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Wind power is the most reliable and developed renewable energy source. The 

share of wind power with respect to total installed power capacity is increasing 

worldwide. The Doubly Fed Induction Generator (DFIG) based wind turbine with 

variable-speed variable-pitch control scheme is the most popular wind power generator in 

the wind power industry. This machine can be operated either in grid connected or 

standalone mode. A thorough understanding of the modeling, control, and dynamic as 

well as the steady state analysis of this machine in both operation modes is necessary to 

optimally extract the power from the wind and accurately predict its performance.  

 

In this thesis, a detailed electromechanical model of a DFIG-based wind turbine 

connected to power grid as well as autonomously operated wind turbine system with 

integrated battery energy storage is developed in the Matlab/Simulink environment and 

its corresponding generator and turbine control structure is implemented. A thorough 

explanation of this control structure as well as the steady state behaviour of the overall 

wind turbine system is presented. The steady state reactive power capability of the DFIG 

is studied. 

 

Typically, most of the wind turbines are located at remote places or offshore 

where the power grid is usually long and weak characterized by under voltage condition. 

Because of the limited reactive power capability, DFIG cannot always supply required 

reactive power; as a result, its terminal voltage fluctuates. Hence, a voltage regulation 

device is required for the secure operation of the overall wind turbine together with 

power grid during normal operation as well as disturbances in the grid. Flexible ac 

transmission system (FACTS) devices, through their fast, flexible, and effective control 

capability, provide solution to this challenge. Therefore, this thesis examines the use of 

Static Synchronous Compensator (STATCOM) at the Point of Common Coupling (PCC) 

to regulate terminal voltage of the DFIG wind turbine system. The series compensation in 

the transmission line to improve steady state voltage and enhance power carrying 

capability of the line is also examined. Simulation results verify the effectiveness of the 

proposed system for steady state as well as dynamic voltage regulation. 
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CHAPTER 1 

INTRODUCTION  

1.1 Introduction to Wind Energy Conversion System 

Wind Energy Conversion System (WECS) is the overall system for converting 

wind energy into useful mechanical energy that can be used to power an electrical 

generator for generating electricity. The WECS basically consists of three types of 

components: aerodynamics, mechanical, and electrical as shown in Figure 1.1 [1]. 

1.1.1 Wind Turbines 

I. VAWT/HAWT  

From the physical setup viewpoint, there are horizontal axis wind turbines 

(HAWT) and vertical axis wind turbines (VAWT) [2]. Initially, vertical axis designs were 

considered due to their expected advantages of omni-directionality (hence do not need  

 

Figure 1.1 Block Diagram showing the components of WECS connected to grid [1] 

(dashed item is architecture dependent) 
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Figure 1.2 Examples of HAWT (a) and VAWT (b, c and d) [2] 

 

yaw-system) and having gears and generating equipments at the tower base. However, 

the following disadvantages caused the VAWT to have a diminished presence in the 

commercial market: 

ü Reduced aerodynamic efficiency: much of the blade surface is close to the axis. 

ü Housing usually at ground level so it is not feasible to have the gearbox of large 

VAWT at ground level because of the weight and cost of the transmission shaft. 

In HAWT, the wind turbine blades rotate about an axis parallel to the ground and 

wind flow. Almost all the larger turbines employed in modern wind farms are HAWT 

because they are more suitable for harnessing more wind energy. However, HAWT are 

subjected to reversing gravitational loads (structural load is reversed when the blade goes 

from upwards to downwards position) which impose a limit on the size of such turbines 
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[2]. The rotation of both HAWT and VAWT can be powered primarily by lift or drag 

force depending on the design of the blade as shown in Figure 1.2. 

II.  Variable-speed, Pitch-regulated Wind Turbine 

A variable speed wind turbine can incorporate a pitch regulation feature that 

involves turning the blades about their lengthwise axes (pitching the blades) to regulate 

the power extracted by the rotor. 

Advantages: 

ü Turbine can operate at ideal tip-speed ratios over a larger range of wind speeds so 

as to capture maximum energy from wind. 

ü Ability to supply power at a constant voltage and frequency while the rotor speed 

varies. 

ü Control of the active and reactive power. 

Disadvantages: 

ü Generates variable frequency current/voltage so needs power electronic converter.  

III.  Fixed-speed, Stall-regulated Wind Turbine 

When the wind speed increases, the blades become increasingly stalled to limit 

power to acceptable levels without any additional active control hence the rotor speed is 

held essentially constant. 

Advantage: 

ü Simple and robust construction, hence lower capital cost. 

Disadvantages: 

ü Cannot extract optimum energy from wind. 
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ü Do not have the capability of independent control of active and reactive power. 

ü Generates more mechanical stress on gearbox during variable wind speed. 

The modern wind turbine industry is shifting towards variable speed because of 

their better overall performance. They take full advantage of variations in the wind speed; 

encounter lower mechanical stress and less power fluctuations and provide 10 - 15% 

higher energy output compared with constant speed operation [3]. 

Number of Blades: 

To extract maximum possible amount of wind energy from wind, the blades should 

interact as much as possible with the wind blowing within swept area. Theoritically, more 

the number of blades a wind turbine has, the more efficient it should be. But in reality, 

when the number of blades increases; there will be more interference within blades. As a 

result, it is more likely that blade will pass through the disturbed weaker windflow 

region. From a structural stability viewpoint, the number of blades of HAWT should be 

odd and greater or equal to 3, in which case the dynamic properties of the turbine rotor 

are similar to those of a disc [4]. Hence most of the commercially available modern wind 

turbines are three-bladed. 

Betz Limit: 

Betz law says that we can only convert less than 16/27
 
(or 59.3%) of the kinetic 

energy in the wind to mechanical energy using a wind turbine [4]. It is because the wind 

after passing through wind turbine still has some velocity. Within the turbine, most of the 

energy is converted into useful electrical energy, while some of it is lost in gearbox, 

bearings, generator, power converter, transmission and others [4]. Most practical rotors 

with three blades can reach an overall efficiency of about 50%. 
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1.1.2 Components of Wind Turbines 

The major components of a wind turbine system are shown in Figure 1.3 (drawing 

not to scale). The turbine is formed by the blades, the rotor hub and the connecting 

components. The drive train is formed by the turbine rotating mass, low-speed shaft, 

gearbox, high-speed shaft, and generator rotating mass. It transfers turbine mechanical 

output power up to the generator rotor where it is converted to electrical power. The wind 

strikes the rotor on the horizontal-axis turbine, causing it to spin. The low-speed shaft 

transfers energy to the gear box, which steps up in speed and rotates the high speed shaft. 

The high speed shaft causes the generator to spin, hence generating electricity. The yaw 

system is used to turn the nacelle so that the rotor faces into the wind. The low speed 

 

Figure 1.3 HAWT showing mechanical, electrical, and control components [5] 
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Shaft contains pipes for the hydraulics system that operates the aerodynamic brake [4]. 

The high speed shaft is equipped with an emergency mechanical brake which is used in 

case of failure of the aerodynamic brake [4]. 

The generator converts mechanical power of wind into electrical power. Usually 

the generator produces power at low voltage and the transformer steps up the generator 

output voltage to connected grid voltage. The transformer may be placed at the bottom of 

the tower [4] or in the nacelle for losses minimization [2]. 

Other components of wind turbine system are the anemometer to measure wind 

speed and a wind vane which measure the wind direction. Wind speed information is 

used to determine when the wind speed is sufficient to start up the turbine and when, due 

to high winds, the turbine must be shut down for safety whereas wind direction 

measurement is used by the yaw-control mechanism which helps in orienting the rotor to 

the wind direction [5]. Electric fans and oil coolers are used to cool the gearbox and 

generator. 

1.1.3 Operating Region of the Wind Turbine 

The operating region of a variable-speed variable-pitch wind turbine can be 

illustrated by their power curve, which gives the estimated power output as function of 

wind speed as shown in Figure 1.4. Three distinct wind speed points can be noticed in 

this power curve: 

ü Cut-in wind speed: The lowest wind speed at which wind turbine starts to generate 

power. 
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Figure 1.4 Power curve of a variable speed wind turbine 

 

ü Rated wind speed: Wind speed at which the wind turbine generates the rated power, 

which is usually the maximum power wind turbine can produce. 

ü Cut-out wind speed: Wind speed at which the turbine ceases power generation and 

is shut down (with automatic brakes and/or blade pitching) to protect the turbine 

from mechanical damage [2]. 

1.1.4 Control of Wind Turbine System 

With the increase in wind turbine size and power, its control system plays a major 

role to operate it in safe region and also to improve energy conversion efficiency and 

output power quality. The main objectives of a wind turbine control system are [6]: 

ü Energy capture: The wind turbine is operated to extract the maximum amount of 

wind energy considering the safety limits like rated power, rated speed. 
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(b) Full Scale Converter Generator 

(a) Doubly Fed Induction Generator (c) Squirrel Cage Induction Generator
 

Figure 1.5 Electrical generators used in commercial wind turbines 

ü Power quality: Conditioning the generated power with grid interconnection 

standards. 

The various control techniques used in wind turbines are pitch control, yaw 

control and stall control. But in the modern variable speed-variable pitch wind turbines, 

pitch control is the most popular control scheme [7]. In this control scheme, the 

horizontal axis wind turbine blades are rotated around its tower to orient the turbine 

blades in upwind or down wind direction. 

1.1.5 Wind Turbine Generators 

Wind Turbine Generators in the current market can be classified into three types 

according to their operation speed and the size of the associated converters as below: 

× Fixed Speed Wind Turbine (FSWT) 

× Variable Speed Wind Turbine (VSWT) with: 

¶ Partial Scale Frequency Converter Wind Turbine (PSFCWT) 

¶ Full Scale Frequency Converter Wind Turbine (FSFCWT) 
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Variable-speed variable-pitch wind turbines utilizing DFIG, also called PSFCWT, 

are the most popular in the wind power industry especially for multi-megawatt wind 

turbine generators [8]. The DFIG consists of a wound rotor induction generator with the 

stator side connected directly to the constant frequency three-phase grid and the rotor 

windings connected to grid through a bidirectional back-to-back ac/dc/ac IGBT voltage 

source converter as shown in Figure 1.5 (a). Its output power can be controlled via pitch 

control as well as back to back converter control.  

The term óDoubly Fedô refers to the fact that the voltage on the stator is applied 

from the grid and the voltage on the rotor is induced by the power converter. This system 

allows a variable-speed operation over a large, but restricted, range [9]. The converter 

compensates the difference between the mechanical and electrical frequencies by 

injecting a rotor current with a variable frequency [9]. Hence, the operation and behavior 

of the DFIG is governed by the power converter and its controllers. 

Table 1.1 Summary of features of FSWT and FSFCWT generators [6]: 

 FSWT FSFCWT 

Structure Figure 1.5(c) Figure 1.5(b) 

Machines Squirrel Cage Induction Generator Permanent Magnet Synchronous 

Generator 

 

Merits 

¶ Simple construction 

¶ Low cost 

¶ Low maintenance 

¶ Complete control of active and 

reactive powers 

¶ High efficiency 

 

Demerits 

¶ No control on real/reactive power 

¶ Less efficiency 

¶ Poor power factor 

¶ High mechanical stress on turbine  

¶ Additional cost of power 

electronics 

¶ Limited fault ride through 

capability 
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The power converter consists of two converters, the Rotor Side Converter (RSC) 

and the Grid Side Converter (GSC), which are controlled independently of each other. 

The RSC controls the active and reactive power by controlling the rotor current 

components, while the GSC controls the DC link voltage and DFIG terminal voltage or 

power factor of the overall DFIG system by controlling amount of reactive power 

exchanged with the power grid. 

Stator side always feeds active power to the grid whereas active power is fed into 

or out of the rotor depending on the operating condition of the drive. In super-

synchronous speed, power flows from the rotor via the converter to the grid, whereas it 

flows in the opposite direction in sub-synchronous speed of the drive.  

Advantages of DFIG wind turbine system: 

ü It has ability to control reactive power and decouple control of active and reactive 

power by independently controlling the rotor excitation current. So power factor 

control can be implemented in this system [10]. 

ü DFIG is wound rotor induction machine which is simple in construction and cheaper 

than the synchronous machine. In DFIG, converter rating is typically 25-30 % of 

total system power which results: reduced converter cost, less harmonics injection to 

the connected grid and improved overall efficiency (approx. 2-3% more than full 

scale frequency converter) of the wind turbine system [10]. 

ü In the case of a weak grid, where the voltage may fluctuate, the DFIG can produce or 

absorb an amount of reactive power to or from the grid within its capacity, to 

regulate the terminal voltage. 

ü High energy conversion efficiency. 
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ü Smaller power rated DFIG can be used with higher power rated wind turbine. 

Disadvantages of DFIG wind turbine system: 

ü Inevitable need of slip rings and gear box which requires frequent maintenance [9]. 

ü Limited reactive power capability [8] and fault ride through capability [6]. 

1.2 Motivation of the Research 

Wind power is the most reliable and developed renewable energy source over past 

decades. The increased awareness of people towards renewable energy, support from 

governmental institution, and rapid advancement in the power electronics industry, which 

is the core of wind power systems, are the most contributing factors for the development 

of wind power systems. As a result, the share of wind power with respect to total installed 

power capacity is increasing worldwide. The WECS utilizing variable-speed variable-

pitch wind turbine with DFIG is the most popular in the wind power industry especially 

for multi-megawatt size. The beauty of the DFIG-based WECS is its efficient power 

conversion capability at variable wind speed with reduced mechanical stress and low 

price because of partial size rated power converters needed to achieve the full control of 

the machine. These favorable technical and economical characteristics have encouraged 

the commercialization of this wind turbine in the modern wind power industry quickly. 

Unfortunately, these kinds of wind turbines have limited reactive power capability and 

are typically connected at remote areas and offshore mainly because of favourable wind 

condition, noise pollution, physical dimension and impact on the scenery. These areas 

usually have electrically weak power grids characterized by low short circuit ratios and 

under-voltage conditions. 
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Hence, to assist its further integration into the modern power system, it is 

therefore important to assess its dynamical behavior, steady state performance, and 

impacts on the interconnected power network with regard to its reactive power capability 

and voltage control. The voltage at the particular bus in the power system is a local 

quantity. It is very difficult or even impossible to regulate the node voltage at the remote 

location using conventional power stations located elsewhere in the grid. So, a local 

reactive power source is needed. With the fast advancement in power electronics 

technology, FACTS devices having excellent dynamic response are technically and 

economically feasible in power system application. Therefore, in this study, reactive 

power compensation using the STATCOM at the PCC is studied to enhance the reactive 

power capability and voltage controllability of the DFIG wind turbine system for 

improving dynamic and steady state stability of the wind turbine system as well as the 

interconnected weak power system.  

Additionally, series compensation of transmission line helps in steady state 

voltage regulation and enhances the transmission line power carrying capability. 

Moreover, off grid applications of the DFIG-based WECS is very important to supply 

power to the remote places where there is no grid supply. This operation mode involves 

standalone operation of DFIG-based WECS. Standalone operation of grid connected 

DFIG system is also needed in case of failure of the main supply due to breaking of the 

transmission line or permanent short circuit in the grid to supply part of an isolated load. 

This increases the reliability of the power supply system. Hence, this thesis is motivated 

at contributing to the better understanding of the DFIG-based WECS and its interaction 

with the STATCOM as well as series compensated line in regard to those aspects. 
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1.3 Objectives of the Thesis 

The main objective of this thesis is to develop a dynamic model and analyze the 

steady state performance of the grid connected DFIG-based WECS. Moreover, to assess 

the integration of this kind of wind turbine into a particularly weak power system, it is 

important to study its steady state reactive power capability and voltage controllability. 

The DFIG wind turbine system has limited reactive power capability so an additional 

reactive power source is needed to meet the power factor requirement and to secure the 

voltage regulation in the system during all the operation time including periods with 

transient disturbances in the connected grid. STATCOM has better dynamic reactive 

power capabilities than other FACTS devices so it is used as an additional dynamic 

reactive power source in this study. Hence, modeling and control of STATCOM is the 

another objective of this thesis. Series compensated line provides steady state voltage 

regulation and enhances the power transferring capability of the line. Modelling and 

analysis of the DFIG wind turbine interfaced with series compensated line is another 

objective of this thesis. Standalone operation of the DFIG system is required: 1) to supply 

off grid loads in remote area and 2) to supply local loads connected to grid in case of 

failure of the main supply. Standalone operation of the DFIG system needs more complex 

control system development. Modeling and control of the autonomous operation of the 

DFIG system with integrated battery energy storage system is also an objective of this 

thesis. 
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1.4 Methodology 

The following methodology has been adopted in order to carry out the research 

work: 

ü The complete modeling and control of DFIG-based WECS connected to power grid 

is done so that its behavior and interaction with the power grid during transient and 

steady state conditions can be determined. 

ü The steady state reactive power capability of the DFIG wind turbine system is 

derived to understand when the DFIG needs additional reactive power in the steady 

state to maintain the desired power factor. 

ü The complete modeling and control of STATCOM connected to power grid is 

developed to know its interaction with the DFIG wind turbine system during 

transient and steady state conditions. Based on the necessary reactive power to meet 

the power factor requirement, the maximum MVA rating of STATCOM is 

calculated. 

ü Complete model of the DFIG-based wind turbine interfaced with series 

compensated line is built to study the effect of series compensation on voltage 

regulation of this wind turbine and power transferring capability of the line. 

ü The model of the autonomously operated DFIG-based WECS connected with a 

integrated battery energy storage system is developed and its control is 

implemented in Matlab/Simulink to study its transient and steady state 

characteristics. 
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1.5 Organization of the Thesis 

This thesis is organized into eight chapters. Chapter 1 gives the introduction of the 

DFIG-based WECS and the motivation and objectives of the thesis. Chapter 2 provides a 

literature review for modeling and control of the DFIG-based WECS connected to power 

grid, steady state reactive power capability of the DFIG, and grid code requirements for 

connecting wind turbines to power grid. Moreover, Chapter 2 also presents the literature 

review for necessity of additional reactive power source in the DFIG-based wind turbine 

system, modeling and control of the STATCOM, and control and operation of 

autonomously operated DFIG-based wind turbine system. Chapter 3 describes the 

modeling and control of the grid connected DFIG system, different operation modes of 

variable-speed variable-pitch wind turbine system and controllers design for the DFIG-

based WECS. In Chapter 4, steady state characteristics of the DFIG-based WECS and its 

steady state control settings are discussed. The steady state reactive power capability of 

the DFIG is derived and steps of drawing PQ diagram of overall DFIG and STATCOM 

to meet the power factor requirement is presented through the flowchart. In Chapter 5, 

modeling and controller design of STATCOM is discussed along with dynamic and 

steady state voltage regulation in the DFIG wind turbine system using STATCOM. 

Chapter 6 presents the modeling and analysis of a DFIG wind turbine connected to power 

grid through series compensated line. Chapter 7 illustrates the modeling, controller 

design, operation, and analysis of the autonomously operated DFIG-based WECS with 

integrated battery energy storage. Finally, in Chapter 8, a summary of research 

99contributions and extensions for future work are presented. 
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Introduction  

This chapter presents the relevant literature review done to carry out this research 

work. Section 2.2 gives a survey and comparison of various approaches for the DFIG 

wind turbine system dynamic modeling. In Section 2.3, a literature survey related to 

steady state analysis and reactive power capability of the DFIG system are presented. 

Section 2.4 describes the work done on the voltage regulation in the DFIG wind turbine 

system using STATCOM. The interaction of the DFIG wind turbine system with the 

series compensated line is discussed in Section 2.5. Finally, in Section 2.6, existing 

methods of control for the autonomous operation of the DFIG wind turbine system with 

integrated energy storage is discussed. 

2.2 Dynamic Modeling and Control of the DFIG System 

Global concern about the environmental pollution and continuously increasing 

energy demand has led to the growing interest in innovative technologies for generation 

of clean and renewable electrical energy. Among a variety of renewable energy sources, 

wind power is the most rapidly growing one in the power industry. 
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The traditional wind turbine generator (WTG) systems employ squirrel-cage 

induction generators (SCIGs) to generate wind power. These WTGs have no speed 

control capability and cannot provide voltage or frequency support when connected to the 

power grid [11]. During the past decade, the concept of a variable-speed wind turbine 

driving a doubly fed induction generator (DFIG) has received increasing attention 

because of its noticeable advantages over other WTG systems [12]-[15]. Most existing 

wind farms and those in planning employ this type of WTGs. Compared to the fixed-

speed SCIG wind turbines, the DFIG wind turbines can provide decoupled active and 

reactive power control of the generator, more efficient energy production, improved 

power quality and improved dynamic performance [8-10]. All of those above mentioned 

advantages of the DFIG are possible because of the control scheme that can be 

implemented in the back-to-back converters of the DFIG. Hence, the method of 

controlling this back-to-back converter plays a significant role in achieving better 

performance of the DFIG system. Different types of the modeling and control schemes 

for the DFIG system can be found in the literatures which are discussed here. 

The Doubly Fed Induction Machine using an ac/dc/ac converter in the rotor circuit 

(Schrebius drive) has long been a standard drive option for high power applications 

involving a limited speed range. The power converters only need to handle the rotor side 

power. In 1980, Leonhard explains the vector control technique used for the independent 

control of torque and excitation current [16]. The converter design and control technique 

are well explained in [17]. Pena, Clare and Asher [18] gave a detailed design of the DFIG 

using back-to-back PWM voltage source converters in the rotor circuit and they also 

validated the system experimentally considering a grid connected system.  



18 

 

Energy extraction from a DFIG wind turbine depends not only on the induction 

generator but also on the control strategies developed using different orientation frames. 

The DFIG usually operates in vector control mode based on the PI controllers in a 

synchronous reference frame either to the stator-flux-oriented (SFO) or stator-voltage-

oriented (SVO) frames. The DFIG with PI controllers and its performance under normal 

operation conditions has been discussed in a number of publications [19-23]. It is well 

known that the DFIG performance with PI controllers is excellent in normal grid 

conditions, allowing independent control of the grid active and reactive power [24, 25]. 

In [26, 27], the SFO frame is used to develop the DFIG wind power extraction 

mechanisms. Another approach, for example, direct-power-control strategies for DFIG 

wind turbines using the SFO frame [28], has also been proposed recently. Although, the 

SVO frame is normally not used in a DFIG design, [29] and [30] report special 

approaches to improve DFIG stability under unbalanced conditions using the SVO frame. 

In [29], a DFIG system model in the positive and negative synchronous reference frames 

is presented to enhance the stability of the DFIG under unbalanced voltage supply. In 

[30], it is shown that a DFIG control strategy can enhance the standard speed and reactive 

power control with controllers that can compensate for the problems caused by an 

unbalanced grid by balancing the stator currents and eliminating torque and reactive 

power pulsations. In [31], a rotor position Phase-Locked Loop (PLL) is used which 

acquires the rotor position and rotor speed simultaneously for the implementation of the 

decoupled P-Q control in the DFIG. The rotor position PLL is designed to operate 

without the knowledge of any parameter of the DFIG except the magnetization reactance. 

In [32], comparison between SFO and SVO reference frames is done and it is shown that 
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the performance of DFIG wind power extraction is similar to using both SVO and SFO 

frames. But, it is found that a conventional wind power extraction approach using the 

SFO frame could deteriorate the power quality of the DFIG system while it is more stable 

to estimate the position of the stator-flux space vector by simply adding -90 degree to the 

stator-voltage space vector [32]. 

Hence, in this thesis, the variable-speed, variable-pitch wind turbine is designed to 

operate in maximum power point operation mode at low and medium wind speeds and in 

pitch control mode at higher wind speed. The vector control technique using SVO 

reference frame is used to get de-coupled control of active and reactive power from the 

DFIG based wind turbine. The PI controller design for Rotor Side Converter and Grid 

Side Converter is presented clearly. 

2.3 Real and Reactive Power Capability of the DFIG  

With the increased penetration level of wind power in the power system, grid 

utilities want wind turbine generator system to behave like a conventional synchronous 

generator in terms of real and reactive power settings [33]. In other words, wind turbines 

have to contribute not only to active power generation but also to the reactive power. 

Hence, wind turbines should have extended reactive power capability not only during 

voltage dips but also in steady state operation [8]. Although, the DFIG wind turbines are 

able to control active and reactive power independently of one another by virtue of 

ac/dc/ac power electronic converter present on it, the reactive power capability of those 

generators depend on the active power generated, the slip and the limitation due to 
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following design parameters: 1) rotor voltage, 2) stator current and 3) rotor current [34, 

35]. The grid side inverter reactive power capability can be taken into consideration, but 

in commercial system, this converter usually works with unity power factor, i.e. zero 

reactive power, so the total reactive power capability of the generator is equal to the 

stator reactive power capability [34, 35]. 

Therefore, in this thesis, the steady state operation of the DFIG wind turbine system 

is described clearly through the characteristic curves. The steady state active power flow 

in the stator and rotor side is presented for sub-synchronous and super-synchronous 

operation modes of the DFIG. The reactive power capability of the DFIG is studied 

through the P-Q diagram. The reactive power capability is obtained for maximum power 

point operation mode and is extended to the pitch control operation mode of the DFIG as 

well which is not found in the literature. The reactive power capability curve of the 

overall DFIG with the STATCOM connected at the PCC is derived to meet the steady 

state power factor requirement.  

2.4 Voltage Regulation in the DFIG Wind Turbine System Using STATCOM at 

PCC 

The reactive power capability of the DFIG system is limited [8, 34 and 35]. 

Typically most large size wind turbines are usually installed at remote places or offshore 

because of their dimension and impact on the scenery [36]. Those areas usually have 

electrically weak power grids characterized by low short circuit ratios and under-voltage 

conditions [37], which means, they require special consideration in connecting those 

wind turbines to the grid [38]. In such grid conditions and during a grid side disturbance, 
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the DFIGs may not be able to provide sufficient reactive power support. Without any 

external dynamic reactive compensation, there can be a risk of voltage instability in the 

power grid [12]. The aerodynamic behaviour of wind turbine causes its output voltage 

fluctuation [39]. Voltage instability problems occur in a power system that cannot supply 

the reactive power demand during disturbances like faults, heavy loading, voltage 

swelling and voltage sagging [40]. This problem is more severe in case of the weak 

power grids having under-voltage. During the grid side disturbances, the power electronic 

converters in the DFIG may be damaged because of the high voltage induced in it [40]. 

To prevent such contingencies, utilities typically immediately disconnect the WTGs from 

the grid, and reconnect them when normal operation has been restored. This is possible, 

as long as wind power penetration remains low. However, with the rapid increase in 

penetration of wind power in power systems, tripping of many WTGs in a large wind 

farm during grid faults may begin to influence the overall power system stability. 

Therefore, it will become necessary to require WTGs to support the network voltage and 

frequency not only during steady-state conditions but also during grid side disturbances. 

Moreover, the particular bus voltage is local quantity and hence it is very difficult and 

costly to control the bus voltage at the remote node by the use of conventional power 

stations consisting of synchronous generators and synchronous condensers located 

elsewhere in the grid [36]. It is because the reactive power flow in the power system is 

associated with changes in voltage which in turn increases the power losses (mainly I
2
R 

loss) in the system. Hence it is necessary to install local voltage control devices in the 

transmission/distribution network even if the wind turbine itself has voltage controlling 

capability [36]. 
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At the same time, the decentralization concept of power generation is becoming 

popular [36]. As a result, the contribution of conventional power plants to the voltage 

control in transmission network is diminishing. It is becoming more difficult to control 

the voltage in the entire transmission network from conventional power stations only 

[36]. Hence grid companies are installing dedicated local voltage control equipments and 

demanding distributed generation equipments to have reactive power capability 

irrespective of applied technology [36]. So there will not be any exception for wind 

power plants. 

Recently, the utility companies are asking to fulfill certain criteria (grid codes) for 

the interconnection of wind turbines to the power grid. The grid codes mainly demand 

wind turbines to have low voltage ride-through capability and reactive power capability 

[35]. The first specification seeks to improve transient stability in a power system with a 

high penetration of wind energy, while the second specification targets to support steady 

state voltage regulation in such power system [35]. Another key requirement for wind 

power interconnection is that the power factor at the PCC must remain between 0.95 

leading and 0.9 lagging [41]. The reason for this ruling is that reactive power capability 

for a wind plant is a significant additional cost compared to conventional units which 

possess inherent reactive power capability [41]. 

The problem of voltage fluctuation can be solved by using dynamic reactive 

power compensation technique installing the Flexible Alternating Current Transmission 

Systems (FACTS) devices [42]. FACTS devices are becoming more and more popular in 

power system these days because of rapid advancement in power electronics technology 

[40]. Among various FACTS devices, those based on the VSC concept have some 
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attractive features [43], such as rapid and continuous response characteristics for smooth 

dynamic control, allowing advanced control methodologies for the high-performance 

operation, elimination or reduced requirements for harmonic filtering, ability to add 

energy storage devices, allowing simultaneous active and reactive power exchange with 

the ac system. The VSC based FACTS devices include the static synchronous 

compensator (STATCOM), the static synchronous series compensator (SSSC), and the 

unified power flow controller (UPFC). In [39] and [44], STATCOM is proposed to 

minimize DFIG-based wind turbine terminal voltage fluctuation. In [40, 45], reactive 

power compensation using the STATCOM is proposed for improving the fault ride-

through capability and transient voltage stability in the DFIG wind turbine system.  

In this thesis, a STATCOM connected at the PCC to regulate voltage fluctuation 

during grid side disturbances like voltage swelling and voltage sagging is presented. The 

use of STATCOM to provide steady state voltage regulation of the DFIG wind turbine 

terminal is described. It is also shown that the MVA rating of the Grid Side Converter 

(GSC) has to be increased more than three times compared to unity power factor 

operation of the GSC if it has to supply the reactive power to meet the power factor 

demanded by the grid code.  

2.5 Interaction of a DFIG Wind Turbine System with the Series Compensated 

Line 

Traditionally, series compensation is used in long transmission line to increase the 

power transfer capability of the line [46]. Series compensation also helps in the steady 

state voltage regulation [46]. Series compensation is also used to enable power to be 
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transmitted stably over a greater distance than is possible without compensation [46]. The 

DFIG wind turbines are installed in remote areas and offshore due to favorable wind 

conditions and are therefore connected to the power system via weak and long 

transmission lines. Hence, to evacuate large amounts of electrical power from the wind 

farms, it is quite likely that the transmission lines will be series compensated [47].  

In this thesis, the grid side converter (GSC) is designed to regulate the DFIG 

terminal voltage of the series compensated line. The steady state analysis of the overall 

system is done to evaluate the effect of different compensation levels. It is shown through 

the dynamic simulation and steady state analysis that the series compensation helps in 

improving the steady state voltage regulation and enhances the power carrying capability 

of the transmission line. It is clearly shown that the reactive power that GSC has to 

supply to regulate the terminal voltage keeps on decreasing when the compensation level 

increases. 

2.6 Autonomous Operation of DFIG Wind Energy Conversion System with 

Integrated Energy Storage 

The majority of research interests related to DFIG systems in the literature have 

concentrated on the grid connected wind power applications. However, in order to assess 

the full potential of the DFIG, control strategies of the standalone operation mode should 

be also examined. For the autonomous operation of the wind turbine, two issues need to 

be addressed [48]: 1) integration of properly sized energy storage system into the WECS 

to mitigate the power fluctuations and consequent power quality problems, and 2) 

development of effective control strategies. To control the voltage and frequency of the 
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standalone operated system, traditional reactive power versus voltage (Q-V) and real 

power versus frequency (P-w) droop techniques have been adopted and successfully 

implemented [49]. Moreover, the variability of wind speed causes fluctuation in the 

power output of wind generator as a result the voltage and frequency of the isolated 

power system gets affected. To increase the reliability and performance of the system, 

energy storage is required [48]. Many investigations have been done for technical and/or 

economical advantages of augmenting a wind power unit with energy storage for instance 

fuel cell [50], batteries [48, 51], flywheel [51], compressed air [51] and super-capacitor 

[51, 52]. In the case of small-scale wind power system with energy storage system peak 

power less than 1 MW, lead-acid battery energy storage systems constitute a technically 

mature solution with considerable application potential [53]. 

In this thesis, the standalone operation of the DFIG system with integrated battery 

energy storage connected across the DC-link of ac/dc/ac converter is modeled. The 

connected load consisting of RL load, linear load and non-linear load is modeled. The 

Grid Side Converter is designed to control frequency and load bus voltage magnitude 

using droop control technique.  
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CHAPTER 3 

DOUBLY FED INDUCTION GENERATOR BASED WIND ENERGY 

CONVERSION SYSTEM 

3.1 Introduction  

This chapter presents a detailed explanation about DFIG-based WECS. The overall 

components of DFIG-based WECS are discussed first. Its operation modes, modeling, 

control system design, and the detail explanations about each significant component are 

presented later. 

Among different wind generation technologies available, variable-speed variable-

pitch wind turbines utilizing DFIGs are the most popular in the wind power industry 

especially for multimegawatt wind turbine generators [8]. 

3.2 Components of DFIG-based WECS 

The DFIG-based WECS basically consists of generator, wind turbine with drive 

train system, RSC, GSC, DC-link capacitor, pitch controller, coupling transformer, and 

protection system as shown in Figure 3.1. The DFIG is a wound-rotor induction generator 

with the stator terminals connected directly to the grid and the rotor terminals to the 

mains via a partially rated variable frequency ac/dc/ac converter, which only needs to 

handle a fraction (25-30 %) of the total power to accomplish full control of the generator. 

The functional principle of this variable speed generator is the combination of DFIG and 

four-quadrant ac/dc/ac VFC equipped with IGBTs. The ac/dc/ac converter system  
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Figure 3.1 Components of DFIG-based WECS 

consists of a RSC and a GSC connected back-to-back by a DC-link capacitor. The rotor 

current is controlled by RSC to vary the electro-magnetic torque and machine excitation. 

Since the power converter operates in bi-directional power mode, the DFIG can be 

operated either in sub-synchronous or in super-synchronous operational modes. 

The general structure of control block diagram in the DFIG-based WECS having 

two levels of control is shown in Figure 3.2. The highest level is the WECS optimization; 

wherein the speed of the wind turbine is set in such a way that optimum wind power can 

be captured. This control level is mechanical system control. The lower level control 

being the electrical system control, i.e. torque and reactive power control. The 

mechanical control system acts slower compared to the electrical control system. 

The DFIG-based WECS block diagram model built in MATLAB/Simulink is 

shown in Figure 3.3 where the actual flow of different signals among various components 

of the overall system is shown clearly. 
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Figure 3.2 Control block diagram of DFIG-based WECS 

 

Figure 3.3 Matlab/Simulink block diagram of DFIG-based WECS model 
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3.3 DFIG Model 

The DFIG consists of stator winding and the rotor winding equipped with slip 

rings. The stator is provided with three-phase insulated windings making up a desired 

pole design and is connected to the grid through a three-phase transformer. Similar to the 

stator, the rotor is also constructed of three-phase insulated windings. The rotor windings 

are connected to an external stationary circuit via a set of slip rings and brushes. By 

means of these components, the controlled rotor current can be either injected to or 

absorbed from the rotor windings.  

The stator and rotor windings are usually coated with insulation and are 

mechanically assembled to form a closed structure to protect the machine from dust, 

damp, and other unwanted intrusions ensuring proper magnetic coupling between rotor 

and stator windings. In wind energy conversion system, this generator is mounted in the 

nacelle of the wind turbine system as shown in Figure 1.3. 

The dynamics of the DFIG is represented by a fourth-order state space model using 

the synchronously rotating reference frame (qd-frame) as given in (3.1)-(3.4) [54]: 

qsdseqssqs
dt

d
IrV llw ++=        (3.1) 

dsqsedssds
dt

d
IrV llw +-=        (3.2) 

( ) qrdrreqrrqr
dt

d
IrV llww +-+=       (3.3) 

( ) drqrredrrdr
dt

d
IrV llww +-+=       (3.4) 
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where qsV , dsV , qrV , drV are the q and d-axis stator and rotor voltages, respectively. qsI , 

dsI , qrI , drI  are the q and d-axis stator and rotor currents, respectively. qsl , dsl , qrl , 

drl  are the q and d-axis stator and rotor fluxes, respectively. ew is the angular velocity of 

the synchronously rotating reference frame. rw  is rotor angular velocity, sr  and rr  are 

the stator and rotor resistances, respectively. The flux linkage equations are given as: 

qrmqssqs ILIL +=l         (3.5) 

drmdssds ILIL +=l         (3.6) 

qrrqsmqr ILIL +=l         (3.7) 

drrdsmdr ILIL +=l         (3.8) 

where sL , rL  and mL  are the stator, rotor, and mutual inductances, respectively, with 

mlss LLL += and mlrr LLL += : lsL being the self inductance of stator and lrL being the self 

inductance of rotor. 

Solving (3.5) - (3.8) in terms of current equations: 
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where leakage coefficient 
rs

mrs

LL

LLL 2-
=s  
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3.3.1 Dynamic Modeling of DFIG in State Space Equations 

The dynamic modeling in state space form is necessary to carry out simulation 

using different simulation tools such as MATLAB. The basic state space form helps to 

analyze the system in the transient condition.  

According to the basic definition, the space whose co-ordinate axes are the ónô state 

variables with time as the implicit variable is called the state space. The variables of the 

state space (state variables) are involved to determine the state of the dynamic system. 

Basically these are the energy storing elements contained in the system like inductor and 

capacitor. The fundamental equation of the state space is as follows: 

îí
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ì
ë

+=

+=
¶

)()()(
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tDUtCXtY

tBUtAXtX        (3.13) 

Equation (3.13) is for linear time invariant system, where A, B, C, and D are state, input, 

output and feed forward matrices, respectively, X is the state vector and Y is the output 

vector. Equation (3.14) is for linear time variant system, where A, B, C, and D are time 

dependent matrices. 
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In the DFIG system, the state variables are normally currents or fluxes. In the 

following section, the state space equations for the DFIG in synchronously rotating frame 

has been derived with flux linkages as the state variables. Substituting (3.9) - (3.12) into 

(3.1) - (3.4) gives the DFIG dynamics in the state space form as: 
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Equations (3.15) - (3.18) are written in state space matrix form as: 
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3.3.2 Active Power, Reactive Power and Torque Calculation 

All the equations above are induction motor equations. When the induction motor 

operates as a generator, current direction will be opposite. Assuming negligible power 

losses in stator and rotor resistances, the active and reactive power outputs from stator 

and rotor side are given as: 

[ ]dsdsqsqss IVIVP +-=
2

3
       (3.20) 

[ ]qsdsdsqss IVIVQ --=
2

3
       (3.21) 

[ ]drdrqrqrr IVIVP +-=
2

3
       (3.22) 
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[ ]qrdrdrqrr IVIVQ --=
2

3
       (3.23) 

The total active and reactive power generated by DFIG is: 

rsTotal PPP +=          (3.24) 

rsTotal QQQ +=         (3.25) 

If TotalP
 
and/or TotalQ

 
is positive, DFIG is supplying power to the power grid, else it is 

drawing power from the grid. 

In the induction machine, the electromagnetic torque is developed by the 

interaction of air-gap flux and the rotor magneto-motive force (mmf). At synchronous 

speed, the rotor cannot see the moving magnetic field; as a result, there is no question of 

induced emf as well as the rotor current, so the torque becomes zero. But at any speed 

other than synchronous speed, the machine will experience torque. That is true in case of 

motor, where as in case of wind turbine generator; electromechanical torque is provided 

by means of prime mover which is wind turbine in DFIG-based WECS. 

The rotor speed dynamics of the DFIG is given as: 

)(
2

rfemr CTT
J

P

dt

d
ww --=         (3.26) 

where P is the number of poles of the machine,fC is friction coefficient, J is inertia of the 

rotor, Tm is the mechanical torque generated by wind turbine, and Te is the 

electromagnetic torque generated by the machine which can be written in terms of flux 

linkages and currents as follows: 

[ ]qsdsdsqse IIT ll -=
2

3
        (3.27) 

where positive (negative) values of Te means DFIG works as a generator (motor) [55]. 
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3.4 Drive Train Model  

The generator in a DFIG-based WECS is driven by the wind turbine through a 

gearbox system to attain a suitable speed range for the rotor. By means of the gearbox, 

the low rotational speed of the wind turbine is transformed into high rotational speed on 

the generator side. For 2-3 MW wind turbines, a gearbox ratio of around 70-100 is 

common [56]. 

The actual gearbox ratio is chosen considering the optimum operation speed of 

the generator. The optimum speed of the generator is selected based on annual wind 

speed distribution and the size of the power converter. The annual efficiency of the 

generator is somehow influenced by the operating speed of the generator, whether it 

operates at sub-synchronous or super-synchronous speed. Another aspect to be 

considered when selecting a gearbox ratio is the weight of the gearbox, which increases 

along with gearbox ratio [56]. 

It is important to analyze the transient stability of power system including wind 

generators. Since, in general, the turbine shaft of wind generator is not as stiff as that of 

usual synchronous generator; analysis based on a single-mass shaft model system may 

give significant error in the transient stability analysis. It is because the low-speed shaft 

encounters a torque Ng (Gear Ratio) times greater than the high-speed shaft torque that 

turns Ng times more quickly than the low-speed shaft. As the low-speed shaft encounters 

a higher torque, it is subject to more deviation and it is more convenient to take it into 

consideration.  
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Figure 3.4 (a) Two-mass drive-train [57] and (b) One-mass drive-train model  

 

Although, more complex models of wind turbine drive train system using a six-

mass and three-mass [57] are studied; two-mass shaft model is simplest one and 

sufficient, with reasonable accuracy, for the transient stability analysis of wind turbine 

generation systems [58]. The equivalent two-mass model of a wind turbine drive train is 

presented in Figure 3.4(a). The masses correspond to a large mass of the wind turbine 

rotor and a mass for generator. The mass and moment of inertia for the shafts and the 

gearbox wheels can be neglected (which is considered in three-mass model) because they 

are small compared with the moment of inertia of the wind turbine or generator. The 

dynamic equations of the two-mass drive-train written on the generator side are [57]: 

)'()'(
'

'' genwtgenwt
wt

wtwt KD
dt

d
JT qqww

w
-+-+=     (3.28) 

)'()'( wtgenwtgen

gen

gengen KD
dt

d
JT qqww

w
-+-+=-     (3.29) 

where Twt ï wind turbine torque, Jwtr ï wind turbine moment of inertia, wtw  ï wind 

turbine mechanical speed, Kwtr ï spring constant indicating the torsional stiffness of the 
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shaft on wind turbine part, Tgen ï generator torque, Jgen ï generator moment of inertia, 

genw - generator mechanical speed, and Kgen ï spring constant indicating the torsional 

stiffness of the shaft on generator part. The torque and the speed of the shaft are 

transmitted via the gearbox with a gear ratio Ng. Also the angular speeds are given as:  

Rotor speed,
dt

d wt
wt

'
'

q
w =  and  

Generator speed,
dt

d gen

gen

q
w =  

The equivalent stiffness and moment of inertia for the rotor is given by [57]: 
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If a perfectly rigid low speed shaft is assumed, then the two-mass drive-train 

model reduces to a one-mass drive-train model as shown in Figure 3.4(b). The governing 

dynamic equation is given as: 

)(
2

ww fm CTT
J

P

dt

d
--=        (3.31) 

where w is the mechanical speed of the shaft, P is the number of poles of the 

machine, fC is the friction coefficient, J is the inertia of the rotor, Tm is the mechanical 

torque generated by wind turbine, and T is the electromagnetic torque generated by the 

machine. One-mass drive-train model is used for the simulation study in this thesis. 
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3.5 Power Converters 

The power converter is made up of a back-to-back converter connecting the rotor 

circuit and the grid as shown in Figure 3.5. The converters are typically made up of 

voltage source inverters equipped with IGBTs provided with freewheeling diodes (see 

Figure 3.5), which enable a bi-directional power flow. A RL-filter is provided on the 

GSC output to minimize switching harmonics supplied to the grid. 

3.5.1 Rotor Side Converter 

The power rating of the RSC is determined by two factors, namely maximum slip 

power and reactive power control capability. The rotor-side converter can be seen as a 

current controlled voltage source converter. The control objective of RSC is to regulate  

DC-link 

Capacitor
Grid Side 

Converter

Rotor Side 

Converter

Filter

 

Figure 3.5 The ac/dc/ac bidirectional power converter in DFIG 



38 

 

the stator side active power (or rotor speed) and the stator side reactive power 

independently. 

3.5.2 Grid Side Converter 

The power rating of the GSC is mainly determined by maximum slip power since it 

usually operates at a unity power factor to minimize the losses in the converter [59]. The 

GSC is normally dedicated to controlling the DC-link voltage only. The converter can 

also be utilized to support grid reactive power during a fault [60]. The grid-side converter 

can also be used to enhance grid power quality [61]. However, these abilities are rarely 

utilized since they require a larger converter rating which is discussed more in Chapter 5. 

The amount of energy stored in the dc-link capacitor can be written as: 

2

2

1
DCC CVdtPE ==ñ         (3.32) 

where P is the net power flow into the capacitor, C is the DC-link capacitor value and 

VDC is the capacitor voltage. P is equal to Pr - Pg, where Pr is the rotor power inflow and 

Pg is the grid power outflow. 

3.6 Wind Speed Model 

A wind speed signal generated by an autoregressive moving average (ARMA) 

model described in [62] is utilized in this simulation study, and its development is 

described here. The wind speed Vwind (t) has two constituent parts expressed as [62]: 

)()( _ tVVtV tmeanwwind +=        (3.33) 
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where meanwV _  is the mean wind speed at hub height and )(tVt  is the instantaneous 

turbulent part, whose linear model is composed by a first-order filter exciteded by 

Gaussian noise [62]: 

tt

w

t tV
T

tV a+-=
¶

)(
1

)(         (3.34) 

where wT  is the time constant and ta  is the white noise process with zero mean. The 

white noise is smoothed by a signal shaping filter, thereby transforming it to colored 

noise tV , as shown in Figure 3.6. The instantaneous turbulence component of wind speed 

is obtained as [62]: 

ttt VtV s=)(          (3.35) 

where ts  is the standard deviation and tV  is the ARMA time series model, which is 

expressed as [62]: 

21321 ----- +-++-= ttttttt edcVbVaVV aaa      (3.36) 

where a, b, and c are the autoregressive parameters and d and e are moving average 

parameters whose values being: a =1.7901, b=0.9087, c=0.0948, d=1.0929 and e = 

0.2892. 

 

Figure 3.6 Generation of wind speed by ARMA model in MATLAB/Simulink [62] 
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Figure 3.7 Sample wind speed (mean speed being 12 m/s) obtained using ARMA model 

3.7 Wind Turbine and Pitch Controller  

The turbine is the prime mover of WECS that enables the conversion of kinetic 

energy of wind Ew into mechanical power Pm and eventually into electricity [62]. 
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where Vw is the wind speed at the center of the rotor (m/sec), ris the air density (Kg/m
3
), 

2RA P=  is the frontal area of the wind turbine (m
2
) and R is the rotor radius. Cp is the 

performance coefficient which in turn depends upon the turbine characteristics (ɓ - blade 

pitch angle and l- tip speed ratio) that is responsible for the losses in the energy 

conversion process. The numerical approximation of Cp used in this study is taken from 

[62] and ),( bll fi =  
is given by [62]: 
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where tw is the turbine speed and R is the blade radius of the wind turbine. Since 

),( blfCp = , the plot of Cp vs l at various values of b is shown in Figure 3.8. When 

the wind speed increases beyond the rated value, the electromagnetic torque is not 

sufficient to control rotor speed since this leads to an overload on the generator and the 

converter. To prevent rotor speed from becoming too high, the extracted power from 

incoming wind must be limited. This can be done by reducing the coefficient of 

performance of the turbine (the Cp value). As explained earlier, the Cp value can be 

manipulated by changing the pitch angle (see Figure 3.8). Altering the pitch angle b 

means slightly rotating the turbine blades along the axis. The blades are considerably 

heavy in a large turbine. Therefore, the rotation must be facilitated by either hydraulic or 

electric drives. The pitch controller model is given in Figure 3.9. The lower part of the 

pitch controller shown in the Figure 3.9 is the turbine speed regulator, while the upper 

part is an aerodynamic power limiter. The entire control can be realized by means of PI 

controllers. 
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Figure 3.8 Wind turbine characteristic curves 
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Figure 3.9 Pitch angle control scheme using PI controllers 

3.8 Protection System  

The main task of a protection system is to protect the wind turbine system from 

damage caused by the high currents that can happen when the DFIG terminal voltage 

drops as a result of short circuit (fault) in the grid. It also prevents DFIG from islanding. 

Islanding is the situation in power system in which part of the system continues to be 

energized by distributed generation after the system is isolated from main power grid. If 

those two cases happen in the DFIG system, the protection system operates the Circuit 

Breaker (CB) to isolate it from the power grid. Similarly, CB can be operated to isolate 

DFIG from power grid during its repair and maintenance operation. 

3.9 Operating Regions 

Two distinct operating regions of a variable-speed variable-pitch DFIG-based 

wind turbine system can be defined based on incoming wind speed and the generator 

power output required. The output power from wind turbine (Pe) can be defined as shown 
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below. Assuming Pe varies when wind speed Vw varies between cut-in (Vc) and rated (Vr) 

wind speeds, the closed form expression for energy production is [62]: 
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where rP  = rated electrical power, k is Weibull shape parameter = 2 for the studied 

system and the coefficients a and b are given as: 
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As shown in Figure 1.4, the variable speed WECS can be operated in MPPT mode 

and blade pitch control mode (constant power mode) depending upon the velocity of 

wind to extract maximum power from the wind as well as regulate the power output from 

the wind turbine. 

3.10 Operating Modes 

Variable-speed variable-pitch wind turbine can be operated in three distinct 

operating modes depending upon the wind speed available and amount of power output 

needed from the wind turbine system. 

3.10.1 Mode I: Maximum Power Point Tracking  

From the plot shown in Figure 3.8, it can be stated that, for ɓ= 0
o
, 1.8=optl  and 

48.0max_ =pC . Now the rotor mechanical torque extracted from the wind that in turn 

drives wind generator is:  
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Now from Equations (3.37) and (3.40): 

pwpw
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==      (3.41) 

Since == max_pp CC  constant, in this mode, from (3.37): 

3

wm KVP =          (3.42) 

where == max_
2

1
pCAK r constant 

From Equation (3.42), if the wind generator is run at a particular speed that 

corresponds to wind speed wV  in such a way that wind turbine will be operating at 

maximum power point (as shown in Figure 3.10) then we can extract maximum available 

power from the available wind speed via wind turbine. 

The objective of the MPPT operation mode is to maximize power extraction at 

low to medium wind speeds by following the maximum value of the wind power 

coefficient (Cp_max) as depicted in Figure 3.10. 

3.10.2 Mode II: Pitch Control (Rated Power Operation)  

When the wind speed increases beyond the rated value, the electromagnetic 

torque is not sufficient to control rotor speed because this leads to an overload on the 

generator and the converter. To prevent rotor speed from becoming too high, the 

extracted power from incoming wind must be limited. This can be done by reducing the 

coefficient of performance of the turbine (the Cp value). As explained earlier, the Cp  
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Figure 3.10 Wind Turbine mechanical power output vs rotor speed (dotted line shows the 

MPPT operation points) 

value can be manipulated by changing the pitch angle (see Figure 3.8). Altering the pitch 

angle b means slightly rotating the turbine blades along the axis. 

The wind speed is varied, turbine speed is maintained at rated speed ( ratedtt _ww= ) 

and corresponding l is calculated using (3.43). The power output is maintained at rated 

power ( ratedPP= ). The Cp corresponding to rated power is calculated using (3.43). The 
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Figure 3.11 Pitch angle for various wind speeds in a variable-speed variable-pitch wind 

turbine system 

value of pitch angle is obtained solving (3.37). The pitch angle for various wind speeds is 

shown in Figure 3.11. 

3.10.3 Mode III: Power Regulation  

With the increased penetration level of wind power in a power system, it is not 

always possible to operate wind turbine in MPPT mode and constant power mode only. 

For maintaining regulated frequency and voltage in the power system, the generated 

power should be equal to the demanded power. Hence in that condition, the variable-

speed variable-pitch wind turbine should be operated in power regulation mode. When 

the load decreases, the power output from the turbine should be reduced to match the 
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load. When the wind speed is less than the rated speed, the pitch angle is always kept at 

zero ( 0=b ) and the l is varied and corresponding pC  is calculated to obtain demanded 

power output from the wind turbine. Then, the wind speed is calculated based upon the 

demanded power output (P) given by (3.44). 
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Figure 3.12 shows the rotor speed vs. wind speed operating points for various 

demanded power outputs (P). As shown in Fig. 3.12, DFIG wind turbine system can be 

operated at more than one speed to generate particular power output (P) from wind 

turbine. In that case, wind turbine should be operated in the closest possible speed from 

the previous speed to minimize the transient operation period. In that way disturbance to 

the pitch controller is also reduced significantly. 

If the wind speed is more than the rated speed, then the turbine speed is 

maintained at rated turbine speed ( ratedtt _ww= ) and wind speed is varied. The 

corresponding l is calculated and pitch angle is obtained for various values of demanded 

power (P), which gives corresponding pC  using (3.45); by solving (3.38). 
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Figure 3.13 shows the pitch angle vs. wind speed operating points for various 

demanded power outputs. 
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Figure 3.12 Power Regulation Operation with wind speed less than rated wind speed 
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Figure 3.13 Power Regulation Operation with wind speed more than rated wind speed 
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3.11 Control of DFIG -based WECS 

The DFIG-based WECS control system consists of two parts: the electrical 

control of the DFIG and the mechanical control of the wind turbine speed and blade pitch 

angle as shown in Figure 3.2. Control of the DFIG is achieved by control of the variable 

frequency converter, which includes control of the RSC and control of the GSC. The 

objective of the RSC is to allow the DFIG wind turbine for decoupled control of active 

and reactive power. This facilitates high flexibility which enables the turbine to capture 

maximum energy from wind and at the same time to provide reactive power support to 

the grid. The objective of the GSC is to keep the DC-link voltage constant regardless of 

the magnitude and direction of the rotor power. 

3.11.1 Design of the RSC Controller 

The RSC control scheme consists of two cascaded vector control structure with 

inner current control loops which regulates independently the d-axis and q-axis rotor 

currents, i.e. drI  and qrI , according to some synchronously rotating reference frame. The 

outer control loop regulates the stator active power (or DFIG rotor speed) and reactive 

power (or DFIG terminal voltage) independently. The stator voltage orientation (SVO) 

control principle for a DFIG is described in [31], where the q-axis of the rotating 

reference frame is aligned to the stator voltage i.e dsV  = 0 and qsV  = sV . From (3.15) and 

(3.16), the stator side flux can be controlled using PI controller. In this study, the q-axis 
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flux is regulated to zero ( 0=qsl ) and ( sds ll = ) for the de-coupled control of active and 

reactive power as described below (where 
dt

d
p=  throughout the thesis): 

î
î
î
î

í

î
î
î
î

ì

ë

öö
÷

õ
ææ
ç

å
-+=

++-=

++-=+

qsqsqr

rs

ms

e

ds

qsqr

rs

ms
dseqs

qsqr

rs

ms
dseqs

s

s
qs

V
LL

Lr

V
LL

Lr

V
LL

Lr

L

r
p

l

l

sl
sw

l

l
s

lws

l
s

lwl
s

l

1*

     (3.46) 

î
î
î
î

í

î
î
î
î

ì

ë

öö
÷

õ
ææ
ç

å
--=

++=

++=+

qsqr

rs

ms
ds

e

qs

dsdr

rs

ms
qseds

dsdr

rs

ms
qseds

s

s
ds

V
LL

Lr

V
LL

Lr

V
LL

Lr

L

r
p

l
s

s
w

l

l
s

lws

l
s

lwl
s

l

l

l

1*

     (3.47) 
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Figure 3.14. 

The PI parameters are determined by comparing with the Butterworth polynomial 

which is described in the below section, are given as: 

s

s
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r
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s
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2

0wl=sIk          (3.49) 

Now, neglecting frictional losses in (3.26) gives:  
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Figure 3.14 Stator fluxes control using PI controllers 
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where mT  is the mechanical torque from the wind turbine. When the wind speed (wV ) is 

less than the rated speed, the mT is given as: 

2

woptm VkT =          (3.51) 

where == optp

opt

opt CA
R

k _
2

r
l

constant and if the wind speed (wV ) is more than the rated 

speed, the mT is given as: 

rated

rated
m

P
T

w
=          (3.52) 

where ratedP  is rated power of the wind turbine and ratedw  is the rated speed of the wind 

turbine.
 

Equation (3.46) can be re-written as: 
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where wrk  is the PI controller for rotor speed controller, given as: öö
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Substituting qsl  = 0 in (3.27) and (3.5) results in (3.55). 
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A further substitution of (3.54) into (3.53) and in combination with (3.49) results in: 
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Now, the stator active power can be written as: 
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Now, the stator supplied reactive power is given as: 
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Substituting qsV  in (3.57) gives: 
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Assuming constant stator flux, neglecting the stator resistance and substituting dsI  from 

(3.10) gives:
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Differentiating (3.59) w.r.t. time gives: 
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From (3.60) and (3.4) and solving qrl in terms of qrI  gives (3.63) 
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where 
me

rs

L

LL

w

s

3

2
=Ð  and Qsk  is the PI controller for stator side reactive power controller, 
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From (3.62) and (3.63) gives: 



54 

 

öö
÷

õ
ææ
ç

å
+-+=

ds

Q

qrrredr

r

dr
sILV

r
I

l

s
sww )(

1*
     (3.66) 

It can be seen from Equations (3.56) and (3.66) that, sP  and sQ  are proportional to qrI  

and drI , respectively. The mutual coupling term qrrre ILsww )( -  in (3.66) is very small 

so its effect is negligible. The rotor current can be regulated by means of rotor voltages.  

The relation between rotor current and rotor voltage is obtained by substituting 

values of drl  and qrl from (3.7) and (3.8) in Equations (3.3) and (3.4), respectively, and 

further simplification yields: 
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qrrsodrrdrrdr ILpILIrV sws -+=       (3.68) 

where sow =( )re ww-  and 
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LL

L
2

1-=s  

In the Equations (3.67) and (3.68), there is the term including drI in the q-axis 

equation and there is the term including qrI in the d-axis equation. So these two equations 

are coupled and the traditional linear controllers cannot be used. However, through the 

exact linearization method, these equations can be linearized by putting the terms other 

than the currents control to one side. 
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qrrsodrdrrdrr ILVpILIr sws +=+       (3.70) 

Then linear controllers are used to regulate the currents as shown in Figure 3.15, where: 

qrrqrrqr pILIr ss +=         (3.71) 
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drrdrrdr pILIr ss +=         (3.72) 

The idea behind this is to use the linear controllers that include integrations to 

calculate the derivative terms. And the nonlinear equations become linear when all the 

nonlinear terms are moved to the other side of the equations. Then the q and d-axis 

voltages are calculated as shown in Figure 3.15. 
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Using the inner current control loop has a significant advantage for the protection 

of the DFIG. It can naturally protect the system from over-current since current limiters 

can be easily inserted in the control system shown in Figure 3.15. 

Since the general PI controllers are widely used and proved to be effective, they 

are also applied in the following analysis [63]. For qrI  current control loop from (3.69): 
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Figure 3.15 Inner current controller 
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Similarly, for drI current control loop from (3.70): 
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Then the transfer functions between the reference and actual currents are changed 

to the following: 
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Choosing the appropriate control parameters is very important to gain good 

performance although the whole system might be able to work for a wide range of 

parameters. Many researchers select the gains based on the experience or just by trial and 

error. This is not good especially when the control system is designed for a new system. 

The most important objective is to maintain the system stability by selecting appropriate 

control parameters. And then those parameters can be tuned up corresponding to the 
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specified performance requirement. There are some methods that can be used to 

determine the system parameters that can keep the whole system in the stable region. 

One of the methods is by using Butterworth polynomial to optimize the closed-

loop eigen value locations [63]. The Butterworth method locates the eigen values 

uniformly in the left-half s-plane on a circle with radius ow , with its center at the origin 

as shown in Figure 3.16.  

The Butterworth polynomial for a transfer function with a second order 

denominator is given as: 

02
2

00

2 =++ wwpp        (3.83) 

The PI parameters are determined by comparing the coefficients in (3.79) with the 

denominators of the corresponding transfer functions and then choosing appropriate0w . 

rrdpqp rLkk -== sw02        (3.84) 

2

0ws rdiqi Lkk ==         (3.85) 

Here 0w  is the bandwidth of the current controller, which depends upon the design value. 

The overall vector control scheme of the RSC is shown in Figure 3.17. 
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Figure 3.16 Location of poles for second order Butterworth polynomial 
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Similarly, comparing denominator of (3.51) with Butterworth second order polynomial, 

i.e. 
2

00

2 2 wrwr pp ww ++ , PI controller gains are obtained as:  

P

J
k wrPwr

2
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2
wrIwr
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J
k w=         (3.87) 

where 
wr0w  is the bandwidth frequency of the speed controller. 
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Similarly, comparing denominator of (3.65) with Butterworth second order polynomial, 

i.e. 22 2 QsQspp ww ++ , PI controller gains are obtained as:  

D= QsPQsk 02w        (3.88) 

2

QsIQsk wD=         (3.89) 

3.11.2 Design of the GSC Controller 

Figure 3.18 shows the general vector control scheme of the GSC where control of 

DC-link voltage dcV  and reactive power exchange between GSC and power grid is 

achieved by controlling current in synchronous reference frame [54]. 

Now, DC voltage dynamics in DC-link is given by: 

( )
qfqfdfdfdrdrqrqrdc IMIMIMIMpVC +++=

4

3
)(

4

3
    (3.90) 

where C is the DC-link capacitance, drM  and qrM  are q and d-axis modulation indexes 

of RSC and dfM  and qfM  are q and d-axis modulation indexes of GSC, respectively. 

Hence, (3.90) can be re-written as (3.91) which can be solved to get qfI . 
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Equation (3.91) can be re-written as: 
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where dck  is the PI controller for DC-voltage control given as: 
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Figure 3.18 Block diagram of GSC control system 
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Comparing denominator of (3.94) with Butterworth second order polynomial, i.e. 

2
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2 2 dcdcpp ww ++ , PI controller gains are obtained as:  
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where 
dc0w  is the bandwidth frequency of the DC-voltage controller. From (3.91): 
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Using KVL across the RL filter gives: 

2
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qf
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V
M

N

V
ILpILIrV =+++= w      (3.98)

 

2

dc
dfqffedffdffdf

V
MILpILIrV =-+= w     (3.99) 

Since the q-axis of the rotating reference frame is aligned to the stator voltage i.e dsV  = 0 

and qsV  = sV . So, the GSC supplied reactive power to the grid is controlled using d-axis 

current. 

dfsf IV
N

Q
2

3
=         (3.100) 

where N is the transformer turns ratio connected between GSC and stator.  
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s

f pI
N

V
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2

3
=         (3.101) 

Substituting (3.99) in (3.101) gives: 
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3
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s
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V
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Qfqffedffdff ILIrVpQ sw =+-=G )(       (3.103) 

where 
s

f

V

NL

3

2
=G . 

)( *

ffQfQff QQkpQ -==G s        (3.104) 

where Qfk  is the PI controller for reactive power supplied by GSC given as: 

öö
÷

õ
ææ
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å
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p

k
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IQf

PQfQf . Then (3.104) will be: 
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       (3.106) 

Comparing denominator of (3.106) with Butterworth second order polynomial, i.e. 

2

00

2 2 QfQf pp ww ++ , PI controller gains are obtained as:  

G= QfPQfk 02w
        (3.107)

 

2

0QfIQfk wG=          (3.108) 

where Qf0w  is the bandwidth frequency of the reactive power controller. From (3.103): 

( )
Qfqffedf

f

df ILV
r

I sw -+=
1*

       (3.109) 

Equations (3.98) and (3.99) give the inner current control loop for the GSC control. 

Inner current control: 

If we assume: 

qfqfqfqfqffqff IIkpILIr s=-=+ )( *
     (3.110) 

dfdfdfdfdffdff IIkpILIr s=-=+ )( *
     (3.111) 

Then, (3.98) and (3.99) can be written as: 
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dffeqfqf
VN

V
ILM

2
)( ++= ws       (3.112) 
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qffedfdf
V

ILM
2

)( ws -=        (3.113) 
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Equations (3.112) and (3.113) give modulation indexes which are the output of 

the converter. And qfk  and dfk  are PI current controllers for q and d-axis currents, 

respectively and öö
÷

õ
ææ
ç

å
+==

p

k
kkk I

Pdfqf
1

1 . Then, (3.110) can be re-written as: 
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Comparing denominator of (3.114) with the Butterworth second order polynomial gives:  

ffcP rLk -= 01 2w         (3.115) 

2

01 cfI Lk w=           (3.116) 

where c0w is the bandwidth frequency of the current controller. 

3.11.3 Transfer Function of RSC and GSC Controllers 

In the above mentioned controller design for RSC and GSC, each controllers are 

designed separately and finally combined together. This procedure is only valid when the 

controlled variables are independent of each other, i.e. they should be mutually 

decoupled. To check whether they are independent of each other or not, or if there should 

be any conditions to be fulfilled for the decoupled control of those two controllers, the 

transfer functions of the RSC and GSC are derived in this section. The conclusion is 

made at the end of this section. 

From the flux control: 
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Similarly, 

î
î
î
î
î

í

î
î
î
î
î

ì

ë

+-+=-

+++=

+++=

++=

ds

dse

ss
ds

s

ms
qsedsdss

dsdr

s

ms
ds

s

ms
qseds

dsdrrds

s

m

rs

ms
qseds

dsdr

rs

ms
qseds

V
Qr

L

Lr
K

VI
L

Lr

L

Lr

VIL
L

L

LL

Lr

V
LL

Lr

lw
l

s
lwll

l
s

lws

sl
s

lws

l
s

lws

l

l

l

l

3

2
)(

)(

2

2
*

2

2
    (3.119) 

öö
÷

õ
ææ
ç

å
+

-+-

=

2

2

*

3

2

s

ms
s

ds

dse

ss
qsedss

ds

L

Lr
K

V
Qr

K

s

lw
lwl

l

l

l

     (3.120) 

From (3.118) and (3.120), it is clear that the relations between control variable 

( dsl , qsl ) and reference variable (*dsl ,
*

qsl ) are non-linear. Hence, transfer function cannot 

be obtained. Therefore, in the later part of the transfer function derivation, the stator 

fluxes are assumed constant as a result the relationship between control variables and 

reference variable is linear. 

In the RSC, from (3.49): 
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where (
^

) shows the measured value. Similarly, from (3.63):
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From (3.123) and (3.126): 
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Here, the mechanical torque from the wind turbine is considered as a disturbance to the 

RSC controller. 

From (3.46): 
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From (3.62): 
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From (3.77): 
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Combining (3.135) and (3.136): 
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Substituting (3.127) and (3.134) in (3.137) gives: 
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Solving (3.139) gives: 
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Similarly, 
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If the measured parameters are assumed to be equal to the actual quantities, solving 

(3.139) gives: 
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Here it should be noted that the inner current controller parameters are same for q and d-

axis currents, i.e. idriqr kk = . 

Similarly, in the GSC, from (3.91): 
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drdrqrqr IMIM +  is the DC-link current 

coming out from RSC. 

 And we also know from (3.73) and (3.74) that- 
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Using (1.146), (3.147), (3.127) and (3.134), DC-link current is expressed as: 
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Here, dsl  is regulated to constant value using flux control. Hence, it is clear from 

(3.148) that the DC-current flowing in ac/dc/ac converter has a non-linear relationship 

between control variables like rw , sQ  and dcV . So it can be concluded that decoupled 

control of fQ , sQ , rw  and dcV  can be done if the DC-link current coming out from RSC 

is taken as a disturbance for the GSC control.  

Now, from (3.104): 
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From (3.149) and (3.145): 
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Combining (3.150) and (3.145) gives: 
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From (3.90): 
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From (3.102): 
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Substituting (3.155) into (3.153): 
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Combining (3.156) and (3.155) 
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From (3.110): 
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Combining (3.158) and (3.159) gives: 
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Substituting (3.150) and (3.157) in (3.160): 
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Solving (3.162) gives: 
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If the measured quantities are assumed to be equal to the actual quantities, solving 

(3.162) gives: 
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where 
idf

idfff

f
k

kpLr ++
=g  and dcf kpC += gt1
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where 
f
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sL

k
=1h  and 

f

Qf
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f
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+=

3

2
2 gh  

Here it should be noted that the inner current controller parameters are same for q and d-

axis currents, i.e. idfiqf kk = . 

Combining (3.140), (3.141), (3.163) and (3.166) gives:
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Combining (3.142), (3.143), (3.165) and (3.166) gives: 
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As shown in (3.167) and (3.168), the transfer function matrices A and q are both 

diagonal which verifies that all the four controlled quantities are independent of each 

other regardless of error in parameter estimation. That means, the controller design can 

be done independent of each other and combined them together for the overall control. 

According to (3.167) and (3.168), there exists a non-linear relation through the DC-link 

voltage controller which can be considered as a disturbance for the GSC control. 
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3.11.4 Phase Locked Loop (PLL) 

A PLL is designed to define the reference angle for qd transformation so that the 

stator voltage can be aligned along the q-axis and is included in the overall model of the 

system to make the designed system more realistic. Figure 3.19 shows the 3-phase PLL 

which takes the input as the measured DFIG terminal voltage sV  and transforms it to qd-

reference frame. PLL aligns the stator side voltage to q-axis by comparing d-axis load 

voltage with zero reference voltage. The voltage error signal is passed through the PI 

controller to obtain the angular frequency of the terminal bus voltage. Hence in the PLL 

system: 

sisissisds VVV qqqqqq =Ý--=Ý--= )sin(0)sin(    (3.169) 

Now the error signal is given as: )sin(0 sisds VVe qq-=-=  

If )( si qq-  is very small, then we can write: )()sin( sisi qqqq -º-  

From the block diagram shown in Figure 3.19, )( sisV qq-  is the input to the controller 

and ew  is the output from the controller. Hence, 
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where, 
p

k
kK

pllI

pllPpll

_

_ +=  

s

pllI

pllPi

pllI

pllPs

s p

k
k

p

k
kp

V
qqq öö
÷

õ
ææ
ç

å
+-öö

÷

õ
ææ
ç

å
+=

_

_

_

_

1
    (3.171) 

pllIspllPs

pllIspllPs

i

s

kVkpVp

kVkpV

__

2

__

++

+
=

q

q
       (3.172) 



75 

 

+ 
-

 

 

abc 

to

 qd

PI

 

p

1

 

ew seq

sq

 

csV

 

bsV

 

asV
 

0

sqs VV =
dsV

Mod.

Division  P2
 

Figure 3.19 Block diagram of PLL control 

Now comparing the denominator of (3.172) with the Butterworth second order 

polynomial 2

_0_0

2 2 pllpll pp ww ++ , the parameters of the controller are: 

s

pll

pllI
V

k

2

_0

_

w
=          (3.174) 

where pll_0w  is the bandwidth frequency of the PLL controller. 

Table 3.1 gives the PI controllers values used for the simulation study following 

above procedure. The switching frequency is taken as 1 kHz and the bandwidth of inner 

current controller is taken ten times that of outer loop controller, i.e. 

sec/6280**2 radfswsw == pw  and 
10

;
10

inner
outer

sw
inner

w
w

w
w ==   

sradocinner /6280 === www , sradoQfoQsodcouter /8.62==== wwww  and sradowr /628.0=w  

From (3.84): 76.12 0 =-== rrdpqp rLkk sw  and from (3.85): 6.783
2

0 === ws rdiqi Lkk
 

From (3.86): 26.8
2

2 ==
P

J
k owrPwr w  and from (3.87): 65.3

2 2 == owrIwr
P

J
k w

 

From (3.95): 32.52 == dcodcPdc Ck w  and from (3.96): 63.2362 == dcodcIdc Ck w  
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Table 3.1 Parameters of the machine and PI controller coefficients 

rs 2.3 mW Cdc 60 mF 
dpqp kk /

 

76.1  
diqi kk /

 

6.783  

rr 2 mW Lf 2 mH 
Pwrk  26.8  

Iwrk  65.3  

Ls 2.93 mH rf 2 mW 
Pdck  32.5  

Idck  63.236  

Lr 2.97 mH J 18.7 

kg.m
2
 

1Pk  77.1  
1Ik  76.788  

Lm 2.88 mH P 4 
PQsk  0.00022

2 

IQsk  0.001 

s 0.046   
PQfk  0.00022 

IQfk  0.00093 

    
sPk l  

72.06 
sIk l  

3943.8 

Vs 563.38 V  N 1 
pllPk _  2.10 

pllIk _  4.1244  

 

From (3.115): 77.121 =-= ffocP rLk w  and from (3.116):  76.7882

1 == focI Lk w
 

From (3.88): D= QsPQsk 02w = 0.00022 and from (3.89):  =
2

QsIQsk wD=  = 0.001 

From (3.107): G= QfPQfk 02w = 0.0002 and from (3.108): 
2

0QfIQfk wG=   = 0.0093 

In PLL controller design, the switching frequency is taken as 2 kHz and the 

bandwidth of the PLL controller is taken as: sradfswsw /12560**2 == pw  and 

sradsw /3.837
15

0 ==
w

w  

From (3.173): 10.2
2 0

_ ==
s

pllP
V

k
w

 and from (3.174): 4.1244
2

0

_ ==
s

pllI
V

k
w

 

3.11.5 Stator Flux Estimation 

As shown in Figure 3.17, the stator side flux should be estimated as accurately as 

possible for the RSC control implementation. Therefore this section explains the stator 

flux estimation using Low Pass Filter (LPF).  
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The stator flux in stationary reference frame is given as: 

s

qds

s

qdss

s

qds pIrV l+=
        (3.175) 

( )ñ -= dtIrV s

qdss

s

qds

s

qdsl        (3.176)
 

Flux can be estimated using (3.176) but the pure integration (p1 ) involves the 

DC offsets and drifts [64]. To solve these problems, the pure integrator is replaced by a 

LPF. The estimated stator flux by the LPF can be given as: 

apVe

sl

+
=

1
^

l
         (3.177) 

where sl

^

l  is the estimated stator flux by LPF, a = pole and qdssqdse IrVV -=  the phase lag  

and the gain of (3.177) can be given as: 

a

e

^

1tan
w

f --=
        (3.178) 

^
22

^

1

e

e

sl

a
V

M

w

l

+

==
       (3.179) 

where e

^

w  is the estimated synchronous angular frequency given as [64]: 

d

q

eV

sl

^

l
qds

^

l

f

1f

 

Figure 3.20 Vector diagram of the LPF and the pure integrator [64] 
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w

---
=       (3.180) 

The LPF eliminates the saturation and reduces the effect of DC offsets but at the 

same time it brings the magnitude and phase angle error due to the cut off frequency of 

the LPF. Figure 3.20 shows the phase lag of sl

^

l  estimated by the LPF and the phase lag 

of qds

^

l  estimated by the pure integrator. The phase lag of qds

^

l  is 90
Ǔ
 and the gain is 

e

^

/1 w . However, the phase lag of the LPF is not 90
Ǔ
 and the gain is not e

^

/1 w . Hence, an 

error will be produced by this effect of the LPF. When the machine frequency is lower 

than the cutoff frequency of the LPF, the error is more severe. In order to remove this 

error, the LPF in (3.177) should have a very low cutting frequency. However, there still 

remains the drift problem due to the very large time constant of the LPF. For the exact 

estimation of the stator flux, the phase lag and the gain of sl

^

l  in (3.177) have to be 90
Ǔ
 

and e

^

/1 w , respectively. Furthurmore, to solve the drift problem, the pole should be 

located far from the origin. 

Hence, the decrement in the gain of the LPF is compensated by multiplying a gain 

compensator, G in (3.181) and the phase lag is compensated by multiplying a phase 

compensator, P in (3.182) given as:  

e

ea
G

^

^
22

w

w+
=

        (3.181) 

)exp( 1fjP -=
        (3.182) 
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The cutoff frequency in LPF cannot be located at fixed point far from the origin. If the 

pole is varied proportionally to the machine speed, the proportion of the machine 

frequency to the cutoff frequency of the LPF is constant. If the proportion is large, the 

estimation error will be very small. Consequently, the pole is determined to be varied 

proportionally to the motor speed as (3.185). Therefore, the pole is located close to the 

origin in very low speed range and far from the origin in high speed range. 

K
a

e

^

w

=          (3.185)
 

where K = constant. Finally, the complete equation for stator flux estimator can be 

derived as: 
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where )sin()cos()exp( 111 fff jj -=- , 
^
22

^

^

1

)/(

)cos(
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K ww
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Simplifying (3.181) and separating into real and imaginary parts gives: 

{ })(sin)(cos
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11^
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Figure 3.21 shows the overall block diagram of the system to estimate stator side 

flux using LPF and estimated synchronous speed of the machine. Similarly, Figure 3.22 

shows the schematic diagram of the overall DFIG wind turbine control structure. 
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Figure 3.21 Overall block diagram of the stator flux estimation using LPF [64] 
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Figure 3.22 Schematic diagram of the DFIG wind turbine control structure 
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3.12 Simulation Results 

Figure 3.23 shows the plot of stator voltage and fluxes in q and d axis. The stator 

voltage is aligned along q-axis using the reference angle given by PLL and the q-axis 

stator flux is regulated to be zero and d-axis flux gives the total stator flux. 

Figure 3.24 shows the plot of reference angle given by PLL to align the stator 

voltage along the q-axis. Figure 3.25 depicts the angular synchronous frequency of the 

system measured by the PLL and estimated by the stator flux estimator. 
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Figure 3.23 Stator voltage alignment and flux control for the decoupled control of active 

and reactive power 
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Figure 3.24 Reference angle output from PLL, seq  (top) and reference angle after 

modular division by p2 , sq (bottom) 
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Figure 3.25 The angular synchronous frequency of the DFIG system measured by PLL 

and the stator flux estimator 
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Figure 3.26 Estimated stator fluxes and synchronous speed of the machine 

The estimated stator fluxes using pure integrater as well as LPF and estimated 

synchronous angular speed of the machine are presented in Figure 3.26. At t=3 sec., the 

step increase in rotor speed is applied from 391 rad/s to 400 rad/s as a result there is small 

oscillation in flux and speed estimated values which settles down quickly as shown in 

Figure 3.26. 

Furthurmore, simulation studies are carried out for a 1.5 MW DFIG-based WECS 

to verify the effectiveness of above described control system under varying wind speed. 

Two different simulation studies are done for assessing the performance of the control 
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system discussed above. In the first case shown in Figures 3.27 and 3.28, the step 

decrease in wind speed from 12 m/s to 8 m/s is created at t = 8 s, the rotor speed and 

active power output varies according to wind speed where as reactive power is regulated 

to a constant value. Again at t = 5 s, step increase in reactive power supplied by stator 

side is applied and at t = 10 s, step increase in reactive power supplied by GSC is applied. 

Both cases do not affect the active power output of the DFIG which proves the decouple 

control of active and reactive power. 

Figure 3.29 (a) shows the wind speed profile of DFIG-based WECS. The wind 

speed varies in a range of 4°  m/s around its mean value of 12 m/s which is the rated 

wind speed of the turbine. The variation of wind speed causes change of operation mode 

in the wind turbine system. When the wind speed is less than rated speed, wind turbine is 

operating in MPPT mode so CP = 0.48 and tip speed ratio = 8.1 with pitch angle = 0. 

When the wind speed is more than rated speed, pitching control starts operating as a 

result, CP < 0.48, tip speed ratio < 8.1 and pitch angle > 0 as shown in Figure 3.29 (b), 

Figure 3.29 (c), and Figure 3.29 (d), respectively. Figure 3.29 (e) shows the independent 

control of active and reactive power in DFIG as explained above. When the wind speed 

varies, the active power output varies accordingly but the reactive power is always 

regulated to zero, i.e. unity power factor operation of both RSC and GSC. By doing so, 

the power factor of the overall DFIG wind turbine system can be regulated according to 

the requirement. During the entire operation period of the wind turbine, GSC maintains 

the DC-link voltage in back to back converter of the DFIG to a constant value. 
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Figure 3.27 Simulation results of 1.5 MW DFIG-based WECS for step change in wind 

speed and corresponding rotor speed as well as DC-link voltage 
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Figure 3.28 Simulation results of 1.5 MW DFIG-based WECS for step change in wind 

speed showing decoupled control of active and reactive power with corresponding 

modulation indexes in RSC and GSC 
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