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ABSTRACT 

In recent times, the environmental pollution has added up a major concern in individual’s 

lifestyle and a possible energy crisis has led them to create modern innovations for generating 

energy. Renewable energy assets have gained critical consideration of the industry and 

scholars, since it is ecologically friendly. Wind energy has gotten to be one of the foremost 

important and promising sources of renewable energy due to its cost effectiveness and 

availability. It has been recognized that, doubly fed induction generator (DFIG) based variable 

speed wind turbine technology is the foremost successful with less cost and high-power 

generation. Hence, this study has chosen a 2MW DFIG based wind turbine framework for 

complete study of modeling, analysis and control research. It consists of stator and rotor 

windings, where the stator part is directly connected to the electrical network, and the rotor is 

connected to the grid through AC/DC/AC voltage source converters. The AC/DC/AC voltage 

source converter includes both machine side converter and grid side converter with a common 

Dc-link capacitor. The main purpose of the generator side converter is to adjust the speed of 

the generator rotor and independently control the active and reactive power of the stator. The 

grid-side converter regulates the DC-link bus voltage to a constant value and maintains the 

reactive power exchange between the electrical grid and wind turbine generator with the unity 

power factor to produce the maximum active power output. In this thesis work, an artificial 

fuzzy logic control strategy is designed and developed for a vector controlled DFIG to regulate 

rotor speed. When compared with proportional integral control method, the proposed control 

strategy, which is applied to the speed loop reduces the settling time by 40% and eliminate the 

maximum overshoot to zero. Maximum power point tracking control strategy is designed by 

using an indirect speed control procedure in order to drive the aerodynamic torque to follow 

the maximum power curve proportional to wind speed change. Since, power electronic voltage 

source converters are connected with the rotor part of the generator, the grid faces voltage and 

current harmonic problems at the point of common coupling. In order to mitigate such harmonic 

disturbances, an LCL filter is introduced and three-phase multi-level voltage source converter 

is modeled and designed by applying space vector pulse width modulation (SVPWM) technique. 

The overall analysis, modeling and simulation have been developed by using MATLAB/Simulink 

software. 

Key words: Back-to-Back converter, DFIG, Fuzzy Logic Controller, SVPWM
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

In recent times, the environmental pollution has added up a major concern in individual’s 

lifestyle and a possible energy crisis has led them to create modern innovations for generating 

energy. Renewable energy assets have gained critical consideration of the industry and scholars 

because of their ecological friendliness [1]. In addition to solar energy, wind energy, hydro 

power and tidal energy are possible arrangements for environmentally friendly energy 

production. Among these renewable energy sources, wind power is growing rapidly in the 

energy industry [2]. Due to concerns about environmental pollution, many countries are building 

wind power generation through government-level methods. Today, wind power plants are 

increasingly becoming renewable energy sources alongside hydroelectric power generation in 

Ethiopia. This is due to the advancement and awareness of innovations aimed at reducing green 

gases or global warming. Therefore, wind power is one of the most effective, reliable, 

economical and fastest growing renewable energy sources and requires a well-designed control 

system. 

Squirrel-cage asynchronous generator-based wind turbine is the first invented technology, 

which generates electricity at a fixed wind speed. Later, variable speed wind turbines were 

invented. Wind turbines usually operate at variable speeds to provide high-efficiency electricity, 

and the extracted electricity accounts for a large part of the customer's energy needs. With the 

increasing popularity of wind energy, wind farms are directly affecting the energy system [1]. 

Among the different classifications of wind turbine technology, the Type 3 wind turbine is the 

most widely used variable speed wind turbine concept today because it extracts more energy 

from the wind, smooth power fluctuations and reduces mechanical stress on the shaft and gear. 

Due to their high energy efficiency and controllability, doubly fed induction generators (DFIGs)  

are the most popular among various variable speed wind turbine generators currently on the 

market [3].  The wind energy conversion system based on DFIG has several advantages. The 

main advantages of using wind turbines for variable-speed operation include [4]: 

 possibility of reducing mechanical structural stress. 

 independent control of active and reactive power. 

 reduction of power loss and cost. 
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The general form of a DFIG is that its stator part is directly connected to the network, while the 

rotor part is connected to the network through two converters connected to a DC-link capacitor 

to allow power exchange between the network and generator. The electronic power converter 

connected between the rotor circuit of the DFIG and the grid effectively decouples the grid 

frequency from the rotor frequency [4]. Figure 1.1 illustrates the general structure of DFIG for 

wind turbine application with AC/DC/AC voltage source converter. 

 

Figure 1.1 General structure of DFIG with back-to-back converter [5]  

Know days technology is becoming more and more advanced, and several different power 

converter technologies have been developed to integrate wind turbines with the grid or network. 

The use of electronic power converters allows variable speed wind turbine operation and better 

energy extraction. In variable speed operation, a control strategy is needed to extract maximum 

power from the turbine while providing a constant grid voltage and frequency. All control 

schemes integrated with electronic power converters are designed to maximize power output at 

all possible wind speeds in which the speeds vary from cut-in to cut-out speed [1].  

Since DFIG is widely used in the operation of variable speed wind turbines, its dynamic 

characteristics require the creation of high-performance control schemes. However, the dynamic 

features of such generators are mainly dependent on certain non-linear parameters, such as stator 

flux, stator current, and rotor current, which makes the whole system more complicated. 

Therefore, it is necessary to design a robust controller in this type of system to support the 

dynamic frequency of wind energy in order to maintain the stability and good performance of 

the system. 
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Generally speaking, conventional control design, such as proportional integral (PI) controller, 

results in many shortcomings, such as difficulty in setting parameters, and reduced robustness. 

In this thesis work fuzzy logic controller is applied to regulate the rotor speed of DFIG whereas 

PI controller is applied to regulate the rotor current loop of DFIG in the rotor side voltage source 

converter. The grid side inverter is controlled by using proportional integral control strategy to 

adjust the DC-bus voltage and to maintain the reactive power exchange between the generator 

and the grid at unity power factor. By applying a vector control strategy, the rotor-side converter 

(RSC) is controlled to regulate the generator rotor speed (outer loop) and rotor currents (inner 

loop). In order to control grid side voltage source converter (GSC), grid voltage orientation 

technique is applied. The main purpose of GSC is to control and maintain the DC-link volage 

constant and the gride power factor unity.  

The coupling of voltage source converters between rotor part of the generator and grid arises 

harmonic distortion, which affects the operation of grid and reduces output voltage levels. In 

this thesis work, different modulation strategies based two-level and three-level back-to-back 

VSCs are developed to improve the performance of grid connected inverters and to minimize 

the total harmonic disturbance (THD). In order to attain the THD value in IEEE 519-1992 

standard (THD < 5%), it is necessary to use an LCL filter and SVPWM with diode clamped 

VSC.  

 

Figure 1.2 Proposed block diagram of DFIG Control [6] 
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1.2 Statement of the Problem 

Currently, researchers compete to improve the energy efficiency of wind turbines to obtain the 

maximum generated electric power. Applying an efficient control mechanism in wind turbine 

design results in an enhanced and improved power extraction from wind energy. Even though 

many control mechanisms of DFIG has been studied, the widely used and appliable one in wind 

industry today is conventional PI controller, which requires adjustment for every change in 

reference pattern and also results in high overshoot and large settling time. Due to the frequent 

uncertainty of wind speed fluctuations, PI controllers cannot provide high-quality power 

generation and tracking references by extracting the maximum power. Hence, to ensure 

robustness of the system against external disturbances fuzzy logic controller is applied to the 

generator side converter in order to regulate the generator rotor speed.  

In wind turbines of DFIG, the rotor winding is connected with the grid via the power electronic 

converter called back-to-back converter, which produces harmonics that could result in voltage 

distortions at point of common coupling to the grid. Due to this harmonics problem, eddy current 

losses can be produced in the generator and the grid faces the power quality problems, which 

also affect the operation and the reliability of the electrical grid. Therefore, multilevel neutral 

point clamped voltage source converters-based SVPWM strategy is applied to minimize the 

generated harmonics. In addition to this, LCL filter is developed and located in between the grid 

side converter and the grid in order to improve the total harmonic disturbance with in the 

standard of IEEE 519-1992.  

1.3 Objective of Study 

1.3.1 General Objective 

The main objective of this thesis work is to develop an improved control strategy for the RSC 

and GSC of DFIG based wind turbine mainly by minimizing the total harmonic disturbance of 

grid connected voltage source converters to obtain adequate and effective power output. 
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1.3.2 Specific Objectives 

The specific objectives of this thesis are to:  

 Develop vector control strategy for the RSC and GSC. 

 Develop the rotor current controller for active (Ps) and reactive power (Qs) control and 

hence for toque control.  

 Design fuzzy logic controller for the RSC in order to control the rotor speed of the 

generator to reduce the peak overshoot due to conventional PI controller. 

 Design the three-phase two-level and three-level grid connected VSCs based different 

modulations techniques in order to minimize the total harmonic disturbance.  

 Model and simulate the overall system by using the MATLAB/Simulink software. 

1.4 Significance of Study 

Producing an efficient and improved energy is the most intention of the world nowadays, since 

the world is shifting the non-renewable energy source usage to the renewable energy source. 

Especially in the case of variable wind speed-based wind turbine plants, controlling wind turbine 

generator and reducing the total harmonic distortion is very important to increase the efficiency 

of the grid. 

1.5 Scope of the Study 

This thesis work focuses on the mathematical model and MATLAB simulation design of DFIG 

for the application of wind turbine technology. The artificial fuzzy logic control technique is 

applied to control the DFIG rotor speed and the inner current loop is controlled by PI controller 

using MATLAB/Simulink for wind turbine application. In order to reduce the total harmonic 

distortion, sinusoidal pulse width modulation, third harmonic injection based sinusoidal pulse 

width modulation and SVPWM techniques are developed and designed for three-phase two-

level conventional AC/DC/AC converter and three-level NPC grid connected inverter. 

1.6 Limitations of the Study 

The thesis is limited to the simulation of the system using MATLAB/Simulink by showing how 

the different components of the system interact with each other. Implementing the real system 

is quite difficult because it takes an additional time and cost to make the actual prototype 

implementation. 
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1.7 Thesis Organization 

This thesis work is organized into four chapters. The first chapter illustrates about introduction, 

statement of the problems, objectives, significance, scope, and limitations of the thesis work 

following the second chapter. The second chapter include literature review on the control 

mechanism of DFIG based wind turbine system and the system components briefly. The third 

chapter describes methodology and the overall modeling followed in this thesis work. Then after 

the fourth chapter presents the proposed results and discussions. At the end, the overall system 

is concluded and recommendations are made. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Components of Wind Energy Conversion System  

The Figure 2.1 illustrates the main components of a typical wind power generation system, 

which comprises wind turbine blades, gearbox, generator, AC/DC/AC converter and step-up 

transformer [7]. The kinetic energy of the wind turns the blades of the wind turbine. The blade 

is linked to the shaft. The generator converts mechanical energy into electrical energy. 

Gearboxes and wind generators are used to convert low speed, high torque mechanical power 

into standard speed electrical power. To adjust the low speed of the wind turbine rotor to a 

higher speed, a gearbox is applied. Wind turbines convert mechanical energy into electricity and 

electrical energy is sent to the grid through electronic power converters and grid-connected 

transformers. In wind turbine technology, fiber optic sensor technology is applied to turbine 

blade monitoring, fatigue failure detection and optimization of wind turbine production [8].   

 

Figure 2. 1 Block diagram of typical wind power generation system [9] 

  2.1.1 Wind Turbine Topologies 

Wind turbines have two distinct aspects, mechanical and electrical. The mechanical side 

corresponds to the turbine itself and the gearbox. The behavior on this side is basically controlled 

by the motion equation of the turbine and the pitch angle actuator. But during this thesis work 

the mechanical aspect is not mostly considered. On the contrary, the electrical aspects are related 

to DFIG and electronic power converters [10].  
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The designer of wind turbine can choose a large number of topologies. In any case, commercial 

plans for power generation have presently focused to horizontal axis, three-blade wind turbines 

which are appropriate in large power generating turbines [11].  

According to their operating speed, wind turbines are usually divided into fixed speed wind 

turbines and variable speed wind turbines [12]. Fixed speed wind turbines can operate only at 

limited range of wind speeds and when the wind speed changes, the output power is fluctuated. 

Since the nature of wind will vary and not linear, there is power fluctuation problem and thus, 

affect the power quality of the grid. The squirrel cage induction generator is suitable for fixed 

speed wind turbines. Wind turbines based on variable speed can operate with maximum energy 

conversion efficiency over a wide range of wind speeds. In this case the power quality improves 

compared to fixed speed wind turbines. In solving the limitations of fixed speed wind turbines 

and alleviating their deficiencies, variable speed wind turbine technology has advantages. In 

general terms, generation of wind energy uses a fixed speed or a variable speed turbine, which 

can be classified into four main types. These are type 1, type 2, type 3 and type 4 wind turbines. 

DFIG concepts belong to type 3-based wind turbines, which are widely used technologies for 

variable speed wind turbine plants. The wind turbines have to work at variable speed and trace 

the curve of maximum power extraction [13]. Therefore, the variable speed wind turbine uses 

the resources of wind energy used more efficiently than the fixed speed wind turbine, so there 

is no output power fluctuation in the case of variable speed wind turbine. 

    2.1.2 Operating Regions of a Wind Turbine-Generator System 

The wind turbine operates with different dynamics, from minimum to maximum wind speed, 

and the operating regions of the wind turbine power versus wind speed curve is illustrated in 

figure 2.2. Wind speed regions are the cut-in, rated and cut-out speeds. The cut-in speed (point 

A) is the point at which the wind turbine blades begin to rotate and generate electricity. As the 

wind speed increases, more electricity is generated until it reaches the maximum limit (point C). 

This maximum limit point is the rated speed and occurs when the turbine produces maximum 

output power or rated power. Wind speeds between the cut-in speed and therefore the rated 

speed, is an MPPT zone (Zone 2) [14].  
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The maximum power tracking adjustment is achieved especially by controlling the converter on 

the generator side. In the case of high-speed wind, the wind turbine stops running and shuts 

down to prevent damage. The wind speed at which the shutdown operation occurs is the cut-off 

wind speed (Zone 3). When wind turbines experience high wind speeds, this may damage the 

its mechanical part, so to prevent such issue cut-off speed needed [7]. Figure 2.2 illustrates the 

operation regions of wind turbine generator system. 

 

Figure 2.2 Turbine output power verse wind speed curve [15] 

2.2 Doubly fed Induction generator (DFIG)  

DFIG is also called an induction generator with wound rotor winding which consists of the 

stationary and rotating parts [16]. It is suitable for operation of wind turbines based on variable 

speed. In the DFIG-based wind energy conversion topology, the converter called AC/DC/AC is 

connected to the rotor part and stator part is directly connected to the network [15]. In DFIG 

independent control of active and reactive power, and a wide range of operating speed controlled 

by the RSC. These days, DFIG is most commonly utilized for large wind turbines in the wind 

turbine industry. DFIG based wind turbine consists of a wound rotor asynchronous generator 

and AC/DC/AC VSC with reduced cost and power rating of the converter.  

   2.2.1 Operating Principles of DFIG 

Generally, high-power wind energy conversion system is based on doubly-fed asynchronous 

generator.  
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The stator winding of DFIG is directly connected to a three-phase 50 Hz frequency grid, whereas 

the rotor winding is connected to the network through back-to-back power electronic converters 

to allow the generator operation at variable speeds in response to changing wind speeds. The 

rotor power circuit is composed of two components, RSC and GSC, which are independently 

controlled. Between the two electronic power converters, DC-link capacitor is placed as energy 

storage to maintain a constant DC bus voltage [2]. RSC controls active and reactive power by 

controlling the rotor current, while GSC regulates the intermediate circuit voltage and the 

reactive power exchange with the grid [17]. The stator side always supplies active power to the 

grid, and according to the DFIG operating mode, active power is fed in or out of the rotor circuit.  

2.3 Power Electronic Converter Topologies  

Numerous sorts of wind turbines based on variable speed wind turbine technology utilize power 

electronic converters as an interfacing instrument. Since, the wind turbine works at variable 

speed, the frequency of the generator changes and must hence be decoupled from the grid. This 

may be accomplished by employing power electronic converter technology [18]. In DFIG, 

electronic power converter is connected to the rotor winding, allowing bi-directional power flow 

in the rotor circuit and increasing the speed range of the generator. The converter topology 

enhances overall power conversion efficiency, extends generator speed range and improves 

dynamic performance of wind turbine technology. In variable speed wind turbine systems, 

power electronic converters have an ability to regulate and decouple the active and reactive 

power conveyed to electrical network. These characteristics have made the DFIG based wind 

turbine system widely accepted in today's wind turbine market. 

2.4 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. In DFIG based wind turbine generator system, the 

machine needs to be operated either in sub-synchronous speed mode or super-synchronous 

speed mode according to various wind speeds. Therefore, the back-to-back VSC configurations 

become necessary due to their bi-directional operation ability. The converter provides good 

abilities to transmit the generated power from wind turbine to grid effectively, respond quickly 

and accurately. Figure 2.3 shows a typical AC/DC/AC converter which consists an AC/DC and 

DC/AC converters with a common capacitor of DC-link [4]. IGBT device is used in electronic 

power converter for switching purpose.  
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Advantages of using IGBTs over other types of transistor devices are, it combines the benefits 

of both MOSFETs and bipolar transistors [19].  

 

Figure 2. 3 AC/DC/AC voltage source converter [4] 

2.4.1 Two-level Voltage Source Converter (VSC) 

Two-level VSC has been the foremost broadly utilized power converter for three-phase drive 

applications in which the output wave form is created by utilizing PWM with two voltage levels. 

In the case of two-level VSC, the output voltage and current are distorted, which shows that 

there are more THD. Due to such limitations of two-level VSC, multilevel VSCs are developed 

in order to produce more sinusoidal output voltage and current to capture efficient and better 

energy by reducing the THD. Since two-level inverters have the disadvantage of achieving 

higher power levels, three level inverter configurations have been developed to meet high 

voltage level requirements. Therefore, multilevel inverters promised lower torque ripples and 

copper loses as compared to the two-level inverter [20]. In three-level VSC the voltage and 

current are much more sinusoidal and THD is reduced. Figure 2.4 illustrated a two-level back-

to-back VSC. 

 

Figure 2. 4 Two level AC/DC/AC VSC [21] 
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2.4.2 Neutral-Point-Clamped (NPC) multi-level Converters 

Multilevel voltage source converter topologies permit the handling of high power with standard 

components such as semiconductors, drivers and smaller filters, to empower the operation in 

higher voltage levels. To realize this, the switches are arranged in advance than within the 

classical two-level converters. The increased number of switching devices gives additional 

degree of flexibility, which improves the performance and quality of voltage and generated 

power. In general, multi-level VSCs can be divided into three categories [22]. These are: 

 The NPC multi-level converters or diode-clamped converters 

 Flying capacitor converters and  

 Cascaded H-bridge converters 

Multi-level NPC voltage source converter is more beneficial over the three-phase conventional  

VSI due to [23]: 

 It generates more output line-to-line voltage levels, so the output voltage and current 

THD content can be reduced. 

 Pure sinusoidal wave forms are generated and this shows that the harmonic distortion is 

decreased. 

 It has high efficiency  

 Since all phases share a common DC-bus, capacitor requirement is reduced. 

 

Figure 2. 5 Three-level diode clamped multilevel inverter [24] 
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 2.5 Pulse width modulation (PWM)  

The correct choice of PWM to generate rectangular switching signals from power electronic 

converters is the main factor affecting the performance and efficiency of wind power systems.  

Generating sinusoidal output voltage with minimum harmonic distortion in GSC is the main 

goal of PWM. Due to the following advantages, the PWM strategy is applicable: 

 To control the voltage output waveform  

 In order to achieve a good spectral performance by minimizing the THD. 

 To achieve a good DC-bus utilization. 

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

changed into another using semiconductor-based electronic switch.  

The essential characteristic of these types of circuits is that the switches are operated only in 

one of two states, either ON or OFF states. The process of switching the electronic devices 

during a power converter from one state to different state is modulation. Modulation strategy 

plays a crucial role within the minimization of harmonics and switching losses in converters [4].  

The modulation strategy is used to obtain a variable output with the largest fundamental 

component and the smallest harmonic. Modulation technology is used to switch and operate 

controlled voltage source converters to produce excellent output voltage and current for various 

types of loads. By using modulation techniques, the switching device can obtain precise 

amplitude and frequency with a specified quality. In this thesis work, the sinusoidal PWM, third-

harmonic injection and SVPWM techniques are applied with the grid connected three-phase 

voltage source converters in order to reduce the THD. 

2.5.1 Sinusoidal Pulse Width Modulation (SPWM) 

In recent decades, SPWM has been broadly applied in control application of AC drive. In this 

modulation technique, the three-phase reference modulation signal is compared to the carrier 

signal to give a high or low state. This traditional SPWM technology is the most widely used 

technology because it is easy to implement and control, and it is compatible with almost all 

modern digital applications. But it has some disadvantages that can reduce its flexibility in some 

applications. Still, this strategy cannot make full utilize of the inverter voltage [25].  
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2.5.2 Third Harmonic Injection PWM (THIPWM)  

Applying third harmonic injection to a three-phase sinusoidal signal improves the output voltage 

without causing overmodulation. The third harmonic signal is added to the reference signal and 

causes the amplitude to increase without loss of quality. The peak fundamental wave component 

may be higher than the peak value of the triangular carrier wave that increases the fundamental 

wave voltage [26]. Adding third harmonic signal with conventional SPWM improves the 

fundamental output voltage and reduces the THD. 

2.5.3 Space Vector Pulse Width Modulation (SVPWM) 

The concept of space vector was initially determined from the turning field of an asynchronous 

drive and was utilized in PWM applications. Compared with SPWM technology, SVPWM has 

better dynamic performance and higher modulation even the computational complexity is 

relatively increased. In this thesis work three level grid connected NPC inverter topology based 

on SVPWM strategy is addressed to reduce the THD. In this type of modulation technique, eight 

switching patterns are used to approximate the reference voltage vector. Within the execution 

of SVPWM, determination of the reference voltage, duration of the switching time, and the 

switching time of each switch are crucial steps, and the switching sequence should provide less 

switching loss [26]. Compared with traditional SPWM technology, SVPWM has the following 

advantages: 

 Better spectral performance.  

 Enhanced DC-bus utilization.  

 Generates less harmonics distortions in the output voltage or currents.  

Therefore, SVPWM techniques are applied to grid connected inverter topology in order to 

eliminate or reduce the THD [25]. By applying SVPWM, the drawbacks of SPWM are reduced. 

2.6 Related Works 

In this scenario, related works of DFIG-based wind turbine control strategies are introduced. 

More specifically, related works on modeling, designing and control strategies of DFIG and 

analysis of THD for voltage source inverters are illustrated. 

In [27] the controller design of a DFIG driven by a variable speed wind turbine using particle 

swarm optimization technology is described. 
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 DFIG's mathematical model, its power converter and its controller have been explained. Simple 

low-level DFIG diagrams have been used in the design of PID controllers using the numerical 

differentiation of the Simulink model. The DFIG-based WECS design and its fitness function 

using PSO technology are presented. With a PSO-based controller, the DFIG system has slightly 

improved response in terms of terminal voltage, current, active and reactive power, DC-Link 

voltage, and generator speed. The controller based on PSO technology not only improves system 

response, but also reduces percentage overshoot to zero. The results obtained show that the 

system using the PSO-based controller stabilizes in a shorter time than the system based on the 

monitoring PID controller, but the THD problem is not considered or analyzed. 

Author in reference [28] describes the dynamic modeling and DFIG control based on the wind 

turbine systems. The Active and reactive power is controlled by the using feedback technique 

in the converter on the rotor side and reduces oscillation of the turbine generator. 

Even if feedback control technique improves better power flow, the GSC is not controlled and 

also THD analysis is not considered. 

Author in reference [29] presents an improved direct vector command (DVC) based on three-

level SVPWM. The essential disadvantage that is usually associated with DVC is the high 

harmonic current and power ripples. To overcome this harmonics and ripple issue, a SVPWM 

technique is proposed based on neural networks technique. The neural network regulator is 

applied to reduce the stator reactive and active power ripples and to improve performance of the 

DVC command. The THD analysis is considered and reduced by applying three-level inverter 

based SVPWM technique by using Matlab/Simulink, but the generator side converter is not 

regulated. 

Author in reference [30] describes direct power and vector control in combined manner based 

on direct current regulatory approach for RSC of DFIG. The system gained benefits of both 

control strategies in a compacted control system. Its benefit compared to vector control include 

a rapid dynamic response and robustness against changes in machine parameters. On the other 

hand, it benefits compared to direct power control including less disturbance and ripple. Since, 

two-level grid connected VSC is used, the THD becomes more. 

Author in reference [31] presents the control strategy of the RSC of DFIG by utilizing vector 

control with FLC to regulate the rotor currents. But GSC and THD analysis are not considered.  
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Author in reference [32] describes the help of battery energy storage systems to reduce DFIG 

power fluctuations. By applying a field-oriented control strategy, active and reactive power 

generated by the generator are decoupled. The overall system is tested and modelled by using 

Matlab/Simulink software. But THD analysis is not considered. 

In reference [33], the author describes DFIG control strategy by using direct torque control 

approach. But in conventional DTC technique there are high-current harmonics and noise that 

will reduce the control performance. 

In [34], the modeling and control of a wind turbine converter system based on a doubly-fed 

asynchronous generator is proposed to adjust the active and reactive power of the stator using 

MPPT control strategy. But the outer did not consider harmonics issue at all. 

In [35] RSC and GSC of DFIG are controlled by utilizing improved control method considering 

harmonic distortion. Even if both RSC and GSC are controlled and harmonic disturbance is 

analyzed, the grid connected VSC used is a conventional two-level inverter. Still THD analysis 

is required and an advanced LCL filter circuit must have to be designed to get more sinusoidal 

current and voltage signals with small THD value. 

In [36] synchronous power generation and harmonic current suppression using DFIG based 

WECS are described. In addition to harmonic isolation, the active and reactive power control 

strategy is applied. The GSC control analysis is not considered.  

In [37] direct AC to AC matrix converter with SVPWM is utilized and MPPT control strategy 

is applied for speed regulation. But matrix converter can’t utilize DC voltage fully. 

The above listed related literature reviews show the control strategy and modelling of DFIG 

based wind turbine technology with some limitations and drawbacks. In order to extract 

maximum power by using DFIG based wind turbine technology, the RSC and GSC must have 

to be controlled. In addition to this, THD in point of common coupling must be mitigated. In 

order to obtain pure sinusoidal signals of grid voltage and current, multilevel inverter and filter 

type of LCL. To improve the output fundamental voltage levels, the SVPWM technique is 

applied with grid connected multilevel voltage source converters. Therefore, the listed literature 

reviews did not consider such control strategy to extract maximum power. In this thesis work, 

this all-control scheme is applied and maximum power transfer capability is ensured while the 

voltage output waveform is increased by minimizing the THD content.  
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CHAPTER THREE 

MATERIALS, METHODS AND SYSTEM DESCRIPTION 

3.1 Introduction 

This chapter mainly focuses on the methodology that has been followed to accomplish this thesis 

work. The materials, analysis techniques, mathematical modeling of DFIG for both generator 

and grid side converter, vector control algorithm, and design of fuzzy logic controller. In 

addition to this, two-level back-to-back converter and three-level grid connected NPC multilevel 

inverter design and pulse generation techniques are presented.  

 3.2 Materials 

In this thesis, MATLAB/2019b is used to develop the Simulink block and Math Type 6.0 is used 

to develop the overall system mathematical design. 

 3.3 Methods 

To achieve the general and specific objectives of the study stated in the previous chapter, the 

following methods will be followed.  

 Gathering and reviewing of closely related papers and literatures from different books, 

related journals and google scholars.  

 Modelling of DFIG based wind turbine using Clark and Park transformation. 

 Designing of fuzzy logic control technique for vector controlled DFIG based wind 

turbine. 

 Model and design three-phase grid connected voltage source converter and simulating 

using different PWM techniques. 

 The overall system is simulated using MATLAB/Simulink and the results are analyzed. 

 Finally, the proposed system is concluded and recommendation is made for future.   
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The method used in this thesis to accomplish the required task is shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Related papers and 

literatures are reviewed  

DFIG specification data is 

taken from manufacturer. 

 

Analysis of the collected data and 

mathematical modelling of the 

proposed system 

FLC for DFIG based wind turbine is 

developed  

SVPWM based switching mechanism 

for two-level and multi-level VSC is 

implemented 

The proposed system is implemented 

using MATLA/Simulink  

The proposed system results are 

analyzed, discussed and finally 

concluded and recommended  

Figure 3.1 Block diagram of research methodology 
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3.4 Wind Turbine Aerodynamic Model 

Innovative wind turbine technology converts the kinetic energy of the wind into mechanical 

energy by generating torque. The aerodynamic model represents the power drown from the rotor 

and calculates the generated torque depending on the air flow on the blades. The power due to 

a wind speed wiV  and a surface area 1A  is given by [38]:  

  3
vw 1 wi

 
1

P = ρA V
2

                                                 (3.1) 

Turbine power is expressed by the maximum power coefficient, which is given by [39]:  

p p

2 3
t vw wi=c c

1
P = P ρπR V

2
                                             (3.2) 

where: R is the radius of the turbine rotor or length of the blades, pc  is the power coefficient.  

The power coefficient pc  is a dimensionless parameter that represents the effectiveness of the 

wind turbine in converting the kinetic energy of the wind into mechanical energy. It is a function 

of the wind speed, rotational speed tΩ , and pitch angle β  [4]. In addition, the power coefficient 

pc  and TSR are expressed as:  

t

wi
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                                                            (3.3) 

where: t
Ω  is mechanical rotational speed of rotor 

Power coefficient pc is given by [40]: 
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                  (3.4) 

The mechanical power extracted by the turbine based on the turbine torque is given by [41]: 

              m t t
P = T Ω                                                          (3.5) 

Figure 3.2 describes a relationship between the power coefficient pc  and lambda. It can be seen 

that for a specific TSR value, the CP value becomes the highest.  
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Figure 3.2 Power coefficient vs tip speed ratio (Lambda) graph [4] 

The turbine torque is expressed according to the angular speed of the rotor and the mechanical 

power of the turbine by the following relation [4]. 

t

3 2m
t t w=

Ω

P 1
T = ρπR C V

2
                                               (3.6)                                            

where:  

p

t

C (λ)
C

λ
=  which is the coefficient of the torque. 

The turbine gearbox ratio (N) is required between the speed of the turbine shaft (low speed shaft) 

and the speed of the generator shaft (high speed shaft).  

                                                                    m m t tT Tω = ω                                                         (3.7) 

tm

t m

 
T

N
T

ω
 = = 

ω
                                                        (3.8) 

where: mω  , tω  are rated speeds of generator and turbine in rpm, tT  and  mT  indicates the torque 

of turbine (on low-speed shaft) and generator (on high-speed shaft) respectively. 
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3.4.1 Maximum Power Point Tracking (MPPT) Control Strategy 

MPPT control strategy controls the electromagnetic torque to adjust the mechanical speed and 

maximize the generated electrical output. When the turbine operates at maximum power, the tip 

speed ratio and the maximum power coefficient becomes in optimal state [40] .The torque 

reference is adjusted by the following values: 

m

opt
em-ref

T
T = k Ω

N
 =                                                (3.9) 

where: 

op

pop 3

op 3

p

k
C1

= ρπR
2 λ N

 

To obtain the mechanical speed, the mechanical model equation of the DFIG is considered and 

given by: 

                                                             m
em v mmech

d
T -T = J + f

dt



                                   (3.10) 

where: J  is inertia, v
f  is the damping coefficient, m

  is mechanical rotational speed. 

It is also possible to derive the electric rotational speed mω  and the angle m
θ  from the mechanical 

model equation of the DFIG. By applying Laplace transform, mechanical rotational speed is 

given by: 

                                                       em mech
m

s v

T T
Ω

J f

-
=

+
                                                    (3.11) 

3.5 Steady State Model of DFIG 

The induction generator steady state model is very useful for testing steady state generator 

performance. Then the dynamic behavior of the machine will be developed based on this 

knowledge. In a steady state, the stator is fueled by a constant symmetrical signal of AC from 

the network. The generator rotor winding is also powered by a constant balanced three-phase 

AC signal via back-to-back VSC independent of the stator. The frequency ωs, ωr and the electric 

speed of rotor ωm are given by [4]:  

                                                              s r  mω  = ω + ω                                                          (3.12) 

   m mω  = p.Ω                                                       (3.13) 
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where: p is pole pairs and Ωm is mechanical rotational speed at the rotor in rad/s. 

The slip s of the generator is defined as follows: 

                                       
s m r

s s

ω -ω ω
s=  = 

ω ω
                                                  (3.14) 

As illustrated in previous sections, the stator part of DFIG is directly connected to the grid. So, 

the frequency of grid and stator becomes constant. Depending on the slip sign and rotor speed, 

doubly fed generators operate in different operating modes [42].These include: 

 mω   < sω  ⇒ rω  > 0 ⇒ s > 0 ⇒ Sub synchronous operation 

 mω   > sω  ⇒ rω  < 0 ⇒ s < 0 ⇒ Hypersynchronous operation 

 mω   = sω  ⇒ rω  = 0 ⇒ s = 0 ⇒ Synchronous mode of operation  

3.5.1 Sub-Synchronous Speed Mode 

When the operating speed of the generator is less than synchronous speed ωs, DFIG operates in 

the sub synchronous speed mode. In this case, the rotor winding rotates at a speed lower than its 

synchronous speed. Here mechanical and rotor power will be sent to the network through the 

stator. In this mode of operation, the generator slips and electromechanical torque developed 

has a positive value. The Figure 3.3 shows the sub-synchronous operation of DFIG [42]. 

 

Figure 3.3 Sub-synchronous operating mode of DFIG [42]  

3.5.1 Super-synchronous Speed Mode 

In this mode of operation, the generator rotor increases above synchronous speed and the rotor's 

magnetic field rotates counterclockwise. The mechanical power of the shaft is transmitted to the 

network through the stator and rotor circuits. The rotor power is transmitted to the network 

through the power converter in the rotor circuit and the stator power is transmitted directly to 
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the network. In this operating mode, the electromechanical torque generated is negative. This 

scenario is shown in Figure 3.4.  

 

Figure 3. 4 Super-synchronous operating mode [42]  

3.5.3 Synchronous Speed Mode 

In this operating mode, the generator operates as a synchronous motor because RSC provides 

DC excitation for the rotor windings. Since the rotor winding does not provide any current or 

power, the rotor power is zero, but the stator winding provides a large amount of reactive power 

to the network. The generated nominal speed is equal to operating speed of the generator and 

the slip is zero. Figure 3.5 illustrates the torque and slip characteristics of the three DFIG modes 

of operation. 

 

 

Figure 3. 5 Torque slip characteristics for DFIG modes of operation [43] 
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3.6 Dynamic Modelling of DFIG 

In order to study the actual behavior of DFIG, it is necessary to consider dynamic equations to 

obtain a more reasonable perception. Before controlling and analyzing the performance of the 

machine, it is very important to use Clark and Park to transform the machine model in the form 

of space vector to facilitate the simulation and implementation of the control scheme. The space 

vector model of induction generator is generally composed of three sets of equations, including 

voltage equation, magnetic flux equation and motion equation. The general voltage equation is 

given by [4]: 

d | ψ |
V = I.R +

dt
                                                              (3.15) 

where, ψ is the flux of the generator. 

In dynamic DFIG modeling in space vector theory, three different rotating reference frames are 

usually used. They are:  

 Stator reference frame (αβ), also known as stationary reference frame.  

 Rotor reference frame (DQ) rotates at ωm, and 

 Synchronous reference frame (d-q) rotates at ωs. 

3.6.1 αβ Model 

The αβ components of voltage and currents from the measured values are calculated with the 

Clarke transformation. The purpose of a Clarke transformation is to transform a-b-c reference 

frame to α β [4]: 

cαβ abcs
x x= T                                                (3.16) 

where, cT  is the transformation matrix of Clarke transformation 

c
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                                       (3.17) 
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where, rT is expressed as follows  

rT
cosθ -sinθ

=
sinθ cosθ

 
 
 

                                               (3.19) 

3.6.2 d-q Model 

To make the computation simpler, three-phase system is transformed in to d-q axis which is 

applied to decouple d and q axis currents of rotor independently. Transformation of αβ frame to 

an orthogonal rotating reference frame (d-q) is known as Park transformation. 

αsds
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qs βs

(θ)
i i

= T
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                                                (3.20) 

where, pT  is the transformation matrix and θ is the angle between d-axis and α-axis. 

p (θ)T
cosθ -sinθ

=
sinθ cosθ

 
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                                               (3.21) 

Stator voltage equation is shown in Equation (3.22) and rotor voltage equation is represented 

in Equation (3.23) in stationary axis [19]: 
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                                         (3.23)  

The flux in αβ axis is given by: 
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                                                        (3.25) 

where: sL  and rL  are inductances of the stator and rotor, mL  is the magnetizing inductance 

 sL  and rL  are related to leakage inductance of the stator and rotor ( σsL , σrL ), and given by: 

r σr m

s σs m

L = L + L

L = L + L



                                                         (3.26) 

The active power of stator and rotor side becomes: 

s αs αs βs βs

3
P = (v i + v i )

2
                                             (3.27) 

r αr αr βr βr
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2
                                             (3.28) 

The rotor and stator side reactive power are given by: 

s αr αsβs βr

3
Q = (v i -v i )

2
                                              (3.29) 

r αr αrβr βr

3
Q = (v i - v i )

2
                                                (3.30) 

The generated electromagnetic torque of DFIG is given by: 

em αr αrβr βr

3
T = p(ψ i -ψ i )

2
                                 (3.31)   

 

Figure 3. 6 Equivalent circuit of the DFIG in stator coordinates [19] 

By applying park transformation matrix to Equations (3.22) and (3.23), the voltage equation in 

rotating frame of refence is given by:  
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qs

qs s qs s ds

ds
s s qsds ds

i
dψ

v = R + -ω ψ
dt

dψ
v = R i + -ω ψ

dt








                                   (3.32) 

  

qr

qr r qr r dr

dr
r r qrdr dr

dψ
= R i + -ω ψ

dt

dψ
v = R i + -ω ψ

dt

v








                                (3.33) 

Also, the stator and rotor flux equations in d-q axis is given by: 

                                                          
s mds ds d r

qs s qs m q r

ψ = L I + L I

ψ = L I + L I





                                               (3.34) 

          
d r r d r m d s

q r s q r m q s

ψ = L I + L I

ψ = L I + L I





                                             (3.35) 

 

Figure 3. 7 Equivalent circuit of the DFIG in the rotating d-q coordinates [19] 

The electromagnetic torque equation in the rotating d-q reference frame is given by: 

   m
em qs qrdr ds

s

L3
T = P (ψ i -ψ i )

2 L
                                  (3.36) 

3.7 Vector Control Strategy of DFIG for RSC 

The control strategy of AC motor can be roughly categorized into scalar and vector control. The 

former one is easy to design, and despite its slow dynamics, it still provides relatively stable 

state response. These limitations result in innovation of control system called vector, which is 

applied to solve the slow response caused by scalar control.  
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In the vector control of DFIG, the d-axis and q-axis components of the rotor currents are 

adjusted. In order to be able to easily control the generator, stator flux orientation frame is used 

to realize independent control of active and reactive power by means of the quadrature and the 

direct current, respectively. The principle is to align the flux of stator in d-axis [44].  In this case 

the stator fluxes in d and q axis are assumed as: 

                                                               
ds s

qs

=ψ ψ

= 0ψ





                                                              (3.37)                                                       

Since the stator winding of DFIG is directly connected with the stable grid, the stator resistance 

is assumed as neglected. Consider the assumptions for the stator voltages in d-q axis [44]:  

 
d s

q s s s sV V

V = 0

= = ω  ψ





                                                       (3.38) 

From the Equations (3.27) and (3.29), and (3.35) the rotor current in the direct and quadrature 

axis is calculated: 

s ds m dr s

s qs m qr

=

= 0

L I + L I ψ

L I + L I





                                                   (3.39) 

The direct and quadrature axis stator current is given by: 

s m
ds dr

s s

m
qs qr

s

= -
ψ L

I I
L L

L
I = - I

L








                                                       (3.40) 

qs qs

m
s qr

s

2

s m
dr

s s s

s

s q s ds
=

3
 V I =

2

3
Q

2

L3
- V I

2 L

V L3 3
- I

2 L ω 2 L

P =

= V I








                           (3.41)                

Equation (3.41) shows, under the direction of stator flux, sP and sQ are decoupled and controlled 

independently. emT depends on q axis current and stator flux.  
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                                       (3.42) 

The voltage expression of rotor in d-q axis depends on the stator flux. To obtain the expression 

of rotor voltage, Equations (3.33) and (3.35) are considered.  

2
m

s

2
m

s

m
r

s

qr r qr

dr dr ds

L
L -

L

L
L -

L

L

L

= I

ψ = I + ψ

ψ

  
  
  


 
 
 

                                    (3.43)                             

As clarified in previous chapters, since the rotor part of DFIG is connected with power electronic 

VSCs, the rotor is supplied by voltages of different frequencies and amplitudes. The voltage 

equation in d-q coordinate, which is aligned with the stator flux space vector is given by [44]: 

m
r r dr

s

m
r r qr

s

ds

qr ds

r r qrdr dr

r qr r rdr

L
i σL i + σL i +

L

V i σL i + σL i +

R ψ

L
= R + ψ

L

d d
V ω

dt dt

d
ω

dt

= -

ω








                (3.44)                             

During the regular operation of DFIG, the grid voltage is constant in altitude and frequency 

because the stator winding of DFIG is connected directly to the grid at constant AC voltage.  

Therefore, the stator flux is constant and hence, the derivative of flux is zero. The term 

m

s

dsr
L

ψ
L

ω is a perturbation, since it depends on the stator flux or the and voltage, which is an 

external variable independent of the inner loop. 
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Figure 3. 8 Generator-side converter control block diagrams 

Figure 3.8 illustrates vector control structure for RSC of DFIG to regulate the rotor speed and 

current loop. PWM technique is applied to control the switching signals of the power electronic 

converters. The outer loop is the rotor speed control loop and the inner one is control loop of 

rotor current. 

3.7.1 Current Loop Transfer Function of RSC 

In vector control strategy of DFIG in RSC, the regulator is the conventional PI controller. In the 

case of tuning the PI gain parameters, the coupling terms are cancelled. The regulator gains are 

tuned by using transfer function of current loop.  

3.7.2 Proportional Integral Regulator Design 

Proportional plus Integral (PI) controller is used to calculate and reduce error deviation due to 

the difference between a measured variable and set point for the current loop as well as for the 

speed loop. A simple block diagram of PI controller is illustrated in Figure 3.9. 
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Figure 3. 9 Block Diagram of PI Controller [45] 

The coupling terms are disappeared from the final transfer function by means of the control.  

The current loop transfer function for both d and q components are given by [19]: 

( )p i rqrdr

* *

p r2dr qr i

r r

K s + K σLi (s)i (s)
= =

K + Ri (s) i (s) K
s + s +

σL σL

 
 
 

                               (3.45) 

( )p i r

* 2 2

n n

K s + K σLi(s)
=

i (s) s + 2ξω s + ω
                                    (3.46) 

By choosing the damping ratio of 1, which means that the system is critically damped. Then, 

the current loop transfer function is given by: 

( )
( )

p i

2*

n

K s + K Li(s)
=

i (s) s + ω
                                             (3.47) 

The current loop PI controller gains are tuned and the values are directly related with generator 

parameters. 

 
p n r r

2

i n r

K = 2ω σL - R

K = ω σL





                                              (3.48) 

3.8 Dynamic Modeling and Control of Grid Side System  

The grid side system comprises of inverter, filter and the grid voltage. The main goal of grid 

side converter is to regulate the DC-link capacitor voltage and the grid currents of d and q axis. 

Controlling the DC-bus voltage is required, since the DC link is mainly formed by a capacitor 

[4]. So, the active power flow through the rotor must cross the DC link and then it must be 

transmitted to the grid. Therefore, by controlling the DC link voltage to a constant value it is 

possible to ensure flow the actual power through the converter. Figure 3.10 illustrates overall 

structure of the grid side system.  
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Figure 3. 10 Structure of GSC control system [20] 

3.8.1 d-q Model of Grid side system 

The dynamic modelling of grid side convertor of DFIG is analyzed in similar way to the RSC 

dynamic modelling [4]. The voltage equation for vector orientation is given by: 

                              

dg

qgf dg f dg fadf

qg
qg aqf f f f dg

di
V = R i + L + V -ω L i

dt

+
di

V = R i + L ω L i
dt








                        (3.49) 

The active and reactive powers exchanged with the grid becomes: 

          

g qg qgdg dg

g qg qgdg dg

3
P = (V i -V i )

2

3
P = (V i +V i )

2







                                          (3.50) 

 3.8.2 Vector Control Strategy of the GSC 

Vector control strategy for grid connected convertres provides good performance characteristics 

with reasonably simple implementation requirements. Figure 3.11 illustrates the grid voltage 

oriented control strategy. In order to get decoupled active and reactive power flow between the 

grid and GSC, vector control strategy is applied. The grid voltage of q axis is assumed to be 

zero and the grid voltage of d axis is the same as grid voltage [20]. 

dg g

qg = 0

V = V

V



                                                              (3.51) 
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The active and reactive power is controlled independently by controlling the rotor currents of d 

and q axis respectively and given by: 

g dg qg

g dg dg

3
Q = - (V i )

2

3
P = (V i )

2







                                                            (3.52) 

Equation (3.52) shows, gP and 
g

Q are decoupled and regulated by grid currents. The set point 

for active power is created by the DC-link voltage regulator. The coupling term is considered 

from the voltage equation of the grid-side dynamic equation to obtain a better dynamic response. 

When the filter L is applied, the voltage equations of d and q-axis are given by [20]: 

dg

qgf dg f dg fdf

qg
qgqf f f f dg

di
V = R i + L + V -ω L i

dt

+
di

V = R i + L ω L i
dt

s

s








                          (3.53) 

The coupling term is given by: 

s qgd f f

sqf f dg

e = -ω L i

e = ω L i





                                                             (3.54) 

 

 

Figure 3. 11 Grid Voltage-oriented Vector Control Block Diagram 
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  3.8.3 Phase Locked Loop (PLL)  

For the transformation of voltage and current coordinates, angle of the grid voltage is required, 

which is estimated by the PLL. The simple PLL block estimates the grid voltage angle in a 

closed loop way. The closed loop PLL bock diagram is illustrated in Figure 3.12. The PI 

controller takes d component voltage from the d-q transformation block as error and modifies 

the estimated angular speed until this error equals to zero [4]. 

 

Figure 3. 12 PLL structure block diagram [4] 

3.8.4 Tuning of Current Regulators 

To tune the current loop regulator gains, transfer function is developed from the current loop by 

applying LaPlace transform to the above voltage equations. 

dg

qg

f dg fdf

qgqf f f

i

i

(s) (s) (s)

(s) (s) (s)

V = R i + sL

V = R i +sL





                                          (3.55) 

The open loop transfer function for the current loop of grid side converter for L filter is given 

by: 

dg qg

df qf f f

i (s) i (s) 1
= =

V (s) V (s) L s + R
                                                (3.56) 

The simplified structure for the current loop is shown in the Figure 3.13. 

 

Figure 3.13 Current Loop structure for d component [20] 

The closed loop transfer function is given by 
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( )

dg qg p i

2

dg qg f f p i

p i fdg qg

2

dg qg f p f i f
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


                              (3.57) 

By equating with second order standard equation 

2 2 2

f p f i f n ns +s(R + k ) L + k L = s + 2ξω s + ω                                (3.58) 

Then, the required values of pk  and ik are given by: 

2

i f n

p f n f

k = L ω

k = 2L ξω - R





                                                                  (3.59) 

When L filter circuit is replaced by LCL filter, the grid rotor voltage in d-q axis is given by: 

dgdf
g g g qgf df f dg dg f qf

qf qg

g qg g gf qf f f df dg

s sdf

s sqf

+ + -

+ +

didi
V = R i + L + R i L V -ω L i ω L i

dt dt

di di
R i + L + R i L + ω L i ω L i

dt dt
V =







               (3.60) 

The coupling terms are canceled by the regulator and the voltage equation becomes a function 

of grid current.  

dg dg

g gf dg f dg

qg qg

qg g qg gf f
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+

+
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dt dt
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





                                        (3.61) 

Then, by applying Laplace transform, the open loop transfer function for the current loop of grid 

side converter for LCL filter is given by: 

dg qg

df qf f g f g

i (s) i (s) 1
= =

V (s) V (s) (L + L )s + R + R
                                      (3.62) 

The closed loop transfer function for current loop when LCL filter is used become: 

q p id

* * 2

d q f g f g p i

i (s) sk + ki (s)
= =

i (s) i (s) s (L + L ) +s(R + R + k ) + k
                              (3.63) 
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Finally, the required pk and ik values are obtained: 

( )

( ) ( )

2

i f f n

p f f n f g

k = L + L ω

k = 2 L + L ξω - R + R





                                      (3.64) 

 

3.8.5 DC – Link Model 

It is the linkage between the RSC and GSC. DC-link model consists of a capacitor which is used 

to minimize power fluctuation. The main objective of Dc-link capacitor is to keep a constant 

voltage of GSC. The Figure 3.14 presents a shortened block of a DC-link circuit. 

 

Figure 3. 14 DC- Link Power Converter [4] 
 

The DC bus voltage can be calculated as [41] 

bus c

busC
V

1
= i dt                                                   (3.65) 

By applying the KCL to figure 3.14, the current through the capacitor can be found as 

rr_dc g_dc
I = - - II I                                             (3.66) 

where;  r I is current through the resistance (A), 
g_dc

I  is a DC current flow to the grid (A), 

r_dc
I  is a DC current flow from the rotor (A).  

The current through the resistance is: 

bus

bus

r

V

R
I =                                                           (3.67) 
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3.9 Controller Design for RSC of DFIG 

In DFIG controller is connected in order to regulate rotor speed, generated torque, active and 

reactive power exchange of the generator and the grid side inverter. In this thesis work, FLC is 

developed for the RSC of DFIG to control the rotor speed which provides a short transient time 

with zero overshoot, to increase efficiency of  maximum power transfer capability. In this case 

maximum output power of the energy unit is ensured by reducing losses.  

3.9.1 Fuzzy Logic controller Design  

The PID controller is the standard control structure of classical control theory. However, due to 

non-linearity in the process plant, performance is greatly distorted and efficiency is reduced 

[46]. Fuzzy control is an intelligent control system based on analogous human fuzzy thinking, 

which uses fuzzy sets, fuzzy language variables, and knowledge of fuzzy logical inference to 

control complex systems. Fuzzy control has the advantages of good performance and 

robustness. This control strategy is applied for uncertain systems without computing 

mathematical model. 

 

Figure 3.15 Proposed block diagram of Rotor side convertor control  

Designing fuzzy logic controller includes fuzzification, inference rules and defuzzification. 

Fuzzification presents designing of membership functions and choosing the proper range. 

Inference rules consists of the rules that links the input to the output. The fuzzification process 

transforms the generated fuzzy functions in to crisp set. The general fuzzy logic block diagram 

is shown in Figure 3.16. 
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Figure 3.16 Structure of FLC [47] 

The fuzzy logic controller (FLC) block is regulator for the outer loop called speed loop. The 

controller should provide a minimum difference of real rotor speed and the measured rotor speed 

of the DFIG. The Figure 3.17 shows the fuzzy logic controller block diagram for DFIG. 

 

Figure 3.17 Speed Loop control block diagram 

FLC is easily implemented in systems which doesn’t need the mathematical model. In this 

thesis, the fuzzy logic controller chooses two inputs, namely rotor speed error and rotor speed 

variation error. The design consists of five triangular membership functions for Mamdani FIS 

type input and output. The membership function is expressed as, NB: negative big, NM: 

negative medium, Z: zero, PM: positive medium and PB: positive big. The appropriate rule set 

is established through trial and error. The appropriate rule set is constructed through trial and 

error. Table 3.1 illustrates the appropriate rules in which error e(t) is located in the row while 

change in error is in the column.  The range of both inputs are chosen as [-80000 80000]. Table 

3.1 describes fuzzy logic rule. 

Table 3. 1 Fuzzy rules for speed control 

d

dt
 

e(t) NB NM Z PM PB 

NB 

NM 

Z 

PM 

PB 

NB Z NB Z Z 

Z NM NM Z Z 

NB NM Z PM PB 

Z Z PM PM PB 

Z Z PB PB PB 
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Figures 3.18 and 3.19 presents membership functions of both the input and output respectively 

for speed control using fuzzy logic control strategy. The output control signals are generated 

based on trial-and-error mechanism. The output range is chosen as [-8000 8000]. 

 

 
Figure 3.18 Input fuzzy membership function 

 

Figure 3.19 Output fuzzy membership function 

3.10 Modelling of Grid Connected Filter and VSCs 

In this section the grid connected filter and voltage source converters are analyzed. The voltage 

source converters are three-phase two-level and three-level diode clamped converters.  

3.10.1 LCL Filter Analysis and Design 

The PWM voltage output of grid-connected inverter comprises a large number of switching 

harmonic, due to this harmonic current is fed into the network. So, the objective of the filter, 

which is interfaced between the grid side converter and the grid, is to minimize the current and 

voltage harmonics generated by the switches of VSCs. An AC-DC-AC converter, which is 

connected to the rotor side of DFIG, is interfaced to the grid through an AC filter (L or LCL). 
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The first step is designing of the filter inductance. However, the use of inductive filters will lead 

to many disadvantages, such as reduced dynamic performance of the converter and a smaller 

operating range.  

To better reduce the current ripple, an LCL filter can be selected because, its filtering capacity 

is significantly higher than that of the simple L filter [48]. Therefore, by selecting the LCL filter 

the resulting THD becomes less than 5% and IEEE 519-1992 standard is achieved [35]. To 

design the LCL filter, the converter’s rated power, the grid and the switching frequencies are 

assumed. Then the base impedance, capacitance and inductance ( bZ , bC  and bL  respectively) 

are calculated. The objective of the input filter 1L  is to reduce the high harmonics at the 

converter side [19].  

b
 b

n

2
n

b

n

n b
b

Z
L =

ω

C

V
Z =

P

1
=

ω Z











                                                       (3.68) 

where: nω = 2π*f , nV  is nominal line to line converter voltage. 

6

2

b

690
= 0.2380ΩZ =

2*10
,   bL = = 0.75mH

2πf

0.2380
, b

1
C = = 13.3811mF

2πf *0.2380
 

After calculating the base values of impedance, inductance and capacitance, the converter side 

inductance 
 1

L  is calculated. From the manufacturer manual, the rating of the Grid side 

converter is given as 365 kVA.  Assuming unity power factor for the gride side converter and 

neglecting the losses for the converters, then the Nominal RMS converter phase current (In) can 

be calculated as: 

3
g

n

 n
365x10

= = 305A
3x690V

P
I

3
=                                     (3.69) 

Based on the IEEE 519-1992 limitations and the assumption that peak ripples must not exceed 

10% of the grid current [49].  

nP-P rip
 

 
2 x 0.1I = 43.1335I =                                   (3.70) 

Assume that, the RMS converter voltage is equivalent with the grid rms voltage and becomes: 
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                                                (3.71) 

where, SWf is a switching frequency 

n_rms

1

SW p-p,rip

 

  

2 2 V
L =

8 3 f I
                                                   (3.72) 

1L
 x  x

690
3 = 0.21769mH

x x 2  305

2 2V x
=

8 3 5000  0.1 
 

Now, the maximum ripple current max,rip
I can be chosen in between 10% and 25% of the 

nominal phase current nI  and the limit of 1L that has to be fulfilled is given by:  

gdc
c

SW SWmax , rip max , rip  

V 2V
L

6 f I 6 f I
                                            (3.73) 

Then, the maximum converter side ripple current can be calculated as: 

max,rip x x 86.27AI = 2  0.2  305 =  

c

690 x 
= 0.21769mH

2
L

6 x 5000 x 86.27
 , which is the so called 1L  

To finalize the design procedure, lets calculate the filter capacitance and grid side inductance 

2L . For the design of the filter capacitance, it’s considered that the filter capacitance should be 

less than 5% of the base capacitance bC . The assumption for the reference capacitor is 4% of 

the base capacitor and the filter capacitor becomes [48]: 

ref bC = 0.04C                                                      (3.74) 

ref
ref b

n b

C 0.04
C = C C =>    =  = 535.24μF

ω Z 100 x 3.14 x 0.2380
                (3.75) 

Finally, 2L is developed on the grid side 2L . The main purpose of 2L is to suppress the current 

harmonics injected into the network. 
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To attenuate the current ripples, 1L is greater 2L  [19].  In this case, the division factor ar  is 

given by: 

2
a

1

L
r =

L
                                                         (3.76) 

a2 1L = r L                                                         (3.77) 

A

2

A 1 sw

a

1- H

H (1- L  C ω )
=r                                              (3.78) 

2 A

2

1 A 1 sw

L 1- H

L H (1- L C ω )
=                                             (3.79) 

 

Then, the grid side inductance is given by 

( )
22

sw sw
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2 1 2

swA 1 

ω = 2πf

1- H
L L

H (1- L C ω )
=





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                                   (3.80) 

where: AH is the harmonics attenuation of the phase current which chosen as 0.05 and swf is the 

switching frequency According to IEEE 519-1992 the THD factor is given by [50]: 

IEEE

50
2

h=2

*THD = I 100%(h)                                    (3.81) 

 
2-62 0.2177* = 0.0279mH

* 2π*5000

1-0.05
L

0.05(1-0.000377*401*10 )
=  

3.10.2 Two-Level Three-Phase GSC Model 

Figure 3.20 shows a two-level GSC with six IGBTs antiparallel freewheeling diodes, 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. The control signals are generated through different 

types of PWM technique. For the modelling purpose, GSC consists of an ideal switch and effects 

of the transformer or grid impedances are neglected [20].  
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Figure 3.20 Grid connected three-phase two-level converter with filter [51] 

The output voltages of the converter are synthesized by commanding the appropriate switching 

orders of the IGBTs: Sa-g, Sb-g, Sc-g. Both of the switches in the same leg can’t be turned ON at 

the same time, as it would short the input voltage. Accordingly, the nature of the two switches 

in the same leg is complementary [20]. 
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c_g c_g

+ =1

+ =1

+ =1

S S

S S

S S









                                                     (3.82) 

The output voltages referred to the neutral point of the DC bus is expressed as: 

           j0 bus j g
V Sv =                                                  (3.83) 

where:   j gS 0, 1  and j = a,b,c  

According to Figure 3.21 voltage relationship is given by: 

    nojn jo
v = v -v                                                 (3.84) 

 

Figure 3.21 Equivalent grid circuit model [4]  

Then, the output voltages of grid connected two-level inverter is given by [20]:   
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a_g b_g c_g
bus

a_g c_gb_g

c_g a_g b_g

an

bus

bus

bn

cn

2S S -S
3

2S S -S

2S S -S

v = -

3

3

( )

v = - -

v = -

( )

( )

v

v

v











                                    (3.85) 

For two-level grid connected VSC, there are eight different combinations of output voltages. 

The output voltages are Vao, Vbo and Vco. For two-level VSC, the output voltage takes only two 

voltage levels and which are busV  and 0. The different Output Voltage Combinations are stated 

at Table 3.2. 

Table 3. 2 Different Output Voltage Combinations of 2L-VSC [20] 
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3.10.3 Modelling of Grid Connected Three-Level NPC VSC 

Three-level NPC inverter is diode clamped multilevel converter family which generates output 

phase voltage waveforms Vao, Vbo and Vco with three switching levels of amplitude (0, bus

2

V
 and 

busV ). The voltages are created on the AC side by switching the controlled switches ( a1S , a1S ' , 

a2S , a2S ' , b1S , b1S ' , b2S , b2S ' , c1S , c1S ' , c2S , c2S ' ), connecting the DC bus to the AC output. 

The DC bus is created by two DC sources providing a ground point z. The clamping diodes are 

associated from the neutral point to each arm (a, b, c) to achieve the medium voltage level bus

2

V

as shown in Figure 3.22. To perform a bidirectional flow of the current through the converter, 

each controlled switch is accompanied by one diode in antiparallel manner. Compared to the 

two-level grid connected inverters, this multilevel converter topology is suitable to achieve 

higher ranges of power and voltage. In this circuit, the DC-bus voltage is divided into three 

levels by two series-connected bulk capacitors, C1 and C2. The capacitors are identical and the 

middle point of the two capacitors, is defined as a neutral point.  

 

Figure 3.22 3L-NPC VSC Converter [20] 

The switching states of the converter at each phase are restricted in such a way that each switch 

presents its complementary switch. In order to avoid non-permitted states, which results in 

improper operation, the following switching status is compulsory. 

             
ki ki

S +S ' =1                                                          (3.86) 

where: k=a, b, c and i=1, 2                                   

The output voltage of the three-level multilevel inverter is given by: 
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ao a1 C1 a2 C2

C1 C2bo b1 b2

c1 C1 c2 C2co

V = S V +S V

V = S V +S V

V = S V +S V







                                          (3.87) 

From the expression of two-level converter 

an a0 c0b0

2 1
V = V - (V +V )

3 3
                                        (3.88) 

Then, by substituting the output voltage equations of three-level multilevel inverter, the output 

AC voltage expressions are calculated depending on the order commands: 

a1 C1 a2 C2 C1 C2 c1 C1 c2 C2b1 b2an (S V +S V ) S V +S V S V +S V
2 1

V = - ( + )
3 3

                   (3.89) 

Then, by rearranging, the expressions for the output voltage becomes: 

a1 a2

b1 b2

c1 c2

c1 c2b1 b2

a1 c1 a2 c2

a1 a2b1 b2

C1 C2
an

C1 C2
bn

C1 C2
cn

(2S - - ) + S - -

(2S - - ) + S - -

(2S - - ) + S - -

V V
S S S S

V V
S S S S

V
S S S S

V = (2 )
3 3

V = (2 )
3 3

V
V = (2 )

3 3











          (3.90) 

The voltages of the capacitors in general are not necessarily exactly equal. The currents flowing 

through the DC bus capacitors can be calculated first by deducing the currents and becomes: 

                                                      1 a ca1 c1b1 b
S S Si = i + i + i                                                (3.91) 

By applying the KCL at node z and O of Figure 3.22 the currents are related as: 

                                                     

1 c1

z

Z

c1 c2

12 c2
= )=

i = -i

+ i

+ i

i = i

i i -(i







                                                       (3.92) 

The simplified currents at node z and O becomes: 

                               
Z a ca2 a1 c2 c1b2 b1 b

a ca1 c1b1 b2
 - 

- ) - ) - )

)

=

=

(S S i +(S S i +(S S i

(S i +S i +S i

i

i





            (3.93) 
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Figure 3.23 SIMULNK model of 3L-NPC VSC 

3.11 Pulse Generation of the Controlled Switches 

Pulse generators are applied for power electronic converters in order to generate rectangular 

pulses. The pulse generation techniques are: 

 Sinusoidal pulse width modulation 

 Sinusoidal pulse width modulation technique with third harmonics injection  

 Space vector pulse width modulation technique  

3.11.1 Sinusoidal Pulse Width Modulation (SPWM) 

SPWM strategy is broadly expanded modulation technique among voltage sourced converters. 

From the set point values of DC bus voltage and the grid reactive power, this modulation 

techniques creates a-b-c voltage references Vaf, Vbf, and Vcf references. Output voltage is created 

by using a triangular signal and comparing it with the reference signal to create pulses Sa−g, 

Sb−g, Sc−g and the resulting switching signals from each comparator are used to drive the 

inverter switches of the corresponding leg. In the case of sinusoidal pulse width modulation, the 

output voltage is created according to: 

j
S =1  if  *

j tri
V  > V ,     j = a, b, c 

where:
*

jV = reference signal,  
triV = triangular signal 
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Figure 3.24 presents the schematic block diagram of SPWM. Maximum output voltage without 

over-modulation (ma ≤1) is Vbus
2

. In ideal conditions, the amplitude obtained between the 

fundamental voltage output and the DC bus voltage is given by the amplitude modulation index 

and is expressed as: 

an a
Vbus

= .
2

v m   if am  1                                (3.94) 

 

Figure 3.24 SIMULNK model of SPWM 

3.11.2 Sinusoidal PWM With Third Harmonic Injection 

Although sine pulse width modulation is simple to understand and design, full utilization of DC 

voltage is not achieved. Therefore, due to this weakness of SPWM and in order to increase the 

maximum achievable output voltage, SPWM involves the third harmonic. This technique 

improves the output voltage. Using sinusoidal PWM technology will not be too close to the 

maximum achievable output voltage. Therefore, only by adding the 3rd harmonic signal to each 

reference signal, a significant increase in the output voltage waveform can be obtained. At the 

output, the amplitude obtained from the harmonic wave ( 1V ) is equal to the amplitude of the 

reference fundamental wave. The reference signal occupies two maximum values at 1
π

3θ =  

and 1
2π

3θ =  equal to 1. The first and third harmonic equation is expressed as: 

3 3 max

1 1 max  

 3V = V sin( θ)

V = V sinθ



                                             (3.95) 

When 1
π

3θ = , the output voltage becomes busV

2
.  
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( )
bus

1 max

bus
1 max

V
V =

3

V π= V  sin
32







                                           (3.96) 

                                                        

After third harmonic injection is added, the maximum achievable output voltage amplitude is 

1.15 times greater than the SPWM. The output voltage waveform for each phase with third 

harmonic content is stated as: 

        1max 3max

1max 3max

1max 3max  

2π
V  sin(ωt - ) + V  sin(3ωt)

3

2π
V  sin(ωt + ) + V  sin(3ωt)

3

V sin(ωt) + V sin(3ωt)









                              (3.97)        

3.11.3 Space Vector Pulse Width Modulation (SVPWM) 

By using the space vector illustration principle, the SVPWM generates AC output voltage for 

the inverter. The SVPWM based voltage source converter utilizes DC-link voltage more and 

results in low harmonic distortion with high output voltage levels compared to the conventional 

sinusoidal PWM inverter. In this modulation technique, vectors are used as a reference point. 

As a result, it becomes better and takes an advantage. As discussed in the previous scenario the 

conventional VSC provides eight different output voltage combinations on the AC side (V0 to 

V7) that can be represented in a space vector diagram in Figure 3.25. The region in the plane 

covered by the voltage vector disposition is a hexagon divided into six different [29]. The three-

phase output AC voltage reference
*

V is also represented in the plane. 

To implement the SVPWM technique, the voltage equation in the a-b-c axis is transformed in 

to the stationary D-Q reference frame. Figure 3.25 shows the hexagon of vector identification 

of each and every sector for SVPWM. The SVPWM has some advantages over SPWM in which 

it utilizes the DC source voltage more effectively and creates a higher voltage output.  
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Figure 3.25 Space vector representation for SVM [29] 

The maximum possible peak phase voltage that can be obtained using the space vector 

modulation strategy is given by the following formula: 

dc
svpwm

V
V =

2
 

To design the implementation of SVPWM techniques consider the following steps: 

a. By applying Clarke transformaton techniques the three-phase system is transformed in to α-

β frame. 

an
α

bn
β

cn

1 1
V1 - -

V 2 2 2
= V  

V 3 3 3
V0 -

2 2

 
                

 

                                     (3.98) 

a cbα

1 1
= (V - V - V )

2 2

2
V

3
 

β

3 3
V = ( Vb - Vc)

2 2

2

3
 

When three-phase voltages are applied to an AC machine, a rotating magnetic flux is produced 

and this magnetic flow is represented as one of the rotary voltage vectors. After applying the 

Clark’s transformation technique, the magnitude refV and angle α of this vector is given as 

follows:  
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2 2
αref β

2
V = a V + V

3
                                               (3.99) 

β-1

α

ωt

   = 2πft

V
α = tan

V

 
= 

   

where: 

f = fundamental frequency 

b. Ones having the calculated values of Vα, Vβ and the magnitude of the reference vector
ref

V

then calculate the switching time duration for each sector V1−V6. For each sector refV can 

be found with two active and one zero vector. For sector 1(0 to π
3

), the reference vector 

can be located with V0, V1 and V2. The time durations 0T , 1T and 2T are the switching times 

and given by: 

1 2 01 2

1 1 2

+c 1T T +T TT +TT

1 2 0ref

0 0 T T +T

V = Vdt + V dt + V dt                                    (3.100) 

c 1 1 2 2 0 0refV T = VT +V T +V T                                         (3.101) 

where, cT is the total cycle is given by: 

C 1 2 0T = T + T + T                                                  (3.102) 

Then, dividing both sides of the above equation by cT  and expressed by the duty cycle as: 

1 1 2 2 0 0ref D D DV = V +V +V                                  (3.103) 

Then the average voltage for the sector 1 and the switching times can be given as: 

( )
( )

( )
( )c 1 2ref dc dc

cos α cos π 312 2
T . V . = T . .V . +T . .V .

sin β sin π 303 3

    
    
       

             (3.104) 

c s 2ref
π2T .V .sinα = .V .sin( ).T

3 3
                          (3.105) 

The time duration 1T  and  2T  is given as follows: 
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c1

c1 =

π
sin( -α)

3T = T .a.
π

sin( )
3

sin(α)
T T .a.

π
sin( )

3











                                                      (3.106) 

 

   c0 1 2= - ( + )T T T T                                                              (3.107)                                    

where: c

c

1
=

f
T and 

dc

ref
a =

2
V

3

V
, which is a modulation index. 

When generalizing the equation, 1T  and 2T  is given by: 

dc

dc

dc

c ref

c ref

1

c ref

3. π n -1
sin - α + π

V 3 3

3. nπ
sin - α

V 3

3. n n
sin πcosα + cos πsinα

V 3 3

 

T . V

T . V
T =

T . V


     

   

  
  

 


 
   



                             (3.108) 

dc

dc

c ref

2

c ref

3. n -1
sin α - π

V 3

3. n -1 n -1
-cosαsin π + sinαcos π

V 3 3

T . V

T =
T . V


     

   

  
  

 

                     (3.109) 

0 c 1 2= ( )T T T T− +                                                        (3.110) 

where, n = 1 through 6 and 0  α  60  

3.11.4 SVPWM for Grid Connected Three-Level VSC 

Three-level NPC inverter contains twelves switching devices and supplied with two capacitors 

connected in series in which both capacitors are charged with DC bus voltage. The middle point 

of the two capacitors is the DC-voltage neutral point.  
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Each leg of the converter consists of four series connected IGBTs and two clamping diodes. The 

diodes are applied to clamp the six middle switches potential to the DC-link point at Z. the 

combinations of the twelve switches gives the three-level output voltage [19]. Figure 3.26 shows 

three-level NPC inverter with 12 switching devices. Specific combinations of the twelve 

switches gives the three-level output voltage.  

 

Figure 3.26 Three-level, three-phase neutral point clamped inverter topology [19] 

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. 

Switching state 

The operating state of the switch in the NPC inverter can be expressed by the switch state, as 

shown in Table 3.3. The switch state “P” means that the upper two switches in branch A are 

turned on, and the inverter terminal voltage VAZ, that is the voltage at terminal Z relative to the 

neutral point Z, is +Vdc/2, whereas “N” means the lower two switches are conducting, resulting 

in to VAZ=−Vdc/2. 
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Table 3. 3 Switching states [52] 

 

The state of switch 0 means that the two internal switches S2 and S3 are on and the inverter 

terminal voltage is set to zero by the clamp diode. Depending on the direction of the load current 

Ia, one of the two clamping diodes conducts. For example, positive charge current (Ia> 0) forces 

DZ1 to turn on and terminal a is connected to neutral point Z through conduction of DZ1 and 

S2. As can be seen from the Table 3.3, switches S1 and S3 work in a complementary manner. 

One is open, the other must be closed. Similarly, S2 and S4 are also complementary pairs. These 

states represent connections to different DC-link points. The output phase voltage of the inverter 

generated, that is, the regulated voltage per line, is given by the following formula [52]: 

AZ 1 1 1 2 2 2

BZ 1 1 1 2 2 2

CZ 1 1 1 2 2 2

V = (2S -S -S ) + (2S -S -S )

V = (2S -S -S ) + (2S -S -S )

V = (2S -S -S ) + (2S -S -S )







                                (3.111) 

The line-to-line voltages are given by: 

AB AZ BZ

BC BZ CZ

CA CZ AZ

V = V - V

V = V - V

V = V - V







                                                      (3.112) 

In the case of NPC inverter, three level output voltage is created. These are 2E, E, 0, −E and−2E. 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

4.1 Simulation of RSC using MATLAB/Simulink 

The simulation of overall system is performed by using MATLAB/Simulink. The parameters of 

the generator used in this thesis work is shown in appendix part. As stated in the previous 

section, the DFIG operates in three operation modes. The simulated rotor speed of generator is 

illustrated in Figure 4.1. The running rotor speed is compared with the reference speed to operate 

the generator at synchronous, sub-synchronous and supper-synchronous conditions. As stated 

in Figure 4.1, from the initial to 3.63 seconds the generator is running at 90% of the rated speed 

and the measured speed tracks the reference signal with small overshoot. The set point is 142.8 

rad/sec which is 90% of rated speed (1500rpm). In this case the generator is operating at speed 

less than the rated speed and hence in sub synchronous operation mode. At 3.63 second the rotor 

speed changes and the generator operates as a synchronous motor. The reference signal is 

157rad/sec, which is the rated speed.  From 3. 63 to 5 seconds, the measured signal is tracking 

set point smoothly at speed of 157 rad/sec. Since the rated speed and reference signal becomes 

the same, hence the generator is operating in synchronous mode of operation.  

 

Figure 4.1 Simulated result of generator rotor speed 

Finally, from 5 to 8 seconds the measured signal which is operating speed, is higher than the 

rated speed of the generator. The set point in this region is 172.7 rad/sec and the measured signal 

is smoothly tracking the reference signal and the generator is running at super-synchronous 

operation mode as shown in Figure 4.1. 
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Figure 4.2 illustrates generated electromechanical torque of the generator. If 1500 rpm is rated 

rotor speed of the generator, the reference signal is at 90% of the rated speed to present the 

generator operating mode at subsynchronous operation mode from the startup to 2 sec. In this 

case the torque reference is set as zero. After 2 sec, the generator is operating at 25% of the rated 

elechtromechanical torque until the generator operates at negative torque. At 2 sec the changed 

torque produces a pertubation for the rotor speed. After 6 sec, the torque becomes negative and 

the generator is working as a motor hence in super synchonous mode. So the variaon in rotor 

speed results in torque variation and hence the electromechanical torque is modified. 

 

Figure 4.2 The electromechanical torque 

The rotor current of the d component is maintained at 0 A in order to make the simulation easier 

and to control the current in q axis. Figure 4.3 presents the simulated rotor current in d axis and 

the measured signal is tracking the reference signal more or less perfectly.  

 

Figure 4.3 d axis rotor current 
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Figure 4.4 shows the simulated reference voltages in d-q axis. The voltage reference according 

to d axis rotor current is termed as d axis voltage and since id maintains in zero, hence the 

voltage reference called Vdr is more or less zero. The voltage reference according to q axis rotor 

current is Vq and results in variation due to the variation of iq. The rotor speed variation results 

in the electromechanical torque modification and hence the rotor current in the q axis becomes 

modified. Therefore, the voltage reference of q axis shows modification accordingly with the 

rotor current of q component. As shown in Figure 4.4, the rotor voltage reference is tracking the 

setpoint signal very well. 

 

Figure 4.4 d-q axis reference voltages 

From the principle of vector control, the rotor currents in d-q axis are decoupled and controlled 

independently. Therefore, the rotor current in q axis is directly related to emT and d axis rotor 

current controls sP .  

Figure 4.5 shows the simulated result of rotor current in quadrature axis. The rotor current of q 

axis is modified accordingly to the torque.  

 

Figure 4.5 The simulated rotor current in quadrature axis 
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The Figures 4.6 and 4.7 illustrates the three phase stator currents and voltages respectively. The 

stator currents and voltages are purely sinusoidal with a frequency of 50 HZ. 

 

Figure 4.6 Stator Current 

 

Figure 4.7 Stator voltage 

Figure 4.8 illustrates the three-phase rotor currents. Since the rotor part of DFIG is connected 

with power electronic converters, the rotor current signal is not smoothly sinusoidal. So, the 

rotor current output is influenced. After 5 seconds, the sequence of rotor current is changed to 

a-c-b from a-b-c.   

 

Figure 4.8 Rotor Current 
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Figure 4.9 illustrates the direct proportionality of speed of wind, speed of rotor and the generated 

output power. The generated output power becomes maximum at rated wind speed. Gradually, 

a 2MW output real power is generated after 5 second delay.  

 

Figure 4.9 Wind speed, rotor speed and generated output power 

Table 4. 1 Steady state analysis for rotor speed controller with PI controller 

 

Table 4.1 illustrates the peak point and settling time for the rotor speed controlled by using PI 

from Figure 4.1.  

4.2 Simulation of the RSC of DFIG for Different Wind Speed  

Figure 4.10 illustrates the wind speed profile versus time. The initial wind speed is 12m/sec and 

at this speed the generator is at the rated condition. Then, the wind speed is reduced to 9m/s at 

30sec and also declined to 6m/s at 60sec time.  
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Figure 4.10 Wind Speed Versus Time 

The Figure 4.11 presents simulated result of rotational speed of DFIG in reference to wind 

speed. The rotational speed of DFIG changes correspondingly as the wind speed changes. The 

rotational speed of the generator is directly related with the wind speed change and tracks the 

reference signal. When speed of wind decreases suddenly from 12 to 6m/s the rotor speed 

decrease gradually and then settles as per the control strategy made in the rotor side converter. 

 

Figure 4.11 Rotational Speed of DFIG 

As analyzed from the Figure 4.11, the controller regulates the rotational speed of the generator 

with respect to its optimal point as the wind speed changes. As stated in the literature review 

portion, the DFIG can operate under variable speed range so that the generator rotational speed 

is regulated even the wind speed is varying.  
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The Figure 4.12 presents the simulated electromechanical torque with respect to wind speed and 

the variation in wind speed results in variation in electromechanical torque. The measured signal 

is smoothly tracking the reference signal, so that the electromechanical torque of DFIG is 

regulated, and hence the active power is regulated. When speed of wind decreases the torque 

also declines, and indicates that, the change in wind speed will result in the electromechanical 

torque variation.  

.  

Figure 4.12 Electromechanical Torque 

Figure 4.13 illustrates the output active power with respect to wind speed. The change in wind 

speed results in generator rotational speed to vary and, hence the generated torque and output 

active power changes accordingly with the wind speed. 

 

Figure 4.13 Active power 

4.3 Simulation of Grid side Converter  

Grid side converter control comprises the DC-link volatge at the outer loop and the rotor currents 

at the inner loop.  
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When controller block is aplied to GSC, voltage of DC-link capacitor becomes regulated and 

gQ is maintained at a unity powerfactor. Figure 4.14 presents that, the DC-link voltage is fully 

constant at 1200v after the transien state is completed. From 0 to 1 sec, the simulated voltage 

shows some sinusoidal feature with overshoot and after 1 sec the system tracks the reference 

signal very well.  

 

Figure 4.14 DC bus Voltage 

Figure 4.15 illustrates the simulated grid side d axis grid current. The output is tracking the 

reference signal smoothly.   

 

Figure 4.15 d axis grid current 

The simulated q axis grid current is shown in Figure 4.16, which shows the objective of GSC is 

achieved since the grid current of q component is zero. This indicates the reactive power 

exchange is maintained at zero. Therefore, the grid has a unity power factor.  
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Figure 4.16 q axis grid current 

 

Figure 4.17 Grid voltage references 

Since q axis grid current is maintained at zero, the resulting reference voltage Vqg settles at zero 

and Vqg changes accordingly with the direct axis grid current. Figure 4.17 represents grid 

reference voltages. 

4.4 Speed Control Using Fuzzy Logic Controller 

The Figure 4.18 below shows the simulated result of speed for the DFIG when fuzzy logic 

controller is applied to the outer loop or speed loop. In this case the simulated output is tracking 

the setpoint signal more smoothly and the settling time is reduced and the maximum overshoot 

is almost zero when compared with the conventional controller PI. 

Table 4. 2 Steady state analysis for rotor speed controller with FLC controller 
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Figure 4.18 Rotor speed by using Fuzzy Logic Controller 

The fuzzy logic-based rotor speed control is faster and more efficient than both indirect speed 

control and conventional PI speed control mechanism. The performance analysis of rotor speed 

using FLC is illustrated in Table 4.2. 

4.5 Simulation of Two-Level Grid Connected Inverter using MATLAB 

In this section a two-level grid connected voltage source converter is simulated by using pulse 

generation techniques such as SPWM, THIPWM, SVM. 

 4.5.1 Simulation of Two-Level VSC Based-SPWM Technique  

Generating a PWM signal is very much familiar in the case of inverter topology and it is most 

efficient method of controlling the output voltage. In the case of PWM pulse signals are 

generated by using the triangular (as a carrier) signal and sinusoidal (as a reference) signal. The 

Figure 4.19 presents the generated PWM signal by using Matlab Simulink. 

 

Figure 4.19 SPWM Generator 
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In this case three-phase voltage references are compared with a carrier signal and a rectangular 

pulse is generated. Figure 4.20 and 4.21 presents the output line to line and phase voltage 

profiles respectively. SPWM technique is applied to the grid connected three-phase two-level 

inverter and the gate pulse for each inverter leg is generated by comparing the sinusoidal signal 

with the carrier signal. The output phase and line voltages are generated based on the switching 

instant signal in the legs of the converter. 

 

Figure 4.20 Line-to-Line Voltage profile of two-level converter with SPWM 

 

Figure 4.21 Phase voltage profile of two-level VSC using SPWM 
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From the FFT analysis of Matlab Simulink, THD content of conventional inverter is analyzed 

and presented in Figure 4.22. In this case the THD value is high with low voltage level. 

 

Figure 4.22 Harmonics spectrum and THD for two-level inverter based SPWM 

4.5.2 Simulation of Two-Level VSC Based-THIPWM 

In the case of inverter with SPWM as modulation index changes from 0 to 1, the peak of 

fundamental component of the phase voltage changes from 0 to 0.5Vdc. To enhance this range 

and increase DC voltage utilization THI is applied and the DC voltage is increased by 15% more 

than SPWM. As presented in the Figure, the SPWM based third harmonic technique is applied 

to two-level inverter and the switching signal is produced by comparing a reference waveform 

signal with the carrier signal. In compared to PWM based two-level inverter, the THI with PWM 

technique have higher utilization of DC bus voltage and the THD value is reduced as shown in 

Figure 4.24. By adding third harmonic signal to reference signal, third harmonic is injected with 

PWM and rectangular pulse is generated. This scenario is illustrated in Figure 4.23. 
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Figure 4.23 Third Harmonic injection with SPWM and the switching signal 

Figures 4.24 presents the three-phase two-level line to line output voltage profiles using 

THIPWM technique. The output voltages are generated based on the switching signal in the legs 

of the converter. In the case of two-level inverters with SPWM the THD value is higher with 

the reduced fundamental output voltage, but when THIPWM is applied to two-level inverter the 

fundamental output voltage is increased by reducing the THD value. Figure 4.25 illustrate the 

harmonic spectrum and THD analysis for two-level inverter by using THIPWM strategy. 

 

Figure 4.24 Line to line voltage of two-level VSC using THIPWM 
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Figure 4.25 Harmonics spectrum and THD for two-level inverter with THIPWM 

4.5.3 Simulation of Two-Level VSC Based- SVPWM Technique 

Three-phase sinusoids are enclosing fixed 120 degrees phase shift and represented as vectors of 

different instantaneous magnitudes but fixed space angles. In the case of conventional VSC 

topology, it is composed of six switches in which each switch consists of a transistor with IGBTs 

and anti-parallel diode to provide a bidirectional conduction ability to the switch. If both 

switches get open and closed at the same time, there is no any useful output so this kind of state 

is ignored and forbidden respectively. Therefore, each phase of two-level inverter has only two 

useful states which are, either of the lower and upper switches are ON or OFF. The Figure 4.26 

describes the three-phase reference signal and its equivalent alpha beta transformed signal with 

the angle value which goes from negative 180 degree to positive 180 degree. 
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Figure 4.26 Reference Signal with Angle 

 

Figure 4.27 Rectangular Pulses 

The rectangular pulses are generated when SVPWM technique based two level inverter is 

implemented. The output generated rectangular pulse is shown in Figure 2.28.  



 

70 
 

 

Figure 4.28 Output Voltage of two-level VSC using SVPWM 

4.5.4 Simulation of Three-Level NPC VSC Based-SVPWM 

Figure 4.29 illustrates output voltage levels for NPC converter. The switching signal is 

controlled by applying SVPWM instead of conventional PWM in order to reduce the THD and, 

hence the fundamental output voltage become improved.  

 

Figure 4.29 Output Voltage Level of NPC 

As shown in Figure 4.30, by using NPC voltage source converter with SVPWM, the total 

harmonic distortion is reduced. 
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Figure 4.30 Harmonics spectrum and THD for NPC VSC with SVPWM 

4.5.5 Simulation of Three-Level NPC VSC with LCL Filter and SVPWM 

To improve the THD produced due to the grid connected voltage source converters, LCL filter 

is applied and located in between the power electronic converter and the grid in order to 

minimize harmonics with IEE standard. Figure 4.31 illustrates the simulation result when the 

NPC VSC is simulated with no filter. 

 

Figure 4.31 Simulated voltage and current signal without LCL filter 

When LCL filter is added, the THD is below 5% and which is the correct range according to the 

IEE standard. Figure 4.32 shows the simulated voltage and current signals after the LCL filter 

is added and the signal is pure sinusoidal with improved harmonic issue. The THD value is with 

in permissible limit as indicated in Figure 4.33. 
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Figure 4.32 Simulated voltage and current signal with LCL 

 

Figure 4.33 Harmonics Spectrum and THD for NPC VSC with SVPWM and LCL 

Table 4. 3 Performance comparison of VSC based on modulation techniques 

 



 

73 
 

CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION 

In this thesis work, design and analysis of fuzzy logic controller-based vector controlled DFIG 

in WECS for maximum power transfer capability has been studied. The overall system includes, 

modelling and control of rotor side converter, grid side converter and design of LCL filter. More 

specifically, the proposed controller called fuzzy logic controller is designed and analyzed to 

regulate the rotor speed for the rotor side converter. Different modulation strategy namely, 

SPWM, THIPWM, and SVPWM were presented and analyzed for both conventional two-level 

and three-level NPC voltage source converters. Controlling DFIG comprises control of the back-

to-back power electronic converters, which are located between the rotor winding of the 

generator and the grid. The back-to-back converter consists of two voltage source converters, 

namely rotor side converter and grid side converter with a common DC-link capacitor. In this 

thesis work, the rotor side converter and grid side converter were controlled by vector control 

strategy. By controlling the rotor side converter, the generator rotor speed and rotor currents are 

controlled, hence active and reactive power were regulated according to the setpoint signal. So, 

the RSC control ensured the decoupling control of the stator active and reactive power by using 

vector control scheme. The behavior of the DFIG rotor speed, generated torque, active and 

reactive power were analyzed under different modes of operation the so called synchronous, 

sub-synchronous and super-synchronous modes. As analyzed from the simulated result, 

variation in rotor speed of the generator influences active and reactive power of stator winding.  

The MPPT control strategy based on the indirect speed control mechanism provides a reference 

value for the electromagnetic torque. In this way, the optimal tip speed ratio is maintained and 

maximum power output is achieved. The proposed fuzzy logic controller has been developed 

and applied to the outer loop of the rotor side converter. The proposed system result shows that, 

fuzzy logic controller has strong robustness against the external disturbances and the measured 

signal tracks the reference value smoothly with zero steady state error. In this case the settling 

time is reduced with almost no maximum overshoot. The vector control strategy is adopted to 

achieve the main goal of the grid-side converter. As analyzed from the simulated result of grid 

side converter, the DC-link voltage is regulated and maintained constant at 1200V, and the grid 

reactive power is regulated at zero so that, the grid has unity power factor.  
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In order to reduce the total harmonic disturbance due to the conventional two-level inverter, 

multi-level NPC voltage source converter has been studied and modeled by using SVPWM. For 

the power electronic converters, IGBT has been chosen as the switching device. According to 

the simulation and comparison result, the three-level NPC inverter has good performance with 

reduced total harmonic distortion. By adding the LCL filter, the THD been has been maintained 

at the IEEE standard. Finally, the objective of this thesis work has been achieved.  
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5.2 RECOMMENDATION 

The future study will focus on the controller design in the case when fault or voltage dip 

happens. It is recommended that; the future study will conduct the hardware implementation 

with experiment in laboratory. 
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APPENDIX 

Table A1: 2MW DFIG specifications 

 

Appendix A: Matlab Simulink Model  

 

Figure A1: Park Transformation 

 

Figure A2: Clark Transformation 
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Figure A3: DFIG Simulink Mode 

 

Figure A4: RSC simulink model 

 

Figure A5: GSC Simulink model 
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Figure A6: Third harmonic injection with SPWM 

 

 

Figure A7: Sub system of FLC block  

 

 

Figure A8: SVPWM of 2L-VSC  
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Figure A9: SVPWM of 3L-NPC  

Table A2: PI Regulator 

 

 




