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ABSTRACT 

 

Modern technology in the wind turbines has increased the penetration of wind power 

generation up to considerable level in the power system grid. This leads to more complex, 

sophisticated and reliable interconnection requirements for reliable power system operation. 

According to the requirements, the wind farm operation shall not affect the grid dynamic 

behavior and operation e.g. starting up, cut off, wind speed variations etc, but in actual 

scenario when grid is attributed to fault and voltage dips, the disconnection of the wind farm 

creates shedding of loads results in unreliable power supply. This occurs mostly in the case of 

3 phase faults in transmission network. For this reason depending on the voltage level of the 

connection point, network operators require wind farms to have Fault Ride Through (FRT) 

capabilities and so to withstand specified voltage dips. There are more areas of problems and 

constraint such as grid capacity constraints, power quality issues, protection issues and 

ancillary services issues. In order to mitigate above mentioned problems, the study and 

analysis of wind turbines in power system are required. For performing these studies there is 

need of steady state and dynamic models of various configurations of wind turbine. Due to 

various advantages variable speed wind turbines are preferred to fixed speed wind turbines. 

Among variable speed wind turbines doubly fed induction generator (DFIG) based wind 

turbines are more popular because of their inherent capabilities. In the present study a 

dynamic model of DFIG based WECS has been developed and various studies have been 

performed in PSCAD/EMTDC.  
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     Due to environmental concerns caused by excessive exploitation of conventional 

resources, now the focus is diverted to non

these are environmentally clean and 

was negligible as compared to conventional plants due to lack of sophisticated wind turbine 

(WT) technology but now with the development of new technologies; there has been an 

exponential growth in the wind power.

The total installation of wind power capacity

it is increased by 44.7 GW within year 2012 i.e. (18.8%)

 
Fig. 1.1 (Growth of Wind power installation around
  
 

Fig. 1.2 (Wind power installation around the various counntries of the world) 

4,800 6,100 7,482 9,670 13,69918,040

0

50,000

100,000

150,000

200,000

250,000

300,000 World wind  power Capacity in MW

Germany 

31.3

Spain 

22.8

India 18.4

U.K. 8.5

Italy 8.1

France 7.2

Canada 6.2

Portugal 4.5
Denmark 

4.1

Sweden 3.74

Japan 2.6 Australia 2.58

Rest 30.5

1 

Chapter-1 

INTRODUCTION 

Due to environmental concerns caused by excessive exploitation of conventional 

resources, now the focus is diverted to non-renewable resources especially solar & wind as 

these are environmentally clean and eco-friendly. In the beginning, wind power generation 

was negligible as compared to conventional plants due to lack of sophisticated wind turbine 

(WT) technology but now with the development of new technologies; there has been an 

wind power. 

wer capacity reaches around 282.4 GW around the world and 

within year 2012 i.e. (18.8%).  

stallation around the world) 
  

Wind power installation around the various counntries of the world)  

18,040
24,318

31,184
39,333

47,662
59,063

74,175

93,959

121,247

157,910

194,559

237,029

282,373
World wind  power Capacity in MW

MW

China 75.5 

U.S. 60 

Germany 

31.3

Rest 30.5
wind power installation 2012 

(GW)
China 75.5 U.S. 60 

Germany 31.3 Spain 22.8

India 18.4 U.K. 8.5

Italy 8.1 France 7.2

Canada 6.2 Portugal 4.5

Denmark 4.1 Sweden 3.74

Japan 2.6 Australia 2.58

Rest 30.5

Due to environmental concerns caused by excessive exploitation of conventional 

renewable resources especially solar & wind as 

friendly. In the beginning, wind power generation 

was negligible as compared to conventional plants due to lack of sophisticated wind turbine 

(WT) technology but now with the development of new technologies; there has been an 

around the world and 

 

 

282,373

wind power installation 2012 

U.S. 60 

Spain 22.8

U.K. 8.5

France 7.2

Portugal 4.5

Sweden 3.74

Australia 2.58



2 

 

 
 
Global wind industry growth has been driven mainly by China (75,564 MW), the US 

(60,007MW), Germany (31,307MW), Spain (22,796 MW) and India (18,421MW) [1]. India 

has grown its installation up to 18,421 MW at the end of year 2012 (16.1 % increment in 

2012). The total wind farms are grown to 443 in India. 

 

 
Fig. 1.3 (Growth of Wind power installation in India) 
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companies.  

1.3 LITERATURE SURVEY  
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generator systems employ squirrel-cage induction generators (SCIGs) to generate wind 

power. The fixed speed system is more simple and reliable [5]. The major problems observed 

with Fixed Speed Wind Turbine (FSWT) based SCIG are voltage fluctuation (flicker) & Low 

voltage ride through (LVRT), when connected to  weak power grids where the wind power 

penetration levels are high [6]. It has one more disadvantage of requiring capacitors at the 

stator terminals to provide for the reactive power demand of the machine [7]. 
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Grid connected FSWT based SCIG WTs often produce active power with significant 

fluctuations due to wind speed variations, the wind gradient and the tower shadow effect [8]. 

When connected to a weak power grid and during a grid fault, the over-speeding of the WTs 

can cause voltage instability [9]. As a result, utilities typically disconnect the WTs 

immediately from the grid when such a contingency occurs. With the rapid increase in 

penetration of wind power in power grids, tripping of many WTs in a large wind farm during 

grid faults may begin to influence the overall power system stability [6]. 

The FSWTs have no speed control capability and cannot provide voltage or frequency 

support when connected to the power grid [6]. For wind energy applications, various 

induction generator schemes have been proposed. The variable speed, constant voltage-

constant frequency self-excited induction generator for autonomous systems has largely been 

discussed [7].  For variable-speed wind generation using the doubly fed induction generator 

(DFIG), the rated speed settings, gearbox ratios, and machine and converter ratings were 

described [10]. 

Compared to the fixed-speed SCIG WTs, the DFIG WTs can provide decoupled active and 

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

quality and improved dynamic performance [11, 12]. SCIG severely limits the energy output 

of a WT. In case of variable speed systems, comparison shows that using a wound rotor 

induction machine (WRIM) of similar rating can significantly enhance energy capture [5]. It 

is possible to transfer maximum power to the network in a wide range of wind speeds without 

exceeding the ratings of the induction generator [7]. The wind energy conversion system 

(WECS) using a grid-connected fully-controlled double-output induction generator is 

considered and the conditions of transferring maximum power to the grid are investigated [7]. 

The concept of a variable speed wind turbine (VSWT) driving a DFIG has received 

increasing attention because of its noticeable advantages over other Wind Turbine Generating 

systems [5, 9, 12, 13, 14, 15]. DFIG-based WT are more popular on account of their 

favourable cost/performance attribute resulting primarily from the need for a much smaller 

converter rating compared to the machine rating [11]. The cost of power converter can be 

reduced greatly by employing doubly fed configuration such as a wound rotor machine as 

compared to full capacity configuration [12, 16]. 
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DFIGs are widely used in modern WTs due to their power control capability; variable speed 

operation, low converter cost, and reduced power loss as compared to other solutions such as 

fixed speed induction generators or fully rated converter systems [15]. The converter design 

and control technique using an ac/dc/ac converter in the rotor circuit of Doubly Fed Induction 

Machine (Schrebius drive) is explained. It was a standard drive option for high power 

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

rotor side power [17]. 

A vector control (VC) strategy can be used for decoupled control of active and reactive 

power drawn from the supply was proposed [18]. The VC technique used for the independent 

control of torque and excitation current are explained [19]. A model of the induction 

generator written in appropriate d-q reference frame to facilitate investigation of control 

strategies. Also reference frame models have been developed for doubly fed induction 

machines [20-21]. The power circuits, control system required for a rectifier are fully 

explained, along with the strategy employed to achieve closed loop regulation of d.c. link 

voltage, a sinusoidal current waveform, full four quadrant power flow to the supply and the 

desired power factor [18]. A detailed design of the DFIG using back-to-back PWM voltage 

source converters in the rotor circuit, they also validated the system experimentally 

considering a grid connected system [22]. DFIGs and a four-quadrant ac-to-ac converter 

connected to the rotor windings increases the transient stability margin of the electrical grids, 

when compared with the case where the fixed speed wind systems with cage generators are 

used [13]. 

In speed control mode operation, the aero-turbine can be operated at a constant speed by 

blade-pitch control of the WT even under varying wind speeds. This is possible since rotor 

circuit is capable of bidirectional power flow [2]. The doubly fed induction machine can be 

operated in generating mode in both sub-synchronous and super-synchronous modes [23]. 

The SCIG controlled over a range of sub-synchronous and super-synchronous speeds, using 

the novel secondary EMF signal generator, shows considerable advantage over sub-

synchronous systems based on the Kramer technique [24] and does not have the stability 

problems normally associated with doubly fed machines [10].  The steady-state analysis of a 

wound-rotor induction generator operated at varying shaft speeds in the sub-synchronous and 

super-synchronous regions, by control of both the magnitude and direction of slip power is 

studied [25].  
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Energy extraction from a DFIG WT depends not only on the induction generator but also on 

the control strategies developed using different orientation frames. Various types of control 

designs have been proposed for studying the behavior of DFIG based wind-turbine system 

during normal and fault AC grid conditions [12, 22, 14, 26, 27, 28]. Different orientation 

frames and controller structures for the grid side converter (GSC) are analyzed. In [29], the 

generation of active power during unbalanced conditions is investigated. The same approach 

could be used in order to guarantee reactive power production during outages [30]. 

The control of the reactive power flow in DFIG drive allows production of reactive power 

independently of the active power and with both inverters. The active power output is 

normally determined by wind conditions. For the determination of reactive power capability 

for a given active power output, a number of system boundaries have to be considered. Also, 

the reactive power capability is subject to several limitations resulting from the voltage, 

current, and speed, which change with the operating point [11].   

An optimum control strategy, which maximizes the total electrical power output of the DFIG 

is determined, the limitations of naturally commutated convertor circuits and their effects on 

the output power characteristic of the system are also discussed [25]. In [31] a state feedback 

regulator for active and reactive power in DFIG drives was proposed and compared to a 

proportional–integral controller by simulation.  In addition to an exhaustive literature 

research, active and reactive power integral controllers with nested voltage and phase angle 

control loops, as well as sensitivity and stability analysis for a single distributed generation 

unit, are provided in [32]. Decoupled control of the electromagnetic torque and the reactive 

power using a sensor less scheme for the DFIG was proposed in [33]. Case studies on active 

and reactive power flow in wind farms were carried out in [34] using induction generators 

and in [35] using the DFIG. The recorded results pointed out the superior dynamics of the 

latter topology. 

The DFIG is controlled using VC [12, 19, 36], which decouples the rotor currents into active 

power (or torque) and reactive power (or flux) components and adjusts them separately in a 

reference frame fixed to either the stator flux or voltage. Current controllers are then utilized 

to regulate the rotor currents [15]. DFIGs are controlled using VC based on rotor current 

decoupling, which are either stator flux oriented (SFO) [19, 22] or stator voltage oriented / 

voltage oriented control (VOC) [12]. 
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Most existing models widely use VC based on SFO. However, the existing control designs 

assume the stator voltage is ideal, i.e., the frequency and amplitude of the stator or grid 

voltage are constant and the dynamic characteristic of the stator magnetizing current is not 

considered [22, 27, 28] Such a system can provide good dynamic response during normal 

operation condition but the performance may be degraded during AC voltage disturbance. 

Pena 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 [22]. The dq VC, stator-voltage-oriented can be called “grid flux oriented” 

control [46]. In this scheme, the d-axis is aligned with the stator-voltage space vector 

(instantaneously) The DFIG usually operates in VC mode based on the PI controllers in a 

synchronous reference frame either to the SFO or stator voltage oriented ( or VOC) frames. 

The DFIG with PI controllers and its performance under normal operation conditions has 

been discussed in a number of publications [37, 36, 38, 15, 39] 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 [30, 40]. 

In [2, 32], the SFO frame is used to develop the DFIG wind power extraction mechanisms. 

Another approach, for example, direct power control strategies for DFIG WTs using the SFO 

frame [41], has also been proposed recently while VOC frame is normally not used for DFIG 

design. System based on VOC has also been used to control DFIG system [12, 42]. In [12], 

VOC was proposed for controlling DFIG system under normal operation, but no detailed 

design of decoupling circuit was given and a constant stator voltage was assumed. In [42], 

VOC control was used to investigate the fault current of DFIG. However, as no decoupling 

circuits were used, so that control response was inadequate during transient condition.  

The method only utilizes the estimated stator flux so as to remove the difficulties associated 

with rotor flux estimation. The method selects appropriate voltage vectors based on the stator 

flux position and active and reactive power errors. Thus, the difficulties associated with the 

rotor flux estimation are removed [43]. There is special approach to improve DFIG stability 

under unbalanced conditions using the VOC frame [44, 45]. In [44]  an analysis and control 

design of a DFIG based wind generation system operating under unbalanced network 

conditions is studied , 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 [45], it is shown that a DFIG control strategy can enhance the standard speed and 
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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. Doubly fed machines, naturally, have a pair of poorly damped poles near the grid 

frequency. Fast inner current loops have a fast response time, but also tend to push the poorly 

damped system poles toward the right half plane [46]. when the stator phase voltages 

supplied by the grid are unbalanced, the torque produced by the induction generator is not 

constant. Instead, the torque has periodic pulsations at twice the grid frequency, which can 

result in acoustic noise at low levels and at high levels can damage the rotor shaft, gearbox, 

or blade assembly [47]. 

DFIG-based WTs can be well understood [12, 48, 22, 49]. DFIG systems are conventionally 

controlled using stator VOC [12], [48] or SFO [22], [49] controls based on d-q decoupling. In 

[50], 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 [51], comparison between SFO and VOC reference frames is done and it is shown that the 

performance of DFIG wind power extraction is similar to using both VOC 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. This paper investigates and compares wind power extraction from a DFIG WT 

using stator voltage and stator oriented frames. This paper analysis how wind power 

extraction control of DFIG WT is converted to speed control and then how speed and reactive 

power control of WT is converted to generator current control using the two different 

orientation frames. 

For protection survey, it is possible for WTs using DFIG to stay connected to the grid during 

grid faults by crowbar protection. The key of the technique is to limit the high currents and to 

provide a bypass for it in the rotor circuit via a set of resistors that are connected to the rotor 

windings without disconnecting the converter from the rotor or from the grid [14]. 

For the survey for other control schemes, the direct to power scheme decouples DFIG rotor 

current into two parts representing active and reactive power separately. The control of 

machine active and reactive power is achieved by adjusting these two rotor currents using PI 
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controllers. One main drawback for Direct Power Control scheme is that system performance 

highly depends on accurate machine parameters such as stator, rotor resistances and 

inductance. Thus performance degrades when actual machine parameters depart from values 

used in the control system due to saturation, temperature variation etc [41]. 

The main drawback for SFO-VC is its linear nature which does not consider the discrete 

operation of power electronics converter [15]. Thus, in order to maintain system stability over 

the whole operation range and adequate dynamic response under both normal and abnormal 

conditions, the current controller and its control parameters must be carefully tuned [36]. This 

effectively reduces the VC’s control bandwidth and robustness during changing operation 

conditions. 

1.4 OBJECTIVES OF THE PRESENT WORK 
 
The objective of the dissertation is to study the dynamic behaviour/response of DFIG 

configuration with the implementation of control schemes on back-to-back converters. This 

study aims to tune the control techniques (i.e. SFO and VOC) successfully along with the 

use of Industrial controllers. (i.e. PI controllers) The objective is to achieve stable response 

of DFIG when subjected to grid integration, fault, and wind speed variation respectively. The 

overall theme is to achieve robustness of DFIG configuration. Also for that hardware 

protection (crowbar) is studied and incorporated in model.   

 
1.5 ORGANISATION OF DISSERTATION 
 
This dissertation has been organized in six chapters. In chapter ,1 basic introduction of wind 

energy generation, its modern scenario, literature review and glimpse of dissetation is 

incorporated. In chapter 2, basic theory of wind energy system is explained. It includes 

classification, characteristics and control system along with grid integration 

issues/requirements. In chapter 3 basic overview of DFIG configuration, operating modes 

along with dynamic modeling is explained. Further in chapter 4 the model of DFIG 

connected to grid is developed. The implementation of control scheme, protection etc. in 

model is explained. In chapter 5 the simulation results and explanation/verifications are 

incorporated. At last in chapter 6 conclusion of work and future scope are discussed.   

 

 

 



WIND: A SOURCE OF ELECTRICAL ENERGY

2.1 CONSTRUCTIONAL ASPECTS

 

The wind energy systems consist of several parts to achieve kinetic energy to electric energy 

conversion. The wind kinetic energy is converted to mechanical energy by the blades 

mounted on the rotor hub. The rotor hub is 

speed shaft. The mechanical energy is transmitted through the drive train (shafts, bearings, 

and gearbox) to the generator which converts mechanical energy into electrical energy. This 

conversion is usually assisted by a power convertor system which delivers the power from the 

generator to the grid. Most of the wind turbine components are enclosed in a nacelle on the 

top of the tower. (Fig. 2.1) 

 

Fig. 2.1    Components of wind energy 

 

The other parts that are not directly involved in the power conversion, but are important to 

ensure the proper, efficient and reliable operation of the system  include the pitch system, 

yaw system, mechanical brake, wind speed and direction sensors, power distribution cables, 

heat dissipation / exchange, lightening protection system, and structural components such as 

the tower, foundation, and nacelle enclosure. Large 

uninterruptable power supply or backup energy system that ensures uninterrupted operation 

of essential part such as the control system, pitch drive, and brakes.
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In direct drive (gearless) turbines the absence of the gear box and high speed shaft leads to a 

more compact drive train and, hence  a shorter nacelle. However, the wider diameter of low 

speed generators requires a taller nacelle structure. This phenomenon is more evident in 

wound rotor synchronous generators than permanent magnet synchronous generators [52]. 

2.2 WIND DYNAMICS  

The power-speed relations of WT are expressed in the equations: 

1. Power in air flow [53]: Pair = 0.5ρAν
3                                                                                                                    ( 2.1)                                                           

where Pair  is power in air flow,    

ρ  is air density, Kg/ m3 

ν  is velocity of wind. (m/s) 

A  is area swept by blade. (m2) 

2. Power Coefficient:  CP =  P wind turbine  /  Pair                                                                     (2.2)  

P wind turbine is power of wind turbine. Then we get, 

P wind turbine = 0.5ρAν
3 CP                                                                                                  (2.3)                                                        

 

3. Tip speed ratio : λ = ωr/ν                                                                                                 (2.4)                                

where ω = rotational speed of rotor. (rad/sec.)  

     r = blade length (m) 

ν = upwind speed (m/s)  

 

4. Beta limit: the turbine can never extract more than 59.3% of power of air (Pair). Also CP   

ranges from 25 to 40 %. Here the value of CP is 0.28 in model. 

CP & λ are dimensionless and so can be used to describe the performance of any size of WT 

rotor. Fig. 2.2 shows that the maximum power coefficient is only achieved at a single wind 

speed. Hence one argument for operating a WT at variable rotation speed is that it is possible 

to operate at maximum CP over a range of wind speeds.  

 



Fig 2.2 Graph for power coefficient versus tip speed ratio

Wind turbine extracts energy from the wind by transferring the thrust force of the air passing 

through the turbine rotor into the blades. The more kinetic energy a WT pulls out of the wind, 

the more the wind will be slowed down as it leaves the turbine. If

wind is extracted, the air would move away with the speed zero, i.e. the air could not leave 

the turbine. This power extraction is limited therefore up to 59 % of wind power. This is 

called as beta limit.  

2.3 POWER CHARACTERISTICS OF 

The power output of a WT at various wind speeds is conventionally described by its power 

curve. The power curve gives the steady state electrical power output as a function of the 

wind speed at the hub height and generally measured using 10 

Fig. 2.3 W

The power has three key points on the velocity scale:
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.2 Graph for power coefficient versus tip speed ratio 

Wind turbine extracts energy from the wind by transferring the thrust force of the air passing 

through the turbine rotor into the blades. The more kinetic energy a WT pulls out of the wind, 

the more the wind will be slowed down as it leaves the turbine. If all the energy from the 

wind is extracted, the air would move away with the speed zero, i.e. the air could not leave 

the turbine. This power extraction is limited therefore up to 59 % of wind power. This is 

POWER CHARACTERISTICS OF WIND TURBINE   

The power output of a WT at various wind speeds is conventionally described by its power 

curve. The power curve gives the steady state electrical power output as a function of the 

wind speed at the hub height and generally measured using 10 min. average data.

Fig. 2.3 Wind power-speed characteristics 

The power has three key points on the velocity scale: 

 

Wind turbine extracts energy from the wind by transferring the thrust force of the air passing 

through the turbine rotor into the blades. The more kinetic energy a WT pulls out of the wind, 

all the energy from the 

wind is extracted, the air would move away with the speed zero, i.e. the air could not leave 

the turbine. This power extraction is limited therefore up to 59 % of wind power. This is 

The power output of a WT at various wind speeds is conventionally described by its power 

curve. The power curve gives the steady state electrical power output as a function of the 

min. average data. 
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a. Cut-in wind speed - the minimum wind speed at which the machine will deliver useful 

power. 

b. Rated wind speed - the wind speed at which rated power is obtained (rated power is 

generally the maximum power output of the electrical generator). 

c. Cut-out wind speed - the maximum wind speed at which the turbine is allowed to 

deliver power (usually limited by engineering loads and safety constraints). 

 

Below the cut-in speed, the WT remains shut down as the speed of the wind is too low for 

useful energy production. Then, once in operation, the power output following a broadly 

cubic relation with wind speed (although modified by the variation in CP) until rated wind 

speed is reached. Above rated wind speed aerodynamic rotor is arranged to limit the 

mechanical power extracted from the wind and so reduce the mechanical loads on the drive 

train. Then at very wind speeds the turbine is shut down. The choice of cut-in, rated and cut-

out wind speed is made by the WT designer who, for typical wind conditions, will try to 

balance obtaining maximum energy extraction with controlling the mechanical loads (and 

hence the capital cost) of the machine. 

 

A typical WT will have an output power that increases as wind speed increases from the cut-

in wind speed to the rated wind speed. At the rated wind speed, the generator has reached 

rated power, and the electrical power must be held constant or reduced for further increases in 

wind speed [54]. Power curves for existing machines can normally be obtained from the 

turbine manufacturer. They are found by field measurements, where an anemometer is placed 

on a most reasonable close to the WT, not on the turbine itself or too close to it, since the 

turbine may create turbulence and make wind speed measurements unreliable [55]. 

 

2.4 FIXED AND VARIABLE SPEED TURBINES  

WTs can be classified into fixed-speed and variable-speed turbines [56]. As the name 

suggests, Fixed-Speed Wind Turbine (FSWT) rotates at almost a constant speed, which is 

determined by the gear ratio, the grid frequency, and the number of poles of the generator. 

The maximum conversion efficiency can be achieved only at a given wind speed, and the 

system efficiency degrades at other wind speeds. The turbine is protected by aerodynamic 

control of the blades from possible damage caused by high wind gusts. The fixed-speed 
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turbine generates highly fluctuating output power to the grid, causing disturbances to the 

power system. This type of turbine also requires a sturdy mechanical design to absorb high 

mechanical stresses [57].  

Also, VSWT (Variable-Speed Wind Turbine) can achieve maximum energy conversion 

efficiency over a wide range of wind speeds. The turbine can continuously adjust its 

rotational speed according to the wind speed. In doing so, the tip speed ratio, which is the 

ratio of the blade tip speed to the wind speed, can be kept at an optimal value to achieve the 

maximum power conversion efficiency at different wind speeds [58]. To make the turbine 

speed adjustable, the WT generator is normally connected to the utility grid through a power 

converter system [56]. The converter system enables the control of the speed of the generator 

that is mechanically coupled to the rotor (blades) of the WT. As shown in Table 2.1, the main 

advantages of the variable-speed turbine include increased wind energy output, improved 

power quality, and reduced mechanical stress [57].  

Table 2.1 Advantages and drawbacks of fixed- and variable-speed wind turbines 

Speed 

mode 
Advantages Disadvantages 

Fixed 

speed 

Simple, robust, reliable, Relatively 

low energy-conversion 

 

Low cost and maintenance, efficiency, 

High mechanical stress, High power 

fluctuations to the grid 

Variable 

speed 

High-energy conversion efficiency, 

Improved power quality, Reduced 

mechanical stress 

 

More complex control system, Additional 

cost and losses due to use of converters 

 

 
 

The main drawbacks are the increased manufacturing cost and power losses due to the use of 

power converters. Nevertheless, the additional cost and power losses are compensated for by 

the higher energy production. Furthermore, the smoother operation provided by the 

controlled generator reduces mechanical stress on the turbine, the drive train and the 

supporting structure. This has enabled manufacturers to develop larger WTs that are more 

cost-effective. Due to the above reasons, variable-speed turbines dominate the present market 

[52]. 
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2.5 AERODYNAMIC POWER CONTROL  

  

Turbine blades are aerodynamically optimized to capture the maximum power from the wind 

in normal operation with a wind speed in the range of about 3 to 15 m/s. In order to avoid 

damage to the turbine at a high wind speed of approximately 15 to 25 m/s, aerodynamic 

power control of the turbine is required [59].  

The blade rotates in the wind because the air flowing along the surface that is not facing the 

wind moves faster than that on the surface against the wind. This creates a lift force to pull 

the blade to rotate. The angle of attack of the blade plays a critical role in determining the 

amount of force and torque generated by the turbine. Therefore, it is an effective means to 

control the amount of captured power. There are three aerodynamic methods to control the 

capture of power for large WTs: passive stall, active stall, and pitch control.  

 

2.5.1 Passive-Stall Control 

 

 In passive-stall-controlled WTs, the blade is fixed onto the rotor hub at an optimal (rated) 

angle of attack. When the wind speed is below or at the rated value, the turbine blades with 

the rated angle of attack can capture the maximum possible power from the wind. With the 

wind speed exceeding the rated value, the strong wind can cause turbulence on the surface of 

the blade not facing the wind. As a result, the lifting force will be reduced and eventually 

disappear with the increase of the wind speed, slowing down the turbine rotational speed. 

This phenomenon is called stall. The stall phenomenon is undesirable for airplanes, but it 

provides an effective means to limit the power capture to prevent turbine damage [58].  

 

2.5.2 Active-Stall Control 

 

In active-stall turbines, the stall phenomenon can be induced not only by higher wind speeds, 

but also by increasing the angle of attack of the blade. Thus, active-stall WTs have adjustable 

blades with a pitch control mechanism. When the wind speed exceeds the rated value, the 

blades are controlled to turn more into the wind, leading to the reduction of captured power. 

The captured power can, therefore, be maintained at the rated value by adjusting the blade 

angle of attack [58]. When the blade is turned completely into the wind, the blade loses all 

interaction with the wind and causes the rotor to stop. This operating condition can be used 

above the cut-out wind speed to stop the turbine and protect it from damage. With active-stall 
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control, it is possible to maintain the rated power above the rated wind speed. Active-stall 

controlled large megawatt WTs are commercially available. 

 

2.5.3 Pitch Control 

  

Similar to the active-stall control, pitch-controlled WTs have adjustable blades on the rotor 

hub. When the wind speed exceeds the rated value, the pitch controller will reduce the angle 

of attack, turning the blades (pitching) gradually out of the wind. The pressure difference in 

front and on the back of the blade is reduced, leading to a reduction in the lifting force on the 

blade. When the wind is below or at the rated speed, the blade angle of attack is kept at its 

rated (optimal) value. With higher than the rated wind, the angle of attack of the blade is 

reduced, causing a reduction in lift force. When the blade is fully pitched, the blade angle of 

attack is aligned with the wind and no lift force will be produced. The turbine will stop 

rotating and then be locked by the mechanical brake for protection. The mechanical power of 

the turbine operating at above the rated wind speed can be tightly controlled.  

Both pitch and active-stall controls are based on rotating actions on the blade, but the pitch 

control turns the blade out of the wind, leading to a reduction in lift force, whereas the active-

stall control turns the blades into the wind, causing turbulences that reduce the lift force.  

The passive-stall technology was mainly used in the early FSWTs. This technology was 

further developed into the active-stall technology. The pitch control reacts faster than the 

active-stall control and provides better controllability. It is widely adopted in today's large 

wind energy systems. 

 

2.6   MAXIMUM POWER POINT TRACKING (MPPT) CONTROL 

  

The control of a VSWT below the rated wind speed is achieved by controlling the generator. 

The main goal is to maximize the wind power capture at different wind speeds, which can 

achieved by adjusting the turbine speed in such a way that the optimal tip speed ratio λopt is 

maintained. Fig. 2.4 shows the typical characteristics of a WT operating at different wind 

speeds, where PM and ωM are the mechanical power and mechanical speed of the turbine, 

respectively. The PM versus ωM curves are obtained with the blade angle of attack set to its 

optimal value. For the convenience of analysis and discussion, the mechanical power, turbine 

speed, and the wind speed are all expressed in per-unit terms.  

 



For a given wind speed, each power curve has a maximum power point (MPP) at which t

optimal tip speed ratio is achieved. To obtain the maximum available power from the wind at 

different wind speeds, the turbine speed must be adjusted to

MPPs. The trajectory of MPPs represents a power curve, which can be described by 

 

PM α (ωM)3                                                                                                                             

 

The mechanical power captured by the turbine can also be expressed in terms of the torque: 

 

PM = TM ωM                                                                                                                           

 

where TM is the turbine mechanical torque. Substituting (2.6) into (2.5

 

TM α (ωM)2                                                                                                                            

 

The relations between the mechanical power, speed, and torque of a 

determine the optimal speed or torque r

operation. Several control schemes have been developed to perform the MPPT, and a brief 

description of three MPPT methods is given in the next subsections. 

 

Fig 2.4 Wind turbine power speed characteristics and maximum power point operation

According to the power curve illustrated in Fig. 2.4

into three modes: parking mode, generator
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For a given wind speed, each power curve has a maximum power point (MPP) at which t

is achieved. To obtain the maximum available power from the wind at 

different wind speeds, the turbine speed must be adjusted to ensure its operation at all the 

MPPs. The trajectory of MPPs represents a power curve, which can be described by 

                                                                                                                             

The mechanical power captured by the turbine can also be expressed in terms of the torque: 

                                                                                                      

anical torque. Substituting (2.6) into (2.5) yields  

                                                                                                                            

The relations between the mechanical power, speed, and torque of a WT can be used to 

determine the optimal speed or torque reference to control the generator and achieve the MPP 

operation. Several control schemes have been developed to perform the MPPT, and a brief 

description of three MPPT methods is given in the next subsections.  

                                           

ind turbine power speed characteristics and maximum power point operation

 

curve illustrated in Fig. 2.4, the operation of the WT can be divided 

into three modes: parking mode, generator-control mode, and pitch-control mode:

For a given wind speed, each power curve has a maximum power point (MPP) at which the 

is achieved. To obtain the maximum available power from the wind at 

ensure its operation at all the 

MPPs. The trajectory of MPPs represents a power curve, which can be described by  

                                                                                                                             (2.5) 

The mechanical power captured by the turbine can also be expressed in terms of the torque:  

                                                                                                      (2.6)  

                                                                                                                            (2.7)  

can be used to 

eference to control the generator and achieve the MPP 

operation. Several control schemes have been developed to perform the MPPT, and a brief 
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control mode: 
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 • Parking mode: When the wind speed is below cut-in speed, the turbine system generates 

less power than its internal consumption and, therefore, the turbine is kept in parking mode. 

The blades are completely pitched out of the wind, and the mechanical brake is on.  

 

• Generator-control mode: When the wind speed is between the cut-in and rated speed, the 

blades are pitched into the wind with its optimal angle of attack. The turbine operates with 

variable rotational speeds in order to track the MPP at different wind speeds. This is 

achieved by the proper control of the generator. 

  

• Pitch-control mod: For higher than rated wind speeds but below the cut-out limit, the 

captured power is kept constant by the pitch mechanism to protect the turbine from damage 

while the system generates and delivers the rated power to the grid When the wind speed 

reaches or exceeds the cut-out speed, the blades are pitched completely out of the wind. No 

power is captured, and turbine speed is reduced to zero. The turbine will be locked into the 

parking mode to prevent damage from the strong wind [52]. 

 

2.7 ISSUES RELATED TO WIND POWER INTERCONNECTION TO GRI D 

 

According to grid codes wind farms tend to be considered as power generation plants, which 

should perform in a similar manner to conventional power generation plants. The main issues 

related to grid interconnection and operation; include fault-ride through requirements, active-

reactive power control, frequency /voltage regulation, power quality and system protection. 

2.7.1 Fault-ride through requirements 

The increased penetration of wind power into utility grid brings challenges to power 

converter design in WECSs. Among all, low-voltage ride-through has been enforced in the 

field, which is a major challenge for WECS [60]. The fault ride-through capability of a 

WECS is of particular concern because the disconnection of a large wind generator caused by 

network disturbances may lead to system instability and cascaded failures [61]. 

 

Grid disturbance such as voltage dips are caused by short circuit fault can lead to power 

generating unit disconnected from the grid, which may cause instability in the grid. To avoid 

this grid code requires power generating units to remain connected and continuously operated 

even if the voltage dips reaches very low value. The depth and duration of voltage dips are 



usually defined by a voltage time diagram. Fig. 2.5 shows LVRT requirements during grid 

faults, where VN is the nominal voltage of the grid. Ab

system must remain connected during the faults even when the grid voltage falls to zero with 

duration of less than 150ms. The system is allowed to disconnect from the grid only when 

voltage dips are in the area below t

 

Fig.2.5 Grid requirement for low voltage ride

 

2.7.2  Frequency and Voltage Operating Range

 

The electrical behaviour of the network, in terms of frequency and voltage, due to its

dynamic nature is continuously changing. 

quantities.  

                                      Fig.2.6 Grid code related to frequency
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usually defined by a voltage time diagram. Fig. 2.5 shows LVRT requirements during grid 

is the nominal voltage of the grid. Above the limit line a power generating 

system must remain connected during the faults even when the grid voltage falls to zero with 

duration of less than 150ms. The system is allowed to disconnect from the grid only when 

voltage dips are in the area below the limit line [52].  

 
Grid requirement for low voltage ride-through 

Frequency and Voltage Operating Range 

The electrical behaviour of the network, in terms of frequency and voltage, due to its

dynamic nature is continuously changing. Generally, these changes occur in very small

Grid code related to frequency 

usually defined by a voltage time diagram. Fig. 2.5 shows LVRT requirements during grid 

ove the limit line a power generating 

system must remain connected during the faults even when the grid voltage falls to zero with 

duration of less than 150ms. The system is allowed to disconnect from the grid only when 

The electrical behaviour of the network, in terms of frequency and voltage, due to its 

Generally, these changes occur in very small 
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It is a requirement that users of the transmission system are able to continue operating in a 

normal manner over a specified range of frequency and voltage conditions. With respect to 

frequency and for a 50Hz system, this would be in the range of 49 to 51Hz. With respect to 

voltage, this range could be ±10% of the nominal voltage. 

 

Table 2.2  Frequency and voltage tolerance range 

 

 Normal continuous 

operations 

Required Very short term 

Frequency 49-51 Hz 47.5-49Hz and 51-52 Hz 47-47.5 Hz 

Voltage 5% tolerance 10% tolerance  

                                    

Flicker is induced by voltage fluctuations, which are caused by load flow changes in the grid. 

Grid connected WTs may have considerable fluctuations in output power, which depends on 

the wind power generation technology applied [62]. 

 

2.7.3 Reactive Power and Voltage Control Capability 

 

Power Factor Control 

 

To minimize losses and thus maintain high levels of efficiency, it is preferable that networks 

operate with voltage and current in phase that is, the power factor is unity. However, users of 

electrical systems often tend to have inductive loads or generation facilities that operate such 

that voltage and current are out-of-phase. In addition, power system components including 

lines and transformers consume large levels of reactive power. As the behaviour of the 

network is continuously changing, users are required to have the ability to adjust their 

reactive power production or consumption, in order that reactive power production and 

consumption are balanced over the entire network. In most cases, it is the generators who 

provide this control ability. The range, for example, could be from 0.95 leading to 0.95 

lagging. The studied model is operated on power factor control mode in the control schemes 

incorporated. 

 



                                 Fig.2.7 Reactive power control as a function of grid voltage

Voltage Support 

  

A generating station adjusts its reactive power production in order to

local network. If the network voltage decreases to a level below

installation may be required to supply reactive power to

Conversely, if the network voltage increases to a level above a predefined upper limit, then 

the installation would be required to consume reactive power to bring the voltage back within 

acceptable limits. The reactive co

capacitor banks locally connected in each machine

of the magnetizing current supplied

factor is relatively low [62]. 

 

2.7.4 Power control 

 

With respect to wind power, for decreasing wind speed conditions there are

capabilities of WTs. If the wind speed is falling, a 

or fully control the rate of decrease of

and so if a controlled ramp down or clearly defined power reduction rate is required, a 

output can be reduced early, thus reducing the maximum rate of change of output po
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Reactive power control as a function of grid voltage 

adjusts its reactive power production in order to control voltage on the 

If the network voltage decreases to a level below a predefined range, an 

may be required to supply reactive power to the network to raise the voltage.

Conversely, if the network voltage increases to a level above a predefined upper limit, then 

the installation would be required to consume reactive power to bring the voltage back within 

The reactive compensation for FSWT based SCIG wind parks are based on 

capacitor banks locally connected in each machine [63].  The major problem is that, because 

of the magnetizing current supplied from the grid to the stator winding, the full load power

With respect to wind power, for decreasing wind speed conditions there are limitations in the 

s. If the wind speed is falling, a WT may not be able to maintain its output 

rol the rate of decrease of output. However, wind speed profiles can be predicted 

down or clearly defined power reduction rate is required, a 

be reduced early, thus reducing the maximum rate of change of output po

 

control voltage on the 

a predefined range, an 

the network to raise the voltage. 

Conversely, if the network voltage increases to a level above a predefined upper limit, then 

the installation would be required to consume reactive power to bring the voltage back within 

mpensation for FSWT based SCIG wind parks are based on 

problem is that, because 

from the grid to the stator winding, the full load power 

limitations in the 

may not be able to maintain its output 

output. However, wind speed profiles can be predicted 

down or clearly defined power reduction rate is required, a WTs 

be reduced early, thus reducing the maximum rate of change of output power [64].   
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Fig.2.8 Power verses frequency relation 
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CHAPTER 3 

DOUBLY FED INDUCTION GENERATOR 

3.1 INTRODUCTION 

 

The DFIG is popular due to inherent characteristics which extend boundary conditions for 

extracting power from the wind.   

Some advantages [12] of DFIG as compared to fixed speed generating are as follows: 

1. Reduced inverter cost, because inverter rating is typically 25% of total system power, 

while the speed range of the Variable speed Generator is ±33% around the synchronous 

speed. 

2. Reduced cost of the inverter filters, because filters are rated for 0.25 p.u. total system 

power, and inverter harmonics represent a smaller fraction of total system harmonics. 

3. Improved system efficiency  

4. Power-factor control can be implemented at lower cost, because the DFIG system (four-

quadrant converter and induction machine) basically operates similar to a synchronous 

generator. The converter has to provide only excitation energy. 

 

3.2 COMPONENTS AND OPERATING MODES OF DFIG-BASED WECS 

  

The main components of DFIG based WECS are wound rotor induction generator, 

aerodynamic system with gear box, rotor side converter, grid side converter, coupling 

transformer, filter & protection system. The rotor shaft is connected to drive train system of 

WT and stator terminal is connected to grid.    

In the Fig. 3.1 firing control circuit is not shown which generates firing pulse sequence for 

converters. The converters are operated so as to provide stable operation with the variation of 

wind speed and fault conditions. Coupling transformer provides electrical isolation between 

DFIG & grid via mutual coupling. Protection system provides safe operation to converters 

from heavy transients. The converter system is bidirectional so DFIG can be operated in sub-

synchronous and super-synchronous mode. The rotor terminals are connected to back-to-back 

dc link connected converter system [65]. Power converters for variable-speed drives are 

classified into direct and indirect converter topologies [66-67]. Further, indirect topologies 

can be grouped into two main categories: current and voltage source converters [68]. 



Fig. 3.1 

Control of the varying output voltage and frequency of these induction generators has

made possible by the developments of static power

transistor (IGBT) is now the main

applications [37], but for higher capacity (10 MW), SCR can be used. With the use of 

converters, the active & reactive power flow through ro

However there are also some problems arising from the use of power converters in wind 

turbines. Some of the problems [70]

1. The converter system can have faults, which means lost production

2. The efficiency of the converter drops at low power levels

3. The power converters cause harmonic voltages on the grid due to the PWM

 

 
Fig.3.2 Power–speed characteristics in a DFIG wind energy system

23 

1 Components of DFIG-based WECS [12]  

voltage and frequency of these induction generators has

made possible by the developments of static power convertors [69]. The insulated gate bi

transistor (IGBT) is now the main component for power electronics and also for wind

but for higher capacity (10 MW), SCR can be used. With the use of 

converters, the active & reactive power flow through rotor is controlled in both directions. 

However there are also some problems arising from the use of power converters in wind 

[70] are: 

The converter system can have faults, which means lost production. 

converter drops at low power levels 

The power converters cause harmonic voltages on the grid due to the PWM-

 
speed characteristics in a DFIG wind energy system with MPPT cont

                                                                             

voltage and frequency of these induction generators has been 

insulated gate bipolar 

component for power electronics and also for wind-turbine 

but for higher capacity (10 MW), SCR can be used. With the use of 

tor is controlled in both directions. 

However there are also some problems arising from the use of power converters in wind 

-modulation. 

with MPPT control 
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Fig. 3.2 shows an example of mechanical power Pm versus slip characteristics of a DFIG 

WECS. The negative value of mechanical power indicates that the DFIG is in the generating 

mode. Since the rotor speed of the DFIG is adjustable, one of the MPPT schemes can be 

implemented to harvest the maximum available power from the WT.  

When operating at the MPP on the turbine power-speed curves, ideally, the wind-driven 

induction generator output should follow the wind cube-law power curve [71].The generator's 

mechanical power from the shaft Pm is proportional to the cube of the rotor speed ωr. The 

rotor speed of the generator in Fig. 3-2 is in the range of 0.5ωs to l.2ωs which corresponds to 

about 58% of the full speed range (zero to l.2 ωs). This speed range is normally sufficient for 

a wind energy system since the power generated at 42% of the rated speed is 0.074 p.u. (only 

7.4% of the rated power) The rated slip at which the rated power (1 pu) is generated (in this 

example is – 0.2), which represents the rated steady state operating point of the system. 

Dynamically, the DFIG may operate up to a slip of – 0.3 p.u. (i.e. 30% above the synchronous 

speed ωs). As a consequence, the power converters in the rotor circuit should be designed to 

handle about 30% of the rated stator power.  Depending on the rotor speed, there are two 

modes of operation in a DFIG based WECS:  

1. Super-synchronous mode, in which the generator operates above the synchronous speed  

2. Sub-synchronous mode, in which the generator operates below the synchronous speed, as 

shown in Fig. 3.2.  

The slip is negative in the super-synchronous mode and becomes positive in the sub-

synchronous mode. 

Fig. 3.3 shows the power flow in a DFIG-WECS; the harmonic filter in the rotor circuit and 

the grid-side transformer are omitted for simplicity. Depending on whether the slip is positive 

or negative, the rotor circuit can receive or deliver power from or to the grid. 

 In the super-synchronous operation mode, the mechanical power |Pm| from the shaft is 

delivered to the grid through both stator and rotor circuits. The rotor power |Pr| is transferred 

to the grid by power converters in the rotor circuit, whereas the stator power |PS| is delivered 

to the grid directly.  

For the sub-synchronous operation in Fig. 3.3, the rotor receives the power from the grid. 

Both mechanical power |Pm| and rotor power |Pr| are delivered to the grid through the stator. 

Although the stator power |PS| is the sum of |Pm| and | Pr|, it will not exceed its power rating 



since in the sub-synchronous mode the mechanical power |

lower than that in the super-synchronous mode. As in the

the total power delivered to the grid 

                                     Fig. 3.3 Power flow in a DFIG wind energy conversion system

Since the DFIG generates less power when operati

power rating for the converter is determined by th

synchronous mode, in which the converters handle

maximum slip for a DFIG during transie

to be processed by the converte

[52].With the variation of rotor speed,

be reversed. 

1. In the sub-synchronous operating mode (partial load range) the stator of the DFIG feeds 

all generated electrical power to the grid, and additionally makes slip power available 

which is fed from the frequency converter to the rotor via the generator’s slip rings.

2. However, in the super-synchronous operating mode (nominal load range) total power 

consists of the components fed by the stator of the DFIG plus slip power, which is fed 

from the rotor to the grid via the frequency converter

 

3.3 DYNAMIC MODELLING

 

To develop decoupled control of active and reactive power, a DFIG dynamic model i

needed. The construction of a DFIG is similar to a

25 

mode the mechanical power |Pm| from the generator shaft is 

synchronous mode. As in the previous case, neglecting the losses, 

the total power delivered to the grid |Pg| is the input mechanical power |Pm|.  

 

3.3 Power flow in a DFIG wind energy conversion system [52] 

Since the DFIG generates less power when operating in the sub-synchronous mode, 

power rating for the converter is determined by the rated or maximum slip in the 

synchronous mode, in which the converters handle the highest rotor power. For 

maximum slip for a DFIG during transients caused by gusts of wind is |–0 .3|, and the power 

to be processed by the converters is approximately 0.3 of the maximum stator power 

With the variation of rotor speed, transfer of slip power via the frequency converter

synchronous operating mode (partial load range) the stator of the DFIG feeds 

generated electrical power to the grid, and additionally makes slip power available 

which is fed from the frequency converter to the rotor via the generator’s slip rings.

synchronous operating mode (nominal load range) total power 

sists of the components fed by the stator of the DFIG plus slip power, which is fed 

rid via the frequency converter [72]. 

YNAMIC MODELLING  OF DFIG   

To develop decoupled control of active and reactive power, a DFIG dynamic model i

needed. The construction of a DFIG is similar to a WRIM and comprises a three

from the generator shaft is 

previous case, neglecting the losses, 

synchronous mode, the 

e rated or maximum slip in the super-

the highest rotor power. For instance, the 

0 .3|, and the power 

s approximately 0.3 of the maximum stator power 

transfer of slip power via the frequency converter can 

synchronous operating mode (partial load range) the stator of the DFIG feeds 

generated electrical power to the grid, and additionally makes slip power available 

which is fed from the frequency converter to the rotor via the generator’s slip rings. 

synchronous operating mode (nominal load range) total power 

sists of the components fed by the stator of the DFIG plus slip power, which is fed 

To develop decoupled control of active and reactive power, a DFIG dynamic model is 

and comprises a three-phase stator 



winding and a three-phase rotor winding. The latter is fed via slip rings 

model of the induction generator can be obtained by decomposing the 

corresponding d- and q-axis components, that is,

 

Fig. 3.4 Induction generator 

 

 

Vs= Vds+j Vqs ; Is= I ds+j I qs ; λs= 

 

Vr= Vdr+j Vqr ; Ir= I dr+j I qr ; λr= 

 

The dynamics of the DFIG is 

synchronously rotating reference frame (

  

Vqs = rs Iqs + ωe λds + d/dt (λqs)                                                                                             

 

Vds = rs Ids  – ωe λqs + d/dt (λds)                                                                                  

 

Vqr = r r Iqr + (ωe – ωr) λdr + d/dt (λ

 

Vdr= r r Idr + (ωe – ωr) λqr + d/dt (λ
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phase rotor winding. The latter is fed via slip rings [76].

model of the induction generator can be obtained by decomposing the space vectors i

axis components, that is, 

                                                                     

nduction generator dq axis model in arbitrary reference frame 

 λds+ j λqs                                                                             

 λdr+ j λqr                                                                             

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

synchronously rotating reference frame (dq-frame) as given in (3.3)-(3.6) [16]: 

                                                                                            

                                                                                  

+ d/dt (λqr)                                                                         

+ d/dt (λdr)                                                                         

]. The dq-axis 

space vectors into their 

                                                                     

                                                                             (3.1) 

                                                                             (3.2) 

order state space model using the 

                                                                                            (3.3) 

                                                                                            (3.4) 

                                                                                 (3.5) 

                                                                                   (3.6) 
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Where Vqs, Vds, Vqr, Vdr are the q and d-axis stator and rotor voltages, respectively. Iqs, Ids, Iqr, Idr 

are the q and d-axis stator and rotor currents, respectively λqs , λds , λqr , λdr are the q and d-

axis stator and rotor fluxes, respectively. ωe is the angular velocity of the synchronously 

rotating reference frame. ωr is rotor angular velocity, rs and rr are the stator and rotor 

resistances, respectively. The flux linkage equations are given as: 

λqs  = Ls Iqs  + Lm Iqr                                                                                                                                                                     (3.7) 

 

λds  = Ls Ids  + Lm Idr                                                                                                                                                                      (3.8) 

 

λqr  = Lm Iqs  + Lr Iqr                                                                                                                                                                       (3.9) 

 

λdr  = Lm Ids  + Lr Idr                                                                                                                                                                    (3.10) 

 

where Ls ,Lr ,Lm and are the stator, rotor, and mutual inductances, respectively, with Ls = Lls 

+Lm and Lr = Llr  + Lm: Lls being the self inductance of stator and Llr being the self inductance 

of rotor. Solving (3.7) - (3.10) in terms of current equations: 

 

 Iqs  =     
�

���
 λqs  –   

��

�����
 λqr                                                                                               (3.11) 

 

Ids  =     
�

���
 λds  –   

��

�����
 λdr                                                                                                                                                (3.12) 

 

Iqr  =     
�

���
 λqr  –   

��

�����
 λqs                                                                                                                                                (3.13) 

 

Ids  =     
�

���
 λdr  –   

��

�����
 λqs                                                                                                                                                (3.14) 

 

Where, leakage coefficient σ =  
�� ���	��.���

�� ��
 

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

different simulation tools such as MATLAB or PSCAD. 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 ‘n’ state variables 

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

  

X(t) =AX(t) + BU(t)  

 

Y(t) =CX(t) + DU(t)                                                                                                           (3.15) 

 

 

Equation (3.15) 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 (3.16) is for linear time variant system, where A, B, C, and D are time 

dependent matrices.  

 

X(t) =A(t)X(t) + B(t)U(t) 

 

Y(t) =C(t)X(t) + D(t)U(t)                                                                                                    (3.16) 

 

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 (3.11) - (3.14) into (3.3) - (3.6) 

gives the DFIG dynamics in the state space form as: 

 

�

�

 λqs = – 

��

���
 λqs – ωe λds+ 

�� ��

� �� ��
 λqr + Vqs                                                                         (3.17) 

 

�

�

 λds = – 

��

���
 λds + ωe λqs+ 

�� ��

� �� ��
 λdr + Vds                                                                                                             (3.18) 

 

�

�

 λqr = – 

��

���
 λqr – (ωe – ωr )λdr + 

�� ��

� �� ��
 λqs + Vqr                                                             (3.19) 

 

�

�

 λdr = – 

��

���
 λdr +(ωe – ωr )λqr + 

�� ��

� �� ��
 λds + Vdr                                                                                            (3.20) 
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3.3.1 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:  

 

Ps = –3/2 [Vqs Iqs + Vds Ids]                                                                                                 (3.21) 

 

Qs = –3/2 [Vqs Ids – Vds Iqs]                                                                                                 (3.22) 

 

Pr = –3/2 [Vqr Iqr + Vdr Idr]                                                                                                  (3.23) 

 

Qr = –3/2 [Vqr Idr – Vdr Iqr]                                                                                                 (3.24) 

 

The total active and reactive power generated by DFIG is:  

 

Ptotal  =  Pr   +  Ps                                                                                                            (3.25)

 . 

Qtotal  =  Qr    + Qs                                                                                                                (3.26) 

 

If Ptotal and/ or Qtotal 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 WT 

generator; electromechanical torque is provided by means of prime mover which is WT in 

DFIG-based WECS.  

 

The rotor speed dynamics of the DFIG is given as:  

 



 
�

��
 ωr =  

�

��
 (Tm – Te – Cf ωr)                                                                                           

 

where P is the number of poles of the machine, is friction coefficient, 

Tm is the mechanical torque generated by 

by the machine which can be written in terms of flux linkages and currents as follows: 

 

Te = 3/2 [ λqs Ids – λds Iqs ]                                                                                               

 

where positive (negative) values of 

3.4  POWER CONVERTERS  

 

The power converter is made up of a back

the grid as shown in Fig. 3.4. The converters are typically made up of voltage source 

inverters equipped with IGBTs provided with freewheeling diodes, which enable a bi

directional power flow. A RL-filter is provided on the GSC output to minimize switching 

harmonics supplied to the grid.  

 

3.4.1 Rotor Side Converter  

 

The power rating of the rotor side converter (

maximum slip power and reactive power control capa

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

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

Fig. 3.5 -The ac/dc/ac bidirectional power converter in DFIG
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is the number of poles of the machine, is friction coefficient, J is inertia of the rotor, 

is the mechanical torque generated by WT, and Te is the electromagnetic torque generated 

by the machine which can be written in terms of flux linkages and currents as follows: 

                                                                                             

where positive (negative) values of Te means DFIG works as a generator (motor) 

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

. The converters are typically made up of voltage source 

inverters equipped with IGBTs provided with freewheeling diodes, which enable a bi

filter is provided on the GSC output to minimize switching 

 

rotor side converter (RSC) is determined by two factors, namely 

maximum slip power and reactive power control capability. The RSC can be seen as a current 

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

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

                                                   

The ac/dc/ac bidirectional power converter in DFIG 

                                                                                             (3.27) 

is inertia of the rotor, 

is the electromagnetic torque generated 

by the machine which can be written in terms of flux linkages and currents as follows:  

                                                                                                   (3.28) 

) [73]. 

back converter connecting the rotor circuit and 

. The converters are typically made up of voltage source 

inverters equipped with IGBTs provided with freewheeling diodes, which enable a bi-

filter is provided on the GSC output to minimize switching 

is determined by two factors, namely 

can be seen as a current 

regulate the stator 

side active power (or rotor speed) and the stator side reactive power independently.  
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3.4.2 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 [74]. 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 [75]. The grid-side converter can also be used to 

enhance grid power quality [76].  The amount of energy stored in the dc-link capacitor can be 

written as: 

  

Ec = � � �� = ½ C (VDC)2                                                                                                                                 (3.28) 

 

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. 
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CHAPTER 4 

 

MODELLING AND CONVERTER CONTROL SCHEMES  

 

4.1 SINGLE LINE DIAGRAM & WIND TURBINE MODELLING  

The model of DFIG-WECS is developed with back-to-back converters, wind turbine, power 

system components such as coupling transformer, transmission line, grid, measurement 

instruments etc.   The model has been developed in EMTDC. The single line diagram in the 

model is as follows: 

Fig. 4.1 Single line diagram of grid interconnection 

The base MVA is 1 p.u. and the generated voltage is set to 20 KV, which is fed to grid via 

step up transformer. The wind turbine, converter and induction generator modeled are based 

on p.u. values. Various measurement and graphical monitoring of parameters are 

incorporated as per need in model. The induction generator is operated in speed control mode 

and torque control mode by using the switch to torque mode (S2T MODE) signal. Initially it 

is operated on speed control & then switchover to torque control mode. The speed range of 

rotor is limited by slider connected to W terminal of induction generator. At the secondary 

side of transformer, 3 phase symmetrical fault is modeled. 

The wind turbine model is based on per unit system. The dynamic equations of power and 

wind relation are modeled. (Fig. 4.2) Actual rating and measurements are input to the overall 

power equation.    
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Fig. 4.2 Model of Wind Turbine 

Fault Description: The fault is applied to the single line diagram, on the secondary side of the 

step-up transformer. The fault is applied as: 

                                                        
Fig. 4.3 Model of Fault circuit 
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Table 4.1 Fault status 

Time (in sec.) Status of switch Status of fault impedance 

0 < t < 3 status of H - open fault impedance are connected 

 3 < t < 3.2 status of H - close fault impedance are short circuited 

 3.2 < t status of H - open fault impedance are connected 

  

Fault remains for 3 to 3.2 sec.; the design of fault circuit is stepped type. With the switching 

of each switch i.e. H1, H2, H3, H4, respectively, the intensity of severity increases.    

Each switch can be open/close independently as such, in this model H1, H2 are close at t = 3 

sec. and opened at t = 3.2 sec. (Fig. 4.3) The fault severity increases with the short circuiting 

of impedances from the interconnection. In the model, at normal conditions impedance offer 

is 14.09 ohm. When H1 & H2 are close or first two impedances Z1 & Z2 are short so as they 

offer impedance of 2.36 ohm. The drop in the voltage falls near about 60 % in the fault 

duration. 

4.2 MODELLING OF CONTROL SCHEMES  

 

SFO is studied & developed at the generator side, while VOC is employed for the grid side 

for model [61, 13,12, 77]. The DFIG usually operates in vector control mode based on the PI 

controllers in a synchronous reference frame to both SFO and VOC frames. Also the DFIG 

performance with PI controllers is excellent in normal grid conditions, allowing independent 

control of the grid active and reactive power [51].  

 

4.3 CURRENT REFERENCE–PWM CONTROL 

DFIG wind turbine depends not only on the induction generator but also on the control 

strategies developed using different orientation frames [37]. The induction machine is 

controlled in a synchronously rotating dq axis frame, with the d-axis oriented along the 

stator-flux vector position [22]. The component id produces a flux in the air gap which is 

aligned with the rotating flux vector linking the stator; whereas the component iq  produces 

flux at right angles to this vector.(Fig. 4.4)  



Fig. 4.4 Phasor

The torque in the machine is the vector cross product of these two vectors, and hence only the 

component iq contributes to the machine torque and hence to 

controls the reactive power entering the machine. If 

so can the stator side real and reactive powers [79].

In this way, a decoupled control between the electrical torque and the rotor excitation current 

is obtained. The rotor-side PWM 

the measurement of the stator and rotor currents, stator voltage and the rotor position. There 

is no need to know the rotor-induced EMF, as is the case for the implementation with 

naturally commutated converters. Since the stator is connected to the grid, and the influence 

of the stator resistance is small, the stator magnetizing current

Under SFO, the relationship between the torque and the 

(all scaled to be numerically equal to the AC per

V*
dr = RrIdr + σLr dIdr/dt – ωslipσL

 

V*
qr = RrIqr + σLr dIqr/dt + ωslip(L

 

Te = – 3p Lm ImsIqr /2                                                                                                           

 

ωslip = ωe  – ωr                                                

 

where 

σ = leakage factor 

Lm  , Lr = machine inductances per phase.

P = pole pair  

ωslip ,ωe ,ωr = supply, rotor, slip angular frequency
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Phasor Diagram of current reference PWM Control [78] 

The torque in the machine is the vector cross product of these two vectors, and hence only the 

contributes to the machine torque and hence to the power. The component 

r entering the machine. If id and iq can be controlled precisely, then 

r side real and reactive powers [79]. 

way, a decoupled control between the electrical torque and the rotor excitation current 

side PWM converter provides the actuation, and the control requires 

the measurement of the stator and rotor currents, stator voltage and the rotor position. There 

induced EMF, as is the case for the implementation with 

ted converters. Since the stator is connected to the grid, and the influence 

of the stator resistance is small, the stator magnetizing current Ims can be considered constant. 

, the relationship between the torque and the dq axis voltages, currents

(all scaled to be numerically equal to the AC per-phase values) may be written as

σLrIqr                                                                                   

(Lm Ims + σLrIdr)                                                                   

                                                                                                           

                                                                                                                                                                              

= machine inductances per phase. 

supply, rotor, slip angular frequency 

                                                                                                          

The torque in the machine is the vector cross product of these two vectors, and hence only the 

the power. The component id 

can be controlled precisely, then 

way, a decoupled control between the electrical torque and the rotor excitation current 

converter provides the actuation, and the control requires 

the measurement of the stator and rotor currents, stator voltage and the rotor position. There 

induced EMF, as is the case for the implementation with 

ted converters. Since the stator is connected to the grid, and the influence 

can be considered constant. 

axis voltages, currents and fluxes 

se values) may be written as: [22] 

                                                                                    (4.1) 

)                                                                   (4.2) 

                                                                                                             (4.3) 

                                            (4.4) 



 

Fig. 4.5 Block diagram of rotor side converter control scheme

 

There is an approximation considered in the model as compared to block diagram, (Fig. 4.5) 

the ωslipσLrIqr component is neglected from expression of 

excitation current Idr is controlled using 

Qg* in model instead of Idr*. Assuming that all reactive power to the machin

the stator, Reactive power reference Q

expression for d- axis is: 

 

V*
dr = V’dr = RrIdr + σLr dIdr/dt                                                                                             

   

Similarly the ωslip(Lm Ims + σLrIdr)

the torque is proportional to Iqr and

current can be obtained either from

imposed on the machine. These two options may be termed a

control mode for the generator. In this model, first speed control mode is applied for 0 to 0.5 

sec. and then torque control mode is enabled. The 

model instead of Iqr. The approximated expression for 
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Block diagram of rotor side converter control scheme [22] 

re is an approximation considered in the model as compared to block diagram, (Fig. 4.5) 

component is neglected from expression of Vdr. By this approximation, 

is controlled using Vdr. The d-axis reference is Reactive power reference 

Assuming that all reactive power to the machine is su

the stator, Reactive power reference Qg* or Idr* may set to zero. The approximated 

                                                                                             

dr) is neglected from expression of Vqr. By this approximation, 

and Iqr can be regulated using Vqr. The reference 

be obtained either from outer speed-control loop or from a reference torque 

two options may be termed as speed-control mode or

In this model, first speed control mode is applied for 0 to 0.5 

sec. and then torque control mode is enabled. The q-axis reference Wref is considered in 

The approximated expression for d- axis is: 

       

re is an approximation considered in the model as compared to block diagram, (Fig. 4.5) 

. By this approximation, rotor 

Reactive power reference 

e is supplied by 

The approximated 

                                                                                             (4.5)  

. By this approximation, 

The reference q-axis rotor 

from a reference torque 

control mode or torque-

In this model, first speed control mode is applied for 0 to 0.5 

is considered in 
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V*
qr = V’qr = RrIqr + σLr dIqr/dt                                                                                             (4.6) 

 

In model, as current reference PWM is applied, rotor current is split into two orthogonal 

components, d and q. The voltage V*
dr (or V’dr ) and V*

qr  or (V’qr ) are replaced & modeled as 

Ird and Irq.  

 

In the d-axis model Qg*  is set to 0 p.u. and the Qg is the reactive power which is supplied to 

the grid. The reactive power control the voltage magnitude and power factor at grid within 

limits, the reactive power is considered to be input to comparator. They both are compared 

and after PI controller defines the accurate instantaneous value of Ird., it controls reactive 

power Qg.    

 

Fig. 4.6 Model of generation of reference currents in RSC 

 

The q component of the current is used to regulate the torque. The purpose of the torque 

controller is to modify the electromagnetic torque of the generator according to wind speed 

variations and drive the system to the required active power operating point reference. For a 

measured rotor speed, the reference torque is evaluated by the wind turbine characteristic (for 

maximum power extraction). Now reference torque is manipulated to generate a reference 

value for the rotor current Irq in the q axis [55]. 

 

As the current reference PWM is applied here, rotor voltage reference V*
qr is replaced by 

rotor current reference Irq. (Fig. 4.6) In q- axis model, speed reference speed ωref_ is set to 

1.05 p.u. and ω, is rotor speed and operating mode is super-synchronous. Both speeds of rotor 

are input to the comparator because the model is operated in torque control mode and to 

maintain constant torque and variable active power, rotor speed is only variable quantity. The 
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difference in the rotor speed ω, from the reference value, ωref_, forms the error signal that is 

processed by the PI compensator to produce the rotor current Irq.  

 

The procedure to obtain correct values of Ird and Irq flowing in the rotor circuit is achieved by 

generation of corresponding phase reference currents Ira_ref, Irb_ref and Irc_ref followed by 

a suitable voltage sourced converter based current source to force these currents into the 

rotor. The latter action is straightforward and can be achieved using current-reference pulse 

width modulation (CR-PWM). The crucial step is to obtain the instantaneous position of the 

rotating flux vector in space in order to obtain the rotating reference frame. This can be 

achieved by realizing that on account of Lenz’s law of electromagnetism, the stator voltage 

(after subtracting rotor resistive drop) is simply the derivative of  the stator flux linkage λa as 

in eqn. 4.7 which is written for phase a.  

a
a a a

d
v i R

dt

λ
− =

                                                                                                                      
 (4.7) 

Fig. 4.7 Model of determination of stator flux angle 

The control structure can thus be used to determine the location (φs) or phis of the rotating 

flux vector. The three phase stator voltages (after removal of resistive voltage drop) are 

converted into the Clarke (α and β) components vα and vβ, which are orthogonal in the 

balanced steady state. This transformation is given by: 

1 1/ 2 1/ 2
2 / 3

0 3 / 2 3 / 2

a

b

c

v
v

v
v

v

α

β

 − −    =        −    
               

                                                                             (4.8) 

Integrating vα and vβ , we obtain λα and λβ , the Clarke components of stator flux. Converting 

to polar form 
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12 2| | , tan ( / )sα β β αλ λ λ φ λ λ
−

= + =                                                                                       (4.9)
 

The angle phis (φs) give the instantaneous location of the stator’s rotating magnetic field.  In 

practical control circuits, some filtering is required in order to rid the quantities λα and λβ of 

any residual dc component introduced in the integration process. In the model, φr is measured 

by the induction generator itself, which is a important component of single line diagram. The 

parameters measured by it are Tm Te ω. and φr.. Now the rotor itself is rotating and is 

instantaneously located at angle φr (labeled “theta” in the Fig. 4.8). Thus, with a reference 

frame attached to the rotor, the stator’s magnetic field vector is at location φs – φr, which we 

refer to the “slip angle” φslip.   

                                                                                           

Fig. 4.8 Model of determination of slip angle 

The instantaneous values for the desired rotor phase currents Ira_ref, Irb_ref and Irc_ref can 

be readily calculated using the inverse dq transformation, with respect to slip angle. (Fig. 4.3) 

Once the reference currents are determined, the output rotor phase currents are forced to 

synthesize similar waveforms as that of reference currents. It is synthesized by using a 

voltage sourced converter (RSC) operated with current reference pulse width modulation. 

(Fig. 4.9) [79].  

Fig. 4.9 Model of Rotor Side Converter PWM 



In the model (Fig. 4.9), the converter firing sequence of RSC is generated. The 

fired in consecutive order to control the tracking of 

ramp function I1 is generated. (Fig. 4.10) When 

and t1 is turned off. Now the I1 drops linearly until it reach

way the desired reference Ira_ref

also synthesized. It is to control 

rotor speed to achieve stable system.

Fig. 4.10 Rotor phase current tracking reference rotor phase current

4.4 VOLTAGE ORIENTED CONTROL 

The objective of the supply-side converter is to keep

of the magnitude and direction of the rotor power. 

incorporated, with a reference frame oriented along

position, enabling independent control of the active and reactive power

supply and the supply-side converter.

regulated, with the direct axis current used to regulate the DC

current component used to regulate the reactive power

 

This scheme (Fig. 4.11) is based on transformation between the 

frame and dq synchronous frame

synchronous reference frame, where all the variables are of DC components in steady state. 

This facilitates the design and control of the inverte

measured and its angle θg is detected for the voltage orientation. This angle is used for the 

transformation of variables from the 

versa. Various methods are available to detect the grid voltage angle 
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In the model (Fig. 4.9), the converter firing sequence of RSC is generated. The 

fired in consecutive order to control the tracking of Ira_ref. Switch t1 makes the positive 

is generated. (Fig. 4.10) When I1 reaches upper band value, the 

drops linearly until it reaches the lower threshold value. In this 

_ref is synthesized within current limits. Similarly 

also synthesized. It is to control Id and Iq component and further control reactive power and 

e system. 

otor phase current tracking reference rotor phase current. 

VOLTAGE ORIENTED CONTROL  

side converter is to keep the DC-link voltage constant regardless 

and direction of the rotor power. Here vector-control 

, with a reference frame oriented along the stator (or supply) voltage vector 

independent control of the active and reactive power flowing bet

side converter. The PWM converter in block diagram

the direct axis current used to regulate the DC-link voltage and the q

used to regulate the reactive power. 

is based on transformation between the abc stationary reference 

synchronous frame. The control algorithm is implemented in the grid

synchronous reference frame, where all the variables are of DC components in steady state. 

This facilitates the design and control of the inverter. To realize the VOC, the grid voltage is 

is detected for the voltage orientation. This angle is used for the 

transformation of variables from the abc stationary frame to the dq synchronous frame 

e available to detect the grid voltage angle θg. 

In the model (Fig. 4.9), the converter firing sequence of RSC is generated. The t1 and t4 are 

makes the positive 

reaches upper band value, the t4 is triggered 

es the lower threshold value. In this 

is synthesized within current limits. Similarly Ib and Ic are 

component and further control reactive power and 

link voltage constant regardless 

 approach is 

the stator (or supply) voltage vector 

flowing between the 

in block diagram is current 

oltage and the q-axis 

stationary reference 

The control algorithm is implemented in the grid-voltage 

synchronous reference frame, where all the variables are of DC components in steady state. 

, the grid voltage is 

is detected for the voltage orientation. This angle is used for the 

synchronous frame or vice 
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Fig. 4.11 Block diagram of Grid Side Converter control scheme [22] 

 

Assuming that the grid voltages, Va ,Vb ,Vc are three-phase balanced sinusoidal waveforms, θg 

can be obtained by 

                              

θg = tan–1 ( Vbeta / Valpha)                                                                                                      (4.10) 

where Valpha and Vbeta can be obtained by the abc /αβ  transformation (Fig. 4.11) : 

Valpha = 2/3 [Va – ½*Vb – ½Vc ]   ;                                                                                       (4.11) 

Vbeta = 2/3 [√3 /2*Vb – √3 /2*Vc ]                                                                                        (4.12)   

for Va  + Vb + Vc = 0. 

                                                  

Fig. 4.12 Determination of stator phase angle in GSC 
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The above equation indicates that there is no need to measure the phase-c grid voltage Vc. In 

practice, the grid voltage may contain harmonics and be distorted, so digital filters or PLLs 

may be used for the detection of the grid voltage angle θg (phi). 

There are three feedback control loops in the system: two inner current loops for the accurate 

control of the dq-axis currents i1d and i1q, and one outer DC voltage feedback loop for the 

control of DC voltage Ecap. With the VOC scheme, the three-phase line currents in the abc 

stationary frame i1a, i1b, and i1c are transformed to the two-phase currents i1d and i1q in the dq 

synchronous frame (Fig. 4.13), which are the active and reactive components of the three-

phase line currents, respectively. The independent control of these two components provides 

an effective means for the independent control of system active and reactive power. 

 

Fig. 4.13 Determination of dq stator current 

To achieve the VOC scheme, the d-axis of the synchronous frame is aligned with the grid 

voltage vector, therefore d-axis grid voltage is equal to grid voltage magnitude Vdg = Vg and 

the resultant q-axis voltage Vqg is then equal to zero (Vqg = √( Vg 
2 – Vdg 

2 ) = 0, from which 

the active and reactive power of the system can be calculated by 

Pg = 3/2 [Vdg * i1d – Vqg * i1q]; Pg = 3/2 [Vdg * i1d]                                                             (4.13) 

Qg = 3/2 [Vqg * i 1d – Vdg * i1q]; Qg = 3/2 [– Vdg * i1q]          for Vqg = 0                              (4.14) 

The q-axis current reference iqref*  can then be obtained from 

iqref* = Qg*  / (–1.5* Vdg )                                                                                                     (4.15) 

where Qg*  is the reference for the reactive power, which is set to negative value for leading 

power factor operation, or a positive value for lagging power factor operation. The d-axis 

current reference idref*, which represents the active power of the system, is generated by the PI 

controller for DC voltage control. On the other hand, when the inverter operates in steady 
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state, the DC voltage Ecap of the inverter is kept constant at a value set by its reference 

voltage Ecapref. Neglecting the losses in the inverter, the active & reactive power expression 

on the AC side of the inverter is equal to the DC-side power as 

Pg = 3/2 [Vdg * i1d] = Ecap * i1d                                                                                          (4.16) 

Qg = 3/2 [– Vdg * i1q]                                                                                                           (4.17) 

As mentioned earlier, the power flow of the inverter system is bidirectional. When the active 

power is delivered from the grid to the DC circuit, the converter operates in a rectifying mode 

(Pg > 0), whereas when the power is transferred from the DC circuit to the grid (Pg < 0), the 

converter is in an inverting mode. In the model, the power flow will be in inverter mode of 

Voltage Source Converter. The magnitude of power flow is controlled by Ecap. The average 

DC voltage Ecap of the inverter is set by its reference Ecapref and is kept constant by the PI 

controller, the direction of the power flow is set by the difference between Ecap and Ecapref 

according to the following conditions. 

Fig. 4.14 Model of generation of reference dq voltages 

Table 4.2 Modes of grid side converter for the variation of DC link voltage 

Ecap < Ecapref   I1d>0 Pg > 0 Power from grid to load (rectifying mode) 

Ecap > Ecapref   I1d<0 Pg < 0 Power from load to grid (inverting mode) 

Ecap = Ecapref I1d = 0 Pg = 0 No power flow between the DC circuit and the grid 
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The selection of idref for the grid side converter is through the control circuit, which attempts 

to keep the capacitor voltage at its rated value by adjusting the amount of real power. The 

reactive power order is dialed in, but could have been generated by a similar controller whose 

objective would be to keep the ac voltage at some set point.  

To determine an appropriate DC voltage reference Ecapref* , system transients and possible 

grid voltage variations are taken in account. When the inverter operates under the rated 

conditions, the modulation index ma is 0.85. The DC reference voltage can then be set by 

Ecapref* = √6 * Vai1 / ma                                                                                                        (4.18)  

Here Ecapref*  is approximated to 0.8 p.u. This gives around a 25% voltage margin for 

adjustment during the transients and grid voltage variations.  

In the selected circuit, the grid transformer voltage rating is 0.69 kV (supply side), 1 MVA 

with 10% leakage, giving an impedance ωL = 1.6 Ω. Similarly a line-line voltage of 0.69 kV 

gives a line to neutral voltage of 0.69/√3 KV, and as in the dq conversion, peak magnitude 

vdref1 = (0.69/√3)√2 KV = 0.56 kV. The detection of the ac grid voltage reference angle and 

the generation of d and q components of current are done in a straightforward manner using a 

d-q transformation.  

A dc capacitor is used in order to remove ripple and keep the dc bus voltage relatively 

smooth. This grid PWM Converter is operated so as to keep the dc voltage on the capacitor at 

a constant value. It is possible to control the d axis current by controlling the d-component of 

the SPWM output waveform and the q axis current by q component. However, this leads to a 

poor control system response, because attempting to change id also causes iq to change 

transiently. Hence, modifications have to be made to the basic PI controller structure so that a 

decoupled response is possible and a request to change id changes id and not iq and vice-versa. 

Decoupling in VOC 

To further investigate the VOC scheme, the state equation for the grid-side circuit of the 

inverter in the abc stationary reference frame can be expressed as 

di1a / dt = (Va – Vai) / Lg                                                                                                      (4.19) 

di1b / dt = (Vb – Vbi) / Lg                                                                                                      (4.20) 

di1c / dt = (Vc – Vci) / Lg                                                                                                       (4.21)                    
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The above equations can be transformed into the dq synchronous reference frame 

di1d / dt = (Vd – Vdref1 + ωg Lg i1q)/ Lg                                                                                  (4.22) 

di1q / dt = (Vq – Vqref1 + ωg Lg i1d)/ Lg                                                                                  (4.23) 

Here ωg is the speed of the synchronous reference frame, which is also the angular frequency 

of the grid, and (ωgLgi1q and ωgLgi1d are the induced speed voltages due to the transformation 

of the three-phase inductance Lg from the stationary reference frame to the synchronous 

frame. 

The derivative of the d-axis line current i1d is related to both d- and q-axis variables, as is the 

q-axis current i1q. This indicates that the system control is cross-coupled, which may lead to 

difficulties in controller design and unsatisfactory dynamic performance. To solve the 

problem, a decoupled controller is implemented. (Fig. 4.15) 

                                                                                        

Fig. 4.15 Block diagram of decoupling controller 

                                                                                                  

Fig. 4.16 Model of decoupling controller 

Assuming that the controllers for the dq-axis currents in Fig. 4.16 are of the PI type, the 

output of the decoupled controller can be expressed as 



46 

 

Vdref1 = – (k1+k2/S)( idref –  i1d)/ Lg  + ωg Lg i1q + Vd                                                           (4.24) 

Vqref1 = – (k1+k2/S)( iqref –  i1q)/ Lg  – ωg Lg i1d + Vq                                                            (4.25) 

where (k1+k2/S) is the transfer function of the PI controller.  

Substituting eq-3 in eq-2, we get 

di1d / dt = (k1+k2/S) ( idg* –  idg)/ Lg                                                                                    (4.26)      

di1q / dt = (k1+k2/S) ( iqg* –  iqg)/ Lg                                                                                    (4.27) 

The above equation indicates that the control of the d-axis grid current idg is decoupled, 

involving only d-axis components, as is the q-axis current iqg. The decoupled control makes 

the design of the PI controllers more convenient, and the system is more easily stabilized 

[52]. 

If these reference voltages Vdref1 and Vqref1 are applied at the secondary of the transformer, 

the desired currents idref and iqref will flow in the circuit (Fig. 4.17). The remaining parts of 

the controls are standard PWM controls. The control blocks convert the above references to 

phase and magnitude, taking care to limit the magnitude to the maximum rating of the grid 

side voltage source converter. The reference for each of the three phase voltages is then 

generated by an inverse dq transformation.  

Fig. 4.17 Generation of voltage reference 

At Last, a standard sinusoidal PWM controller is considered (Fig. 4.18) for firing pulse 

generation, in which each of the phase voltages is compared with a high frequency triangle 

wave to determine the firing pulse patterns for Grid side converter.  



47 

 

Fig. 4.18 Model of generation of firing pulses by PWM 

4.5 CROWBAR PROTECTION 

Wind power generation using an induction machine has in fact very fragile characteristic 

against voltage drop. To address this problem and meet the Fault ride through (FRT) 

requirements, there should be certain utility to compensate low voltage or certain control 

technology that can protect the devices while maintaining the rotor’s the excitation of wind 

power generator. So, since this is too burdensome economically, FRT can be for efficient 

used utilizing crowbar [80]. 

 

In wind turbines, the crowbar is installed at the rotor terminals. This prevents overvoltage 

induced in the case of voltages dips from damaging the rotor converter. It is activated when 

an anomalous situation is detected (overcurrent in the rotor, overvoltage in the DC link, or 

low stator voltage).  

 

                                                             

Fig. 4.19 Crowbar interconnection to the grid 
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The rotor current is then diverted to the crowbar and the rotor converter is switched off. (Fig. 

4.19) The crowbar use thyristors (or SCRs) as switches. However, the problem with thyristors 

was that their cut-off is not controlled: once the crowbar is triggered, it remains connected 

until the circuit breaker of the generator stops the short-circuit current. As a result, the wind 

turbine is disconnected from the grid and stops generating electric power even if the grid 

recovers its normal operation.  

 

In order to provide the LVRT capability, the crowbar short-circuit has to be eliminated 

without disconnecting the turbine from the grid. The “active crowbar” used in model, in 

which the activation and also the deactivation can be actively controlled. Modern versions of 

active crowbars are usually based on the scheme (as shown in Fig. 4.20) and include at least 

one switch with cut-off capability, such as a GTO or IGBTs. This design allows direct 

disconnection of the crowbar and instant rotor converter reactivation, enabling the resumption 

of normal operation in the turbine [64]. 

 

                                                              

Fig. 4.20 Model for crowbar circuit 

 In the model, RSC protection is based on the magnitude of rotor currents fed to grid. The 

rotor currents are transformed to dq components and further overall the magnitude Ir is 

calculated. (Fig. 4.21) 
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Fig. 4.21 Model for calculation of rotor current in crowbar circuit. 

Then the magnitude of Ir  is compared to the threshold value, and if the current value exceeds 

then the signals is originated by comparator to switch S1 on the protection circuit. The rotor 

currents are bypassed to a resistive circuit as shown in circuit. (Fig. 4.22)  

                                                                                  

Fig. 4.22 Model for switching operation of crowbar circuit. 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

5.1 GENERAL WAVEFORMS OF WECS PERFORMANCE 

The Induction machine is made to operate on speed control mode from 0 < t < 0.5 sec. and 

then mode is changed to torque control mode. Until this time (t = 0.5 sec.), the machine will 

rotate at the selected rotor speed as specified ω = 1.054 p.u. So the Waveforms obtained from 

0.5 sec. to 3 sec. gives the response to torque control mode of induction machine. In other 

words it is grid interconnection response. 

At t = 3 sec. fault occurs, for the duration of 0.15 sec. The dynamic variation of active power, 

reactive power, mechanical torque and rotor speed is analyzed for stability aspects. Also the 

induction machine is subjected to the step change in the wind speed at t = 8 sec. The 

waveform showing the variation in parameters has been observed. This would cause speed 

controller to react and maintain the tip speed ratio for maximum power tracking.  

The induction machine is made to operate in super synchronous mode, (ω = 1.05). The rotor 

side converter is based Current Reference PWM. It is selected in this model to control the 

dynamic variations in rotor speed ω and reactive power Qg supplied to grid. Also the control 

scheme selected for GSC is based on VOC. This controls active and reactive power (Pg & Qg) 

supplied to grid.   

Now the model is run for grid connectivity, fault & change in wind speed consecutively at 

different time instants and the variations in supply voltage, wind speed, electromagnetic 

torque mechanical torque, active & reactive power are analyzed. The waveforms and relevant 

explanations are given below      

5.1.1 Voltage waveforms 

The waveform of Vs is shown (Fig. 5.1), at the time of grid connectivity, small spikes are 

observed. These exist for 0.2 sec. When fault occurs at t = 3 sec., voltage magnitude dips 0.38 

p.u. from 0.7 p.u.  
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Fig. 5.1 Voltage magnitude (in p.u.) 

Similarly during the fault, the rms voltage experiences the same dip that is from1.06 p.u. to 

0.42 p.u. (Fig. 5.2) 

                                                    

Fig. 5.2 RMS Voltage (in p.u.) 

It is observed that with the occurrence of fault in the transmission line, the grid side voltage 

dips and with the effect of control schemes the voltage magnitude is recovered in short 

duration. (i.e. 0.15 sec.)   

5.1.2 Rotor speed waveforms 

The dynamic response of rotor speed at the grid interconnection can be observed from t = 0.5 

sec. When torque control mode is enabled at 0.5 sec., the rotor speed dips up to 1.05 p.u. and 

further retains its reference value Wref i.e. 1.055 p.u. at 2.8 sec. It stabilizes at 2.8 sec. i.e. 

within 1.3 sec. In case of fault, rotor speed rises and oscillates. The peak of spike reaches to 

1.088 p.u. It gets stabilize at 5.8 sec. i.e. within 2.8 sec. (Fig. 5.3)  
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Fig. 5.3 Rotor speed (in p.u.) 

The wind speed changes to 10.5 m/sec. from 11.5 m/sec. at t = 8 sec. For the response to the 

step change in wind speed, the rotor speed ω decreases as Wref decrease. The Wref reduces to 

0.97 p.u. and in response ω decreases and reaches negative peak up to 0.92 p.u. the rotor 

speed stabilize itself and reaches reference speed 0.962 p.u. at 12.5 sec. (i.e. 4.5 sec. to 

achieve Wref) (Fig. 5.4 & 5.5) 

                                                   

Fig. 5.4 Wind speed (m/sec.) 

                                                     

Fig. 5.5 Rotor speed (in p.u.) 
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Thus it can be seen that rotor speed kept its magnitude within tolerable limits, and stabilizes 

itself by achieving reference speed in short time. The generating system sustains the 

abnormal conditions. 

5.1.3  Torque Waveforms 

As the model is run at torque control mode, the magnitude of torque must remain constant for 

normal conditions and must be in limits for proper stability. From the waveforms, the 

electrical torque has nominal value of – 0.6 p.u. & when disturbance occurs at the time of 

fault. i.e. at t = 3 sec. The TE reduces & oscillates and gets stabilize to its magnitude again, 

within 0.6 sec. As the wind speed decreases, active power decreases and hence decreasing 

torque begins to decelerate rotor speed, the decelerating torque being the difference between 

the turbine mechanical torque and the torque given by the optimum curve. Eventually the 

machine will reach where the decelerating torque is zero i.e. electromagnetic torque equals to 

mechanical torque, the value of TE reduces to –0.5 p.u gradually. (Fig. 5.6)   

 

TE – TM = J dWpu/dt                                                                                                (5.1) 

 

                                     

Fig. 5.6 Electromagnetic torque ( in p.u. ) 

The mechanical torque oscillates in speed control mode and when the mode is shifted to 

torque control, the TM magnitude becomes constant. According to waveform, the magnitude 

becomes  – 0.62 p.u. In the case of fault, oscillations in TM are observed for the duration of 

0.5 sec. The oscillations reaches peak at 0 p.u. and – 1.5p.u. Further when wind speed 

decreases at 8 sec., magnitude of TM rises from – 0.62 to – 0.52 p.u. (Fig. 5.7) 
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Fig. 5.7 Mechanical torque (in p.u. ) 

Hence it can be observed from the model, that torque magnitude approximately remains 

same. There is considerable variation of magnitude when subjected to wind speed variation or 

fault conditions and these variations are stable. 

5.1.4 Voltage, Current, Active Power & Reactive Power Waveforms 

The stator side voltage and current at the time of prefault & fault & postfault are shown in 

Fig. 5.8. Up to 3 sec. the voltage magnitude is 0.56 p.u. and for current is 0.1 p.u. At the time 

of fault, the peak magnitude of voltage decreases from 0.56 up to 0.23 p.u. And the stator 

current increases from 0.1 p.u. upto 0.56 p.u. in same region of waveform. The postfault 

response is similar to that of the prefault conditions. (Fig. 5.8) 

 

                                  

Fig. 5.8 Stator voltage & Stator current 

At prefault condition, the voltage and current waveform maintains 180o approximately phase 

angle between them. So the active power supplied is almost constant. But in fault duration, 

voltage dips and current spikes, hence the phase angle shifts from 180o. Therefore the active 

power dips in fault region and the reactive power oscillations are produced.  
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Fig. 5.9 Active power supplied to grid ( in p.u. ) (0 < t  < 16 sec.) 

The above waveform corresponds to active power fed to grid. The variation in power is due 

to grid interconnection, fault and step change in wind speed sequentially. In speed control 

mode, the spike of negative magnitude is about – 0.7 p.u. When torque control mode enables, 

power achieves constant value of 0.62 p.u. Further at the time of fault, (t = 3 sec.) active 

power dips to the value of 0.22 p.u.  The power waveform stabilizes within 1 sec. from the 

starting of fault and retains its value of 0.62 p.u.. At last the power gets decrease due to drop 

in wind speed, and the magnitude shifts to 0.42 p.u. within 2 sec. (Fig. 5.9)    

                                                                         

Fig. 5.10 Reactive power supplied to grid ( in p.u. ) (0 < t < 16 sec.) 

Similarly the reactive power is supplied at the time of fault or grid interconnection in order to 

maintain the voltage magnitude in limits. The reactive power supply is observed as a spike 

(0.06 p.u.) in speed control mode (0 to 0.5 sec.) while grid interconnection.(Fig. 5.10) At the 

time of fault (3 to 4 sec.) the reactive power again high magnitude oscillations of about 0.8 

p.u. These oscillations persist for 1 sec. approximately. This controls rotor speed variation. 

The reactive power is almost zero for the step change of wind speed at t = 8 sec. For normal 

conditions the reactive power is set to zero. 
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At last, the inference from the waveforms can be made that active & reactive power supply is 

regulated better at occurrences of abnormal conditions. Also stator side voltage and current 

waveforms support above statement. 

5.2 ROTOR SIDE CONVERTER WAVEFORMS 

                                                      

Fig. 5.11 Firing sequence of T3 & T6, PWM 

5.2.1 Firing Pulse & Current Synthesis Waveform 

The firing sequence & current waveforms refer to the grid interconnection duration. It shows 

more oscillations at instant of grid integration, but later it reduces. As with the explanation, 

the switches T3 and T6 are fired in consecutive in order to control the tracking of Irb_ref. 

Switch T3 makes the positive Irb value for which the ramp function Irb is generated. When Irb  

reaches upper band value the T6 is triggered and T3 is turned off. Now the Irb drops linearly 

until it reaches the lower threshold value. In this way the desired Irb_ref is tracked. i.e. the Irb 

oscillates around Irb_ref . Similarly Ira and Irc are also synthesized. It is to control Id and Iq 

component and further control reactive power and rotor speed to achieve stable system.    

                                   

Fig. 5.12 Reference phase current waveform synthesis of phase B (0 < t < 1 sec.) 
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Fig. 5.13 Reference phase current waveform synthesis of phase C (0 < t < 1 sec.) 

It is observed that the obtained rotor current waveforms are synthesized in better way & track 

reference currents. Certainly as oscillations diminishes, the waveforms makes system stable.    

5.2.2 dq - axis Current Waveforms 

In q axis control, the variation in reference current Irq is directly related to variation in rotor 

speed ω. At fault, Irq increases ω also increases (Fig. 5.14 & 5.3) and similar characteristics 

can be seen when wind speed decreases. i.e. both variables falls and takes 3 sec. approx to 

stabilize their magnitude (Fig. 5.14 & 5.5)    

 

                                                                            

Fig. 5.14 Reference q- axis rotor current 

The reactive power is controlled by the Ird of the CR-PWM, the variations in Ird directly 

proportional to Qg. The Qg in waveform is supplied reactive power, therefore the negative 

spikes in Ird  means positive spike in Qg. the Ird have small magnitude of about 0.071 p.u., 

(Fig. 5.15) this indicates that not much reactive power is supplied from the RSC in normal 
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conditions. Therefore Qg oscillates around 0 p.u. because of unity power factor mode 

operation. (Fig. 5.10) 

                                                                         

Fig. 5.15 Reference q- axis rotor current. 

It is observed that the d-axis & q-axis current waveforms attain same characteristics as that of 

active & reactive power supply respectively. These waveforms refer to an intermediate 

process of control scheme implementation to converters. 

5.2.3 Reference and Actual Current Waveforms  

These waveforms refer to overall process of synthesis of rotor currents. As from the control 

scheme continuation Ird and Irq are transformed from by inverse dq transformation to 3 phase 

reference currents i.e. Ira-ref, Irb-ref and the Fig. 5.16 of Ira_ref is shown below. The current 

reference waveform changes its phase abruptly at abnormal conditions such as fault and wind 

speed reduction. Therefore the waveform seems to be distorted sinusoidal.  

In later case, magnitude of current also decreases. (Fig. 5.16)  

                                                                                

Fig. 5.16 Reference current waveform of phase a 

Similarly Ib-ref & I c-ref phase currents have same characteristics. In these waveforms, both 

actual and reference currents are incorporated  
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Fig. 5.17 Reference current and actual current waveform of phase b 

                                                                             

5.18 Reference current and actual current waveform of phase c 

Hence the inference from the waveforms can be made that the actual rotor currents tracks the 

reference currents in a better way, it is observed that tracking is not smooth at fault & wind 

variation.    

5.2.4  Slip angle Waveform 

The magnitude of slip angle is used for the dq transformation; the slip angle (slpang) is 

difference between location of stator rotating flux phis and rotor angle theta. The variation of 

phis and theta in waveform refers to fault duration condition whereas slip angle waveform 

refers to whole model duration.  

                                                       

Fig. 5.19 Instantaneous location of the stator’s rotating magnetic field (phis(φs)) 
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Fig. 5.20 Instantaneous location of the rotor angle (theta(φr)) 

The difference of these variables (Fig. 5.19 & 5.20) creates phase change in slip angle. (First 

phase distortion refers to fault and next phase distortion refers to wind speed variation in Fig. 

5.21).   

                                                                       

Fig. 5.21Slip angle φslip (3 < t < 3.3 sec.) 

From the above mentioned waveforms, it is been observed that variation of slip angle is 

uniform in normal conditions.  

5.3 GRID SIDECONVERTER WAVEFORMS  

As the model is run at super synchronous mode the direction of active power will be RSC to 

GSC. But the dc link provides independent control to both converters.  

5.3.1 DC link Voltage and d-q axis Current Waveforms  

The active and reactive power supplied by RSC is based on stability criterion. While the 

control scheme of GSC is based on grid code requirements. The expression of power from 

GSC control is  

Pg = 3/2 [Vdg * i1d] = Ecap * i1d                                                                                              (5.2) 

The magnitudes of capacitor voltage & stator d-axis current can be obtained from the 

waveforms given below. (Fig. 5.22 & Fig. 5.23) 
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Fig. 5.22 DC link capacitor voltage (in p.u.) 

                                                                                         

Fig. 5.23 d-axis stator current 

Then the magnitude of Pg in normal conditions is 

Pg = 0.8*0.772 = 0.62p.u.  (Fig. 5.9)                                                                                     (5.3) 

Similarly for reactive power  

Qg = 3/2 [– Vdg * i1q]                                                                                                            (5.4) 

As i1q oscillates at zero in waveform (Fig. 5.24), so reactive power is just oscillating as that of 

i1q. (Fig. 5.10)   

                                                                                       

Fig. 5.24 q-axis stator current ( 0 < t < 16 sec.) 
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From the above matter, it is inferred that magnitude of active and reactive power are verified 

with the support of theory equation/relation.    

5.3.2 d-q axis reference Voltages 

The waveforms refer to the generation of reference voltages by which active & reactive 

power characteristics can be inferred.  For the generation of reference voltage (Vd_ref1), d-axis 

reference current (Id_ref) is compared to stator current (i1d). (Fig. 5.25, 5.23, 5.26)  

                                                         

Fig. 5.25 d-axis reference current 

                                                                             

Fig. 5.26 d- axis reference voltage ( 0 < t < 16 sec.) 

Further for the generation of reference voltage (Vq_ref1), q-axis reference current (Iq_ref) is 

compared to stator current (i1q). (Fig. 5.27, 5.24, 5.28)  

                                                 

Fig. 5.27 q-axis reference current 
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Fig. 5.28 q- axis reference voltage  

It is observed that the reference voltage characteristics are similar as that of active & reactive 

power supply waveforms.   

5.3.3 DC link voltage waveform  

This waveform refers to characteristics of dc link voltage of converter system. The magnitude 

of voltage must remain same in normal as well as in abnormal conditions, but this can be in 

ideal case. From the theory, reference of magnitude of dc link voltage (i.e. Ecapref ) depends on 

phase voltage magnitude and modulating index. (Fig. 5.29) 

                                                            

Fig. 5.29 (Reference & actual dc link capacitor voltage) 

Ecapref* = √6 * Vai1 / ma = 2.45*0.28/0.85 = 0.80 p.u.                                                            (5.5)   

Also (Vai1 = 0.69/√2 *3 = 0.28), Where Vai1 fundamental component of phase voltage. The 

Ecap oscillates at the time of grid connectivity and fault. In normal conditions, the value of 

Ecap = Ecapref.  
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It is inferred that the waveform gives better characteristics as required for the simulation; the 

dc voltage magnitude remains constant at normal and controlled spike in abnormal 

conditions.     

5.4 CONDITIONAL WAVEFORMS 

5.4.1 Fault waveforms 

                                                        

Fig. 5.30 Voltage waveform at fault (3 to 3.2 sec.) 

In the fault duration, the voltage dips (Fig. 5.30) which is controlled by the supply of reactive 

power to the grid. The reactive power spikes at the time of fault, as from the Fig. 5.31. It 

reaches to 0.255 p.u. due to this the voltage is restored within 0.2 sec. i.e. at 3.2 sec. the 

voltage was restored. 

                                                                          

Fig. 5.31 Reactive power waveform at fault (3 to 3.2 sec.) 

The reactive power is control by proper firing sequence of the GSC. The firing sequence of 

GSC at fault conditions is given if Fig. 5.32.   
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Fig.5.32 Firing sequence of GSC in fault condition 

In fault condition, stator voltage decreases and stator current increases. The voltage &current 

of phase a is shown in waveforms. (Fig. 5.33 &5.34) 

                                                                

Fig. 5.33 Stator voltage of phase a 

                                                                  

Fig. 5.34 Stator current of phase a 

It is observed that all waveforms link one another for the aim to reduce the effect of fault 

(such as voltage dip), i.e. with proper firing sequence achieved, reactive power supply is 

controlled so as to compensate for the voltage dip. 
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5.4.2 Grid connection waveforms 

During grid interconnection, the high magnitude of stator current spikes is observed (about 

1.4 p.u.) and later it reduces and achieves steady state condition. (Fig. 5.35) The power factor 

is poor at starting and later achieves almost unity as can be seen from Fig. 5.36. 

                                                                       

Fig. 5.35 Stator current of phase a in fault condition 

                                                              

Fig. 5.36 Stator voltage & stator current of phase a in fault condition 

It is observed from the waveforms that grid integration is not an instant lock up for the 

generating system; it takes sufficient time to integrate the new system. The waveforms 

produce oscillations at starting; here these are in controlled magnitude. Further oscillations 

are reduced and stable operation is achieved.  

5.4.3 Change in wind speed Waveforms 

The variation of stator rotating flux and rotor angle during the wind speed variation are 

shown in Fig. 5.37 & 5.38.  
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Fig. 5.37 Stator’s rotating magnetic field (phis(φs)) 

                                                                

Fig. 5.38 Rotor angle (theta(φr)) 

For the determination of slip angle both of them are compared. The difference of stator 

rotating flux and rotor angle can be seen in Fig. 5.39. 

                                                               

Fig. 5.39 Slip angle φslip 

It is observed that the phase of the slip angle changes as the variation in wind occurs. This 

means that slip angle modifies its characteristics in accordance to new dynamics of rotor 

speed/ generating system. It is to provide proper dq transformation for smooth performance 

of generating system at variation of wind. 
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5.5 CROWBAR PROTECTION WAVEFORM 

The rotor current Ir has constant magnitude of 0.22 p.u. in normal conditions, at the condition 

of fault, it spikes to 0.7 p.u. which is below the threshold value. So the switch S1 is at off 

state i.e. at 0. i.e. during fault conditions, converters are not disconnected from the circuit. 

(Fig. 5.40) 

                                 

Fig. 5.40 Magnitude of rotor current & status of crowbar switch 

It is observed that the crowbar protection do not switches ON for account of rotor fault 

current (Ir ) spike. It means that the rotor fault current is not so much that protection system 

enables.      
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CHAPTER 6 

CONCLUSION AND FUTURE SCOPE 

The dynamic behaviour/response of DFIG based WECS connected to grid is investigated. 

Wind turbine is controlled by successfully implemented control techniques. The dynamic 

variation of output parameters of model, such as active & reactive power supply, electrical & 

mechanical torque, rotor speed, stator voltage & current etc are kept in limits and the desired 

magnitudes are achieved in short time by proper tuning of industrial controllers (PI 

Controllers), though technically it is difficult to tune SFO. These desired responses are 

achieved even when model is subjected to grid integration, fault and wind speed variation.  

In future scope,  

1. For the model, the wind turbine may be extended to wind park.  

2. The stability of the SFO scheme can be increased more by using other tuning 

techniques. 

3. The model can be modelled for unsymmetrical faults also. 
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APPENDIX A 

 
Data set for the model components 

 
 

Table 1: Wind turbine data set 
 

Wind turbine nominal power 2MW 
Nominal wind speed 11.5 m/sec 
Wind speed  operating range 10.5 – 12 m/sec 
Rotor radius 40 m 
Air density 1.225 

 
Table 2: Wound rotor induction generator data set 

 
Nominal power (in p.u.) 0.9 
Operating voltage 0.69 KV 
Nominal rotor speed (in p.u.) 1.054 
Rotor speed range 0.9625 - 1.1 
Rotor resistance & inductance (p.u.) 0.0067  & 0.11 
Stator resistance & inductance (p.u.)  0.0054  &  0.1 

 
Table 3: Grid Code data set 

 
Operating voltage 20 KV 
Operating Frequency  60 Hz 

 
Table 4: Coupling Transformer data set 

 
Rating  (star-star) 1 MVA  
Voltage ratio 20  / 0.68 KV 

 
 

 

 


