM algorithm for the two-level converter, the SVM for the 

three level NPC converter is also based on “volt-second balancing” principle, that is, the 

product of the reference voltage Vref⃗⃗ ⃗⃗ ⃗⃗    and sampling period Ts equals the sum of the voltage 

multiplied by the time interval of chosen space vectors. In the NPC inverter, the reference 

vector Vref⃗⃗ ⃗⃗ ⃗⃗    can be synthesized by three nearest stationary vectors.  
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Figure 3-33: Division of sectors and regions [52] 

For instance, when Vref⃗⃗ ⃗⃗ ⃗⃗  ,  falls into region 2 of sector I as shown in Fig. 3-33. the three nearest 

vectors are V1⃗⃗  ⃗, V2⃗⃗⃗⃗ , and V7⃗⃗⃗⃗ , from which 

                                       Vref⃗⃗ ⃗⃗ ⃗⃗  Ts = V1⃗⃗  ⃗Ta + V7⃗⃗⃗⃗ Tb + V2⃗⃗⃗⃗ Tc                              

                                                            Ts = Ta + Tb + Tc                                                                     (3.149) 

Where Ta, Tb, and Tc are the dwell times for V1⃗⃗  ⃗, V7⃗⃗⃗⃗ , and V2⃗⃗⃗⃗ , respectively Note that Vref⃗⃗ ⃗⃗ ⃗⃗   can 

also be synthesized by other space vectors instead of the “nearest three.” However, it will 

cause higher harmonic distortion in the inverter output voltage, which is undesirable in most 

cases. 

 

Figure 3-34: Voltage vectors and their dwell times 

The voltage vectors V1⃗⃗  ⃗, V2⃗⃗⃗⃗ , V7⃗⃗⃗⃗ ,  and Vref⃗⃗ ⃗⃗ ⃗⃗    in Fig 3-34. can be expressed as 
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                                   V1⃗⃗  ⃗ =
1

3
Vd, V2⃗⃗⃗⃗ =

1

3
Vde 

jπ

3 ,  V7⃗⃗⃗⃗ =
√3

3
Vde 

jπ

6 , Vref⃗⃗ ⃗⃗ ⃗⃗  = Vrefe
jθ                (3.150) 

Substituting (3.150) into (3.149) yields 

Vrefe
jθTs = 

1

3
VdTa +

√3

3
Vde 

jπ

6  Tb +
1

3
Vde 

jπ

3  Tc 

For which 

Vref(cos θ + j sin θ)Ts =
1

3
VdTa +

√3

3
Vd (cos

π

6
+ j sin

π

6
)Tb +

1

3
Vd (cos

π

3
+ j sin

π

3
) Tc 

                                                                                                                                      (3.151) 

Splitting equation (3.118) into the real and imaginary parts gives  

                                                    {
Re:  Ta +

3

2
Tb +

1

2
Tc = 3

Vref

Vd
(cos θ)Ts

Im:  
√3

2
Tb +

√3

2
Tc = 3

Vref

Vd
(sin θ)Ts

                               (3.152) 

By solve equation (3.152) with the equation for total time, Ts = Ta + Tb + Tc for dwell times 

                                               

{
 

 
Ta = Ts[1 − 2ma sin θ]

Tb = Ts [2ma sin (
π

3
+ θ) − 1]

Tc = Ts [1 − 2ma sin (
π

3
− θ)]

  for 0 ≤ θ ˂
π

3
                    (3.153)                  

Where ma is the modulation index, defined by 

                                                                        ma = √3
Vref

Vd
                                                      (3.154) 

Table 3-6: Dwell time calculation for (V_ref )  in sector I 

Reg

ion 

                 Ta Tb Tc 

1 V1⃗⃗  ⃗ Ts [2ma sin (
π

3

− θ)] 

V0⃗⃗⃗⃗  Ts [1 − 2ma sin (
π

3

+ θ)] 

V2⃗⃗⃗⃗  Ts[2ma sin(θ)] 

2 V1⃗⃗  ⃗ Ts[1 − 2ma sin θ] V7⃗⃗⃗⃗  Ts [2ma sin (
π

3
+ θ)

− 1] 

V2⃗⃗⃗⃗  Ts [1 − 2ma sin (
π

3

− θ)] 

3 V1⃗⃗  ⃗ Ts [2 − 2ma sin (
π

3

+ θ)] 

V7⃗⃗⃗⃗  Ts[2ma sin(θ)] V13⃗⃗⃗⃗⃗⃗  Ts [2ma sin (
π

3
− θ)

− 1] 

4 V14⃗⃗⃗⃗⃗⃗  Ts[2ma sin(θ) − 1] V7⃗⃗⃗⃗  Ts [2ma sin (
π

3
− θ)] V2⃗⃗⃗⃗  Ts [2 − 2ma sin (

π

3

+ θ)] 
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Table 3.6 gives the equations for the calculation of dwell times for Vref⃗⃗ ⃗⃗ ⃗⃗   in sector I. The 

maximum length of the reference vector Vref⃗⃗ ⃗⃗ ⃗⃗    corresponds to the radius of the largest circle 

that can be inscribed within the hexagon of Fig 3-34. which happens to be the length of the 

medium voltage vectors 

                                                               Vref⃗⃗ ⃗⃗ ⃗⃗  , max = √3
Vd

3⁄                                                   (3.155) 

Substituting Vref⃗⃗ ⃗⃗ ⃗⃗  , max into (3.121) yields the maximum modulation index  

                                                                 ma,max = √3
Vref,max

Vd
= 1                                                (3.156) 

from which the range of ma  is 

0 ≤ ma ≤ 1   

The equations in Table 3.6 can also be used to calculate the dwell times when Vref⃗⃗ ⃗⃗ ⃗⃗   is in other 

sectors (II to VI) provided that a multiple of  π 3⁄  is subtracted from the actual angular 

displacement θ such that the modified angle falls into the range between zero and π 3⁄  for 

use in the equations. 

3.11. Overall system software simulation modeling and design 

3.11.1. MATLAB/SIMULINK model 

The simulation results are given for the DFIG for the following specification: Number of 

pole = 2, Rated power = 1.5MW, Rated voltage = 690V, Frequency [F] = 50 Hz, rated speed 

1500rpm. 

 

Figure 3-35:  Simulink model of a DFIG using back-to-back converter with SPWM 
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The above Figure 3-35 shows the complete MATLAB / SIMULINK model of a DFIG using 

back-to-back converter with sinusoidal pulse width modulation control. Its subsystem model 

shown in Figure.A1, Figure.A2, and Figure.A3(Appendix).  

 

Figure 3-36: Simulink model of a DFIG using back-to-back converter with THIPWM 

Figure 3-36 shows the complete MATLAB / SIMULINK model of a DFIG using back-to-

back converter with third harmonics injected pulse width modulation control. Its subsystem 

model shown in Figure.A1, Figure.A2, and Figure.A4(Appendix).  

 

Figure 3-37: Simulink model of a DFIG using two level back-to-back converter with 

SVPWM 
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Figure 3-37 indicate the complete MATLAB / SIMULINK model of a DFIG using back-to-

back converter with space vector pulse width modulation control. Its subsystem model 

shown in Figure.A1, Figure.A2, and Figure.A5(Appendix).  

 

Figure 3-38: Simulink model of a DFIG using three level NPC back-to-back converter 

with SVPWM 

Figure 3-38 shows the complete MATLAB / SIMULINK model of a DFIG using three level 

NPC back-to-back converter with space vector pulse width modulation control. Its 

subsystem model shown in Figure.A1, Figure.A2, and Figure.A6(Appendix). 
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CHAPTER FOUR 

4. RESULT AND DISCUSSIONS 

4.1. MATLAB Simulation results 

4.1.1. Dynamic Simulation Results 

Based on the above modelling concepts and applying them in the embedded MATLAB 

Simulink, the results obtained are discussed in this section. The DFIG with 690 stator line 

to line voltage, 50 Hz frequency together with other necessary real parameters obtained 

through numerical analysis and nameplates are used.   

 

Figure 4-1: Simulation results of dq currents at the grid side (load currents) 

It can be observed from the response of Figure 4-1 that change in dc voltage reference and 

/or the wind speed change requires a change of current to maintain an active power balance. 

Hence, we can see a change in load current maintaining the active power almost constant. 

However, the change in references gives some transients in the active power as well, which 

is reflected in the d-component of current. It can be seen that the effect of transient is not 

present in the reactive power or q-component of current. Hence the decoupled control of 

active and reactive power is also ensured. The PI controller performs well in tracking the 

reference input. 

Effect of Change in reactive power 

In this case, the dc voltage reference value is held at reference value. The system is initially 

operating with a reactive power reference of 1KVAR. At t = 10s, the reactive power 

reference is reversed to 100KVAR at the grid side whereas the reference at the stator side 

held 0. The responses of the system are shown in Figure 4-2 below. 

0 5 10 15 20 25 30
-400

-300

-200

-100

0

100

200

300

400

Time (seconds)

d
q

 a
x
is

 g
ri

d
 c

u
rr

e
n

ts
(A

)

 

 

idg

iqg



   78 
 

 

Figure 4-2: The responses of the system for reactive power change 

There is a very small ripple in dc voltage during the transient in reactive power, which is 

again reflected in the q-current reference as shown in Figure 4-3 below. 

 

Figure 4-3: q-axis current reference results 

The active power is maintained at the reference value constantly. The change in reactive 

power is reflected in the change of q-component of current, whereas the d-component 

remains constant, showing the decoupling of the d and q axis components.  

Change in active power load (output active power) 

In this case, with the dc voltage reference set as it is, and the reactive power references set 

at 0 and active power reference set at its point, the load at receiving end is changed from 0 

to 200A at time t=5 secs and the result is shown in Figure 4-4. 
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Figure 4-4: DC link voltage response to active power change. 

The change in active power is reflected in d-component of current and the load current 

magnitude and direction shown in Figure 4-5 below. 

 

Figure 4-5: Change of active power reflection on d-component of current 

Because of the decoupling, almost no effect is observed in the control of reactive power. 

The step change causes transients in dc voltage, but, the step change in active power (load 

current) causes a much higher transient than that with the change in reactive power. 

4.1.2.  Simulation result of two-level converter with SPWM  

The SPWM technique treats each modulating voltage as a separate entity that is compared 

to the common carrier triangular waveform (Vcar). A three-phase voltage set (Varef, Vbref 

and  Vcref)  is compared in three separate comparators with a common triangular carrier 

waveform of fixed amplitude as shown in the figure 4-6. The output of the comparators form 

the control signals for the three legs of the inverter composed of the switch pairs 
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(S1, S4), (S3, S6), and (S5, S2), respectively. From these switching signals and the DC bus 

voltage, phase voltage and phase-to-neutral voltages as shown in figure 4-7 and 4-8 are 

obtained.  Among different modulation type SPWM is selected to analysis the existing DFIG 

based wind turbine. From equation (3.113), the reactive and active power are related to 𝑖𝑑𝑔 

and 𝑖𝑞𝑔respectively. So, the change in active power and reactive power are realized by the 

change in 𝑖𝑑𝑔 and 𝑖𝑞𝑔. 

  

 

Figure 4-6: Modulating reference signal with triangular signal for SPWM 

Figure 4-6 shows the three reference signal voltages (Va
∗,  Vb

∗ ,  Vc
∗) and the triangular signal 

(Vcar). The modulation signal is displaced in the time domain by 120° by varies between 0 

and 1 and the carrier signal remains constant.  

 

Figure 4-7: Response of Phase voltage for three phase two-level converter 
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Figure 4-8: Response of Phase to neutral voltage for three phase two-level converter 

Figure 4-7 and 4-8 shows the phase output voltage and Phase to neutral voltage of two-level 

inverter respectively which is generated based on the switching instant signal in each leg of 

the inverters. The gate pulse for each converter legs are generated based on comparing the 

reference signal with the triangular signal using SPWM modulation method. 

 

Figure 4-9: FFT analysis of phase voltage 
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4.1.3.  Simulation result of two-level converter with THIPWM 

Third-harmonic injection PWM has been used to improve the SPWM technique by adding 

a third harmonic to the modulation signal. It follows the same SPWM implementation. The 

difference between third-harmonic and sinusoidal PWM is that the reference of the third 

harmonic includes third harmonic components as shown in Figure 4-10. This increased the 

amplitude of fundamental output voltage by 15% more than SPWM.  

 

Figure 4-10: Third harmonic injection to the reference signal 

THIPWM techniques are applied to two level converters by comparing reference waveform 

signal with the triangle carrier signal and this technique have higher utilization of the DC-

bus voltage and reduction in the total harmonic distortion (THD) of the waveform of output 

voltages as shown in figure 4-13, compared with the SPWM technique. 

 

Figure 4-11: Response of inverter phase voltage  
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Figure 4-12: Response of Phase to neutral voltage for three phase two-level converter 

Figure 4-11 shows the three phase AC output voltage and figure 4-12 shows the phase to 

neutral voltage of two-level inverter using THIPWM, which is generated based on the 

switching instant signal in each leg of the inverters. The gate pulse for each converter legs 

are generated based on comparing the reference signal with the triangular signal.  

 

Figure 4-13: FFT analysis of phase voltage 
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From figure 4-13 the THD value of the output inverter voltage using THIPWM is reduced 

as compared with SPWM and the fundamental output voltage value is increased. 

4.1.4.  Three Phase Two-Level Inverter by Using SVPWM Algorithm 

Figure 4-15: shows phase output voltage for three phase two level inverter by using SVPWM 

algorithm (see appendices A MATLAB files for SVPWM and Figure A5: MATLAB 

Simulink subsystem model of SVPWM for two level converters). 

 

Figure 4-14: Modulating reference signal with triangular signal for SVM 

 

 Figure 4-15: Phase output voltage by using SVPWM algorithm 
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Figure 4-16: Response of Phase to neutral voltage for three phase two-level inverter 

As indicated from Figure 4-15 and Figure 4-16, it can be seen that the fundamental phase 

and phase to neutral voltage amplitude using SVM is similar with THIPWM, but higher than 

the value found using SPWM and better dc bus voltage utilization. The performance of the 

farm enhanced due to the reduction of harmonic filters size.  

 

Figure 4-17: FFT analysis of phase voltage 
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4.1.5. Three Phase Three-Level NPC converter by Using SVPWM Algorithm 

Figure 4-18: shows phase output voltage for three phase three level inverter by using 

SVPWM algorithm (see appendices B MATLAB files for SVPWM and Figure A6: 

MATLAB Simulink subsystem model of SVPWM for three level converters). 

 

Figure 4-18: The output phase voltage for three phase three-level NPC inverter  

 

Figure 4-19: FFT analysis of phase voltage 
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Table 4-1: Comparisons between different converter topology with SPWM, THIPWM and 

SVPWM techniques. 

Techniqu

e 

SPWM THIPWM SVM 

Converter 

Topology 

Output Phase 

voltage 

(peak) volt 

THD 

(%) 

Output Phase 

voltage 

(peak) volt 

THD 

(%) 

Output Phase 

voltage 

(peak) volt 

THD 

(%) 

Two level 

converters 

605.6 68.62 699 52.28 698.7 34.31 

Three 

level NPC 

converter 

    1208 25.42 

 

 

Figure 4-20: Graphical representation of different converter topology with SPWM, 

THIPWM and SVPWM techniques. 

Table 4.1 and figure 4-20 indicate the comparison of two-level converter with different 

PWM techniques such as SPWM, THIPWM, and SVM and three level converters with SVM 

in a grid connected wind power system. SPWM method has less DC bus utilization and 

higher THD than the other PWM method. To minimize this higher THD value with in the 

international standard limit STD 519, a large size filter is required to connect the converter 

in to the grid. This can increase the cost of the filter used in the DFIG based wind energy 

conversion system and reduce the performance and efficiency of the overall wind farm 

system. Among various modulation techniques, SVM is the proposed PWM method to have 

better DC bus utilization and reduce the THD value. AS seen from the simulation result, 
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THD value in SVM is reduced compared to SPWM and THIPWM in two level and three 

level NPC converter topology. The required filter size in order to reduce THD obtained 

using SVM method in the grid side converter is much reduced as compared to the two PWM 

technique.  

4.1.6.  Grid voltage with Harmonic Analysis 

The steady state output of voltage THD values are analyzed using FFT analysis from 

MATLAB. The simulation is done at the selected PCC of 690V bus bar system. Three phases 

waveform output of voltage at 690V bus bar system is shown below. 

 

Figure 4-21: Grid side phase voltage after LCL filter in SPWM  

 

Figure 4-22: FFT analysis of phase voltage 

Figure 4-22: shows the THD value found from the MATLAB/Simulink. As compared to the 

IEEE power quality standard and guideline, this result is found to be not within permissible 

limit. As indicated in the FFT analysis the THD value using SVM is 6.35 %, which is less 
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than 5% is also validated with respect to IEEE standard. The harmonic filters used in the 

wind farm have large size to cancel the amount of harmonic voltage values displayed. 

 

Figure 4-23: Grid side phase voltage after LCL filter in THIPWM 

 

Figure 4-24: Harmonic analysis for THIPWM 

Figure 4-24: shows the THD value found from the MATLAB/Simulink. As compared to the 

IEEE power quality standard and guideline, this result is found to be within permissible 

limit. As indicated in the FFT analysis the THD value using SVM is 3.95 %, which is less 

than 5% is also validated with respect to IEEE standard. 
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Figure 4-25: Grid side phase voltage after LCL filter in SVM  

 

Figure 4-26: Harmonic analysis for SVM 

Figure 4-26: indicates the THD value found from the MATLAB/Simulink. As compared to 

the IEEE power quality standard and guideline, this result is found to be within permissible 

limit. As indicated in the FFT analysis the THD value using SVM is 2.02%, which is less 

than 5% is also validated with respect to IEEE standard. 
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Figure 4-27: Grid side phase voltage after LCL filter in SVM  

 

Figure 4-28: Grid side voltage after LCL filter in SVM  

Figure 4-28: shows the THD value found from the MATLAB/Simulink. As compared to the 

IEEE power quality standard and guideline, this result is found to be within permissible 

limit. As indicated in the FFT analysis the THD value using SVM is 1.60%, which is less 

than 5% is also validated with respect to IEEE standard. 

ANSI/IEEE 519 Voltage Distortion limits:  

This standard predominantly lays out limits for Total Harmonic Distortion and Individual 

Harmonic Distortion for voltage distortions at different voltage levels in the power system. 

The limits and requirements to be met using such a standard are shown in table 4.2. 

Table 4-2: ANSI/IEEE 519 Voltage Distortion Limits: 

Bus 

Voltage   

  

 

Individual harmonics distortion, % Voltage THD, % 

V<69 kV  

 
3.0 5.0 

69≤V<161 kV  

 
1.5 2.5 

V≥161 kV  

 
1.0 1.5 
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Table 4-3: Comparison of different converter topologies 

S.NO Topology THD (%) 

1 Two level grid connected converter with 

SPWM 

6.35 

2 Two level grid connected converter with 

THIPWM 

3.95 

3 Two level grid connected converter with SVM 2.02 

4 Three level NPC grid connected converter with 

SVM 

1.60 

 

 

Figure 4-29: Graphical representation of different converter topology with SPWM, 

THIPWM and SVPWM techniques. 

From table 4-3 and figure 4-29, it shows that the fundamental voltage level at each rotor 

speed operation is almost at the same value when using two-level converter with THIPWM 

or SVM methods. It means that give very less influence to the generation of harmonic 

distortion. The three-level NPC converter produced lower voltage THD than the two-level 

converter using SVM with maximum different about 0.42%. 

For all cases except two level converters with SPWM, the voltage THD at the low voltage 

grid of the DFIG based WT during the entire rotor speed operation points are still lower than 

5% limit required by the standard IEEE STD-519. It can be concluded that for the DFIG 

based WT system studied in this thesis, using either two-level converter or three-level NPC 

converter using SVM produced acceptable low level of voltage THD at low voltage grid for 

the entire rotor speed operations. 

6.35
3.95

2.02 1.6

TWO LEVEL 
CONVERTER

THREE LEVEL NPC 
CONVERTER
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CHAPTER FIVE 

5. CONCLUSION AND RECOMMENDATION 

5.1.  Conclusion 

In this thesis, the performances of doubly fed induction generator (DFIG) based wind turbine 

(WT) during steady state and dynamics operation in two alternative scenarios, namely using 

different PWM types and different converter topologies have been studied. The performance 

criteria include the voltage total harmonic distortion in the grid side converter, the converter 

power losses and decoupled control of active and reactive powers. 

The study focuses on the development of back-to-back converter in terms of its topologies 

design and switching schemes. Two different converter topologies, namely two-level 

converter which is the commonly used topology for DFIG and three-level NPC converter 

which is known to having better performances have been selected. 

In many semiconductor switching devices available nowadays, insulated gate bipolar 

transistor (IGBT) has been chosen since it has a capability of self-commutated and 

commonly used in converter for wind turbine application. Dependent on their availability in 

the market and commutation voltage, IGBT class for the two-level converter and three-level 

NPC converter have been chosen. 

A detailed simulation model of a DFIG-based wind turbine system is developed for the 1.5 

MW wind turbine connected to the power grid. All of the primary components are modelled 

including DFIG and back-to-back converter. In this thesis, the modelling and control of a 

doubly-fed induction generator-based wind turbine-generator system have been considered. 

More specifically, the modelling of different components, the control strategies for the back-

to-back converter have been studied and analyzed in detail. As a basis of the research, the 

model of a wind turbine-generator system equipped with a doubly-fed induction generator 

was developed in a MATLAB/Simulink. Two control schemes were implemented in the 

wind turbine system, which are, the machine-side converter control and grid-side converter 

control. The objective of the vector-control scheme for the grid-side converter controller is 

used to maintain constant voltage across the capacitor and produce a unity power factor 

operation of the grid.  

As seen from the simulation results, the performance of two level and three level NPC 

converter-based vector controlled DFIG is investigated under steady state operation 

conditions. The main focus of this thesis is to use wind energy with minimal harmonic 
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distortion levels and the filter L1 in the inverter side is reduced by 0.3265mH and L2 in the 

grid side reduced by 0.285mH used in ADAMA II wind farm. A two-level converter in the 

grid side using SPWM, THIPWM and SVM technique is capable to maintain voltage THD 

levels to 6.35%, 3.95% and 2.02% at rated wind speed conditions of 12 m/s respectively. A 

three level NPC converter is capable to maintain THD levels at normal wind speeds at 

1.60%. This paper investigates on dynamic modeling of DFIG based WECS. The main 

contribution in the proposed model is to simulate the internationally well adopted DFIG grid 

interconnection using different converter topology with SPWM, THIPWM and SVM 

techniques and to achieve the IEEE 519 criteria of THD which is less than 5%. So DFIG 

using SVPWM topology is best suited for practical implementation and dynamic response 

analysis of DFIG for decoupled control of active and reactive powers. 

5.2. Recommendations for Future Work 

In this thesis work, as it can be said in the conclusion section, there obtained best results. 

However, still there are some limitations that need additional investigations for further 

research directions. 

 Direct torque control and direct power control should be considered, because of the 

advantages of no current regulators, no coordinate transformations and specific 

modulations, and no current control loops. 

  Matrix converters are another interesting topic because of their ac to ac 

transformation ability. 

 The transient behaviors of the DFIG-based wind turbine system under disturbances 

of grid failures should be studied. 

 The laboratory set-up for the DFIG and the back-to-back has not been conducted due 

to lack facilities. For best validation of simulation results, this can be taken into 

account in further works. 

 The results presented in this thesis were obtained only from simulation environment. 

It is recommended verifying the results through experimental evaluation to check 

their applicability in the real world. Regarding the cost evaluation, since the cost of 

electrical components vary dependent on manufacturer, it is also necessary to have                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

the cos.t comparison from other different manufacturers. 
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APPENDIX 

Appendix A: M-file for SVPWM for two level converters 

M-file for Determine Valpha, Vbeta, and Angle teta: 

function [Valpha, Vbeta, teta] = Clark (Va, Vb, Vc) 

Valpha= Va-Vb/2-Vc/2; 

Vbeta= (sqrt (3)/2) *(Vb-Vc); 

teta= atan2(Vbeta, Valpha); 

M-file for sector selection 

function n = Sectror(teta) 

    n=0; 

if(teta>0)&&(teta<=pi/3) 

    n=1; 

end 

if(teta>pi/3)&&(teta<=2*pi/3) 

    n=2; 

end 

if(teta>2*pi/3)&&(teta<=pi) 

    n=3; 

end 

if(teta<=0)&&(teta>-1*pi/3) 

    n=6; 

end 

if(teta<=-1*pi/3)&&(teta>-2*pi/3) 

    n=5; 

end 

if(teta<=-2*pi/3)&&(teta>-1*pi) 

    n=4; 

end 

M-file for Determine Vref 

function Vr = Vr(Valpha, Vbeta) 

Vr=0; 

Vr=sqrt(Valpha^2+Vbeta^2); 
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M-file for Determine angle 

function phi = PHI(n, teta) 

phi=0; 

if(n==1) 

    phi=teta; 

end 

if(n==2) 

    phi=teta-pi/3; 

end 

if(n==3) 

    phi=teta-2*pi/3; 

end 

if(n==6) 

    phi=teta+pi/3; 

end 

if(n==5) 

    phi=teta+2*pi/3; 

end 

if(n==4) 

    phi=teta+pi; 

end 

M-file for Determine Dwell Time 

function [T0, T1, T2] = Time(Vr,phi,Vdc, T) 

a=Vr/Vdc; 

T1=T*a*sin(pi/3-phi)/sin(pi/3); 

T2=T*a*sin(phi)/sin(pi/3); 

T0=T-T1-T2; 

M-file for Determine gate signal and their sequences 

function [S1, S3, S5] = Duty(T0, T1, T2, n) 

S1=0; 

S3=0; 

S5=0; 

if (n==1) 

    S1=T1+T2+T0/2; 
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    S3=T2+T0/2; 

    S5=T0/2;  

end 

if(n==2)   

    S1=T1+T0/2; 

    S3=T1+T2+T0/2; 

    S5=T0/2; 

end 

if(n==3)   

    S1=T0/2; 

    S3=T1+T2+T0/2; 

    S5=T2+T0/2; 

end 

if(n==4) 

    S1=T0/2; 

    S3=T1+T0/2; 

    S5=T1+T2+T0/2; 

end 

if(n==5)   

    S1=T2+T0/2; 

    S3=T0/2; 

    S5=T1+T2+T0/2; 

end 

if(n==6)   

    S1=T1+T2+T0/2; 

    S3=T0/2; 

    S5=T1+T0/2; 

end 

Appendix B: M-file for space vector pulse width modulation for three level NPC 

converters 

M-file for Determine Valpha, Vbeta, and Angle teta: 

function [Valpha,Vbeta,deta] = fcn(VA,VB,VC) 

Valpha=2/3*(VA-VB/2-VC/2); 

Vbeta=2/3*(sqrt(3)/2*VB-sqrt(3)/2*VC); 
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deta=atan2(Vbeta,Valpha) 

M-file for Determine Vref 

function Vref = fcn(Valpha,Vbeta) 

Vref=sqrt(Valpha^2+Vbeta^2) 

M-file for sector selection 

function n = SECTOR(deta) 

n=0 

if(deta>=0)&&(deta<pi/3) 

    n=1; 

end 

if(deta>=pi/3)&&(deta<2*pi/3) 

    n=2; 

end 

if(deta>=2*pi/3)&&(deta<pi) 

    n=3; 

end 

if(deta>=-pi/3)&&(deta<0) 

    n=6; 

end 

if(deta>=-2*pi/3)&&(deta<-pi/3) 

    n=5; 

end 

if(deta>=-pi)&&(deta<-2*pi/3) 

    n=4; 

end 

M-file for Determine angle 

function phi = fcn(n,deta) 

phi=0; 

if(n==1) 

    phi=deta;    

end 

if(n==2) 

    phi=deta-pi/3; 

end 
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if(n==3) 

    phi=deta-2*pi/3; 

end 

if(n==6) 

    phi=pi/3+deta; 

end 

if(n==5) 

    phi=2*pi/3+deta; 

end 

if(n==4) 

    phi=pi+deta; 

end 

function y = fcn(Vref,phi,VDC) 

y=0; 

m=Vref/(2/3*VDC); 

m1=m*2/sqrt(3)*sin(pi/3-phi); 

m2=m*2/sqrt(3)*sin(phi); 

if(m1<0.5)&&(m2<0.5)&&(m1+m2<0.5) 

    y=1; 

end 

if(m1<0.5)&&(m2<0.5)&&(m1+m2>0.5) 

    y=2; 

end 

if(m1>0.5) 

    y=4; 

end 

if(m2>0.5) 

    y=3; 

end 

M-file for Determine Dwell Time 

function [TA,TB,TC] = fcn(Vref,y,phi,UDC,Ts) 

TA=0; 

TB=0; 

TC=0; 
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m=Vref/(2/3*UDC); 

k=2/sqrt(3)*m*Ts; 

if(y==1) 

    TA=2*k*sin(pi/3-phi); 

    TB=Ts-2*k*sin(pi/3+phi); 

    TC=2*k*sin(phi); 

end 

if(y==2) 

    TA=Ts-2*k*sin(phi); 

    TB=2*k*sin(pi/3+phi)-Ts; 

    TC=Ts-2*k*sin(pi/3-phi); 

end 

if(y==3) 

    TA=2*k*sin(phi)-Ts; 

    TB=2*k*sin(pi/3-phi); 

    TC=2*Ts-2*k*sin(pi/3+phi); 

end  

if(y==4) 

    TA=2*Ts-2*k*sin(pi/3+phi); 

    TB=2*k*sin(phi); 

    TC=2*k*sin(pi/3-phi)-Ts; 

end    

M-file for Determine gate signal and their sequences 

function [S1A,S2A,S1B,S2B,S1C,S2C] = fcn(y,TA,TB,TC,TS) 

S1A=0; 

S2A=0; 

S1B=0;        

S2B=0; 

S1C=0; 

S2C=0; 

if(y==1) 

    S1A=TC/4+TA/4; 

    S2A=TS/2; 

    S1B=TC/4; 
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    S2B= TS/2-TA/4; 

    S1C=0; 

    S2C=TS/2-TA/4-TC/4; 

  

end 

if(y==2) 

    S1A=TS/2-S2B; 

    S2A=TS/2-S1B; 

    S1B=TS/2-S2C; 

    S2B= TS/2-S1C; 

    S1C=TS/2-S2A; 

    S2C=TS/2-S1A; 

 

end 

if(y==3) 

    S1A=S1C; 

    S2A=S2C; 

    S1B=S2A; 

    S2B=S1A; 

    S1C=S2B; 

    S2C=S1B; 

  

end 

if(y==4) 

    S1A=TS/2-S2A; 

    S2A=TS/2-S1A; 

    S1B=TS/2-S2B; 

    S2B= TS/2-S1B; 

    S1C=TS/2-S2C; 

    S2C=TS/2-S1C; 

  

end 

if(y==5) 

    S1A=S1B; 
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    S2A=S2B; 

    S1B=S2C; 

    S2B=S1C; 

    S1C=S2A; 

    S2C=S1A; 

  

end 

if(y==6) 

    S1A=TS/2-S2C; 

    S2A=TS/2-S1C; 

    S1B=TS/2-S2A; 

    S2B= TS/2-S1A; 

    S1C=TS/2-S2B; 

    S2C=TS/2-S1B; 

end 

Appendix C: MATLAB Simulink Modeling 

 

Figure A1: MATLAB Simulink subsystem model for RSC control system 
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Figure A2: MATLAB Simulink subsystem model for GSC control system 

 

Figure A3: MATLAB Simulink subsystem model of SPWM for two level converters 
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Figure A4: MATLAB Simulink subsystem model of THIPWM for two level converters 

 

 

Figure A5: MATLAB Simulink subsystem model of SVPWM for two level converters 
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Figure A6: MATLAB Simulink subsystem model of SVPWM for three level NPC 

converters 

Appendix D: Adama II wind turbine generator system data 

Parameter Value Unite 

Number of pole pairs 4  

Rated power 1.5 Mw 

Rated voltage 690 V 

Stator resistance 0.006243 Ω 

Rotor resistance 0.011074 Ω 

Stator inductance 0.1337 H 

Magnetizing inductance 5.4749 mH 
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Appendix E: Controller parameters  

Parameters        Gain value 

 Kp Ki 

DC bus voltage controller 8 400 

Inner current controller in d axis 0.3016 56.8489 

Inner current controller in q axis 0.3016 56.8489 

PI-PLL controller  

 

180 3200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


