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Abstract 

Recently, with a view to supplementing electricity obtained from traditional energy sources, the generation of 

energy from renewable energy sources has become increasingly important around the world. From the renewable 

energy sources, wind energy conversion system is the largest contributor to power generation system. It is one of 

the fastest growing renewable energy sources due to increasingly severe global environmental or climate 

problems, as well as rapidly growing fuel costs and electricity demand. Wind energy conversion systems using 

doubly-fed induction generators (DFIGs) are one of the most important types of generator, including grid-

connected systems. Due to intermittent wind speed, the production of wind farms fluctuates. In energy 

conversation system using DFIG which directly connected to the grid, the changes in wind speed results the 

violation of voltage and frequency. This violation causes a system stability problem.  

This research work presents with the application of field-oriented control system for a decoupled control of the 

active and reactive powers flow by using fuzzy self- tuning PID controller. Controlling of power is essential to 

the stable operation of the power system through rotor side converter and grid side converter. The power control 

of the system due to vector control of dq- axis rotor currents result constant output stator voltage and frequency. 

The grid-side converter control provides a constant dc_ link voltage which used for source of generator rotor 

winding current.  

The simulation of power control DFIG was done on MATLAB/Simulink software and the result shows an 

improved performance in terms of settling time, overshoot and frequency deviation. The design of fuzzy tuning 

PID controller gives a transient response of with settling time 0.167 sec and overshoot 8.21%, and PID control 

also has settling time 0.204 sec and overshoot 27.3%.   Then fuzzy-PID controller have improved time domain 

transient performance with respect to convectional PID controller for active and reactive power control.  

Keywords: Rotor side converter, Grid side converter, DC-link voltage and Fuzzy self-tuning PID control 
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CHAPTER ONE 

1 Introduction 

1.1 Background of the study 

Energy supply plays an important role in the social and economic development of nations. With increases 

in energy consumption, scarcity and cost of basic energy resources have become a worldwide challenge. 

While coal remains apparently an abundant resource, oil and natural gas supply have concerns of declining 

in the long run. Further, using conventional carbon-based energy resources will have harmful 

environmental impacts including global warming and climate change. As a result, to develop an 

ecologically sustainable energy supply, much attention is focused on utilizing renewable energy resources 

such as wind, photovoltaic, small hydro, wave, tidal, biomass and geothermal. Wind energy one of the 

most important and promising renewable energy source in the world, because of its non-polluting and 

economical viability. The variable wind turbine has been used for several reasons such as ability to get the 

maximum active power of the wind speed and possibility to control the reactive power independently. But 

Unbalanced penetration of wind power into power system concerns such as voltage control and stability, 

power quality, reliability and control issues will affect the performance of the overall power system.     

Researchers are now able to control the speed of wind, power of the generator, torque and frequency with 

different approaches. There is lot of research going on around the world in this area and technology is 

being developed that offers great deal of capability. It requires an understanding of power systems, 

machines and applications of power electronic converters and control schemes put together on a common 

platform. Modelling wind farms will facilitate the understanding of their operation and impacts on the 

overall power system. Various approaches have been used to model the wind turbine, generator, 

transformers and control and protection systems 

 [1]- [2]. 

The generators used for the wind energy conversion system mostly are of either doubly fed induction 

generator (DFIG) or permanent magnet synchronous generator (PMSG) type. Nowadays double fed 

induction machine (DFIG) is widely used generator specially in variables wind speed energy application 

 DFIG have windings on both stationary and rotating parts, where both windings transfer significant power 

between shaft and grid. Majority of wind turbine manufacturers utilize DFIG for their WECS due to the 

advantages in terms of cost, weight and size. Furthermore, advantage of DFIG is that the power electronic 

converters have to handle only a fraction (20-30%) of the total system power (i.e power losses in power 

electronic converters of a DFIG are much lesser than the direct connected synchronous generator [3]. The 

doubly fed induction generator (DFIG) is a special variable speed induction machine and is widely use as 
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modern large wind turbine generators. This wounds rotor induction machine directly connected to the grid 

with its stator terminal and rotor windings connected through an AC/DC/AC converter. The AC/DC/AC 

converter normally consists of a rotor side converter (RSC) and a grid-side converter (GSC). Depending 

on the operating condition of the drive, the power is fed in or out of the rotor through this converter. To 

achieve independent control active and reactive power using these converters, synchronously reference 

frame is used  [4] [5].  

 

Fig. 1.1, Basic configuration of DFIG wind turbine 

1.2 Motivation 

Wind power is the most reliable and quick developing among the various renewable energy sources in 

Ethiopia. Wind turbines can operate both in fixed as well as variable speed operation mode. Double fed 

induction generator plays a vital role by operating in grid system as well as in standalone mode for different 

purpose as we need. It has attracted more attention due to its variable speed, reduced converter cost, less 

switching losses, higher energy efficiency and also for improved power quality. 

1.3 Statement of the problem 

Wind energy is one of the most important and promising sources of renewable energy all over the world, 

mainly because it reduces the environmental pollution caused by traditional power plants as well as the 

dependence on fossil fuel, which have limited reserves. The wind turbine is subjected to seasonal as well 

as the stochastic behavior of wind. Because of intermittent property of wind speed usually results violation 

of voltage and frequency of system in grid connected generator. This fluctuating nature of wind speed can 

cause instability in the power system delivered to the grid. This variable speed turbine based DFIG can 

store some of the power fluctuations due to turbulence by increasing rotor speed, pitching the rotor blade 

turbine can control the power output at any given wind speed. The control system in this thesis proposed 
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that arrangement of DFIG with converter and controlling of active and reactive power of generators are 

able to maintain power fluctuation. In order to control decouple active and reactive power generated by 

generators, vector control scheme is used. Besides the analysis and modeling, control over the active and 

reactive power fed by the doubly fed induction generator, the grid side controller has been simulated in 

order to get constant dc link voltage. In addition, a fuzzy-PID controller is used in the vector control 

scheme to improve DFIG's transient performance, and the results are analyzed using Simscape 

MATLAB/Simulink simulation. 

1.4 Objectives 

1.4.1 General objective 

The overall goal of this thesis is to model double feed induction generator and to regulate its active and 

reactive power flow in order to extract maximum power from a wind energy source while supplying power 

to the grid at a consistent voltage and frequency. 

1.4.2 Specific Objectives 

• To model double fed induction generator (DFIG) in a rotating reference frame.  

• Design PID controller for DFIG with rotor side and grid side converter. 

• Design fuzzy-PID controller for DFIG with rotor side converter control using MATLAB. 

• Simulate and compare system response performance with PID and F_PID controllers of a decoupled 

control of active and reactive power. 

• Simulate and compare system usage of DFIG in mathematical modeled and directly from simscape/ 

MATLAB. 

1.5 Significance of the Research 

In this work, the proposed system can extract maximum power and power flow control in fluctuating wind 

speed by controlling of magnetizing feeder rotor winding current at a constant frequency and voltage of 

grid system. The simulations are proving with studying maximum power capability as function of wind 

speed. The model includes aerodynamic wind speed fluctuations, double feed induction machine, and grid 

side filter enabling control of DC link voltage. Based on results, the proposed vector control of DFIG is 

capable of simultaneous capturing maximum power of wind energy with fluctuating wind speed. It also 

provides design of Machine side and grid side conversion control model in the Simulink environment.  

1.6 Organization of the Study 

This thesis is organized into five chapters. The first chapter presents the overview of doubly fed induction 

generator control mechanism, a statement of the problem, relevance and objectives of the study. In chapter 

two, different literatures, related to control of wind energy conversion systems and their DFIG control 
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system, are reviewed. Besides this, basic of fuzzy and PID controllers are also reviewed. Description of 

basic concepts and mathematical modeling of mechanical system and electrical system of the thesis are 

presented in chapter II.  Chapter three dedicated to the modeling generator with simplified mathematical 

expression controllers of the system. MATLAB/SIMULINK simulation results are presented and 

discussed in chapter four. Finally, chapter five presents conclusions and recommendations. 
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CHAPTER TWO 

2 Double Fed Induction Generator (DfIG) and Literature Review 

2.1 Introduction 

Doubly fed induction generator (DFIG) is one of the most popular asynchronous generators, which 

includes an induction generator with slip ring. Wind power is the most rapidly growing one since the 20th 

century due to its reproducible, resourceful, and pollution-free characteristics. Wind energy has a 

significant impact on dynamic behavior of power system during normal operations and transient faults 

with larger penetration in the grid. This brings new challenges in the stability issues and, therefore, the 

study of influence of wind power on power system transient stability has become a very important issue 

nowadays. Depending of the speed, there are two types of variable-speed wind turbines. First one, full 

variable-speed concept in which generator can be synchronous (WRSG, PMSG) or induction generator 

(WRIG) connected to grid through the full-scale frequency converter. This type of WT can be connected 

to the generator without speed increasing gearbox; hence, it is now as direct drive wind turbine. Secondly 

limited variable speed concept in which the generator stator is connected to grid so that the rotor frequency 

and speed is controlled. The generator is wound rotor induction generator (WRIG). This type is classified 

in two classes of variable generator rotor resistance (variable-slip) and doubly fed induction generator 

(DFIG) [6]. 

With the recent progress in modern power electronics, a wind turbine with doubly fed induction generator 

(DFIG) has drawn increasing attention. In the DFIG, the induction generator is grid connected at the stator 

terminals as well as at the rotor mains via a partially rated variable frequency AC/DC/AC converter. The 

frequency AC/DC/AC converter takes a full control of the generator, like decoupled control of active and 

reactive power, faster dynamic response with low harmonic distortion [7]. Figure (2.1) shows the overall 

block diagram of the wind energy conversion system (WECS). Here, Vω represents wind speed, Pω, Pm 

and Pe represent wind power, mechanical power and electrical power respectively. 

 

Fig. 2.1, DFIG based wind turbine power conversion 
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2.2 Wind turbine 

Wind turbines are mechanical devices specifically designed to convert part of the kinetic energy of the 

wind into mechanical energy. The wind turbine captures the wind ‘s kinetic energy of air mass by a rotor 

consisting of two or more blades which is mechanically coupled to an electrical generator. Most of the 

time the turbine is mounted on a tall tower to enhance the wind energy capture. Wind turbines convert the 

aerodynamic power into electrical energy. In a wind turbine two conversion processes take place. The 

aerodynamic power (available in the wind) is first converted into mechanical power. Next, that mechanical 

power is converted into electrical power.  

A modern wind turbine comprises of the principal components such as the tower, the yaw, the rotor and 

the nacelle, which houses the gear box and the generator. The tower holds the main part of the wind turbine 

and keeps the rotating blades at a height to capture sufficient wind power. The yaw mechanism is used to 

turn the wind turbine rotor blades in the direction of the wind. The gearbox transforms the slower rotational 

speeds of the wind turbine to higher rotational speeds on the electrical generator side. Electrical generator 

will generate electricity when its shaft is driven by the wind turbine, whose output is maintained as per 

specifications, by employing suitable control and supervising techniques. The block diagram of a typical 

wind energy conversion system is shown in Figure (2-2) below [8]. 

 

Fig. 2.2, components of wind tirbine-generator energy conversion system 

2.2.1 Wind Turbine (Aerodynamic) Modeling 

The aerodynamic theory that justifies the benefit of the variable speed operation has been well described 

in a number of independent sources. In short, the aerodynamics of the blades are such that for a particular 

wind speed, there is a particular rotational speed that captures the largest amount of power passing through 
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the swept area. The wind is characterized by its speed and direction, which are affected by several factors, 

e.g., geographic location, climate characteristics, height above ground, and surface topography [9]. 

 𝑷𝒘  =  𝟏 𝟐⁄ 𝝆𝒓𝟐𝑽𝒘
𝟑 2.1 

Here ρ is the air density, r is the area radius (blade-length) and Vw is the wind speed. Not all of this power 

can be captured by the wind turbine. The theoretical limit set by Betz’s law, states that the maximum 

amount of wind power Pw that can be captured by the turbine in theoretical limit is 0.59 percent. This 

fraction of actual power developed by the rotor to the theoretical power available in the turbine is called 

coefficient of power (Cp) [26] [10]. 

Wind turbines interact with the wind, capturing part of its kinetic energy and converting it into usable energy. 

The kinetic energy in air of an object of mass 𝑚 moving with speed v is equal to:  

 𝐾𝐸 = 1/2 𝑚𝑣^2 (2.2) 

The power in the moving air, if we assume constant wind velocity, is:  

 P wind =
𝑑𝐾𝐸

𝑑𝑡
= 𝑚  𝑣22

1
 

(2.3) 

Where: 𝑚 ̇ is the mass flow rate per second. For a stream flowing through a transversal area A the mass 

flow rate is. 

 𝑚 = 𝜌𝐴𝜐 (2.4) 

The relation between mechanical power and the wind speed passing through turbine rotor expressed as 

[26] [28]: 

 Pm = Pw × Cp=  1 2⁄ 𝜌A𝑉3 × 𝐶𝑃(𝜆, 𝛽) (2.5) 

Where: Pm is the mechanical power, Pw is the power contained in wind, 𝛽 is blade pitch angle, 𝜆 is tip 

speed ratio 𝜌 is the air density and 𝑣 is the wind speed. 

The power coefficient is not a static value as defined in the main question (2.6); it varies with the tip speed 

ratio of the turbine. The basic formula of power coefficient ∁𝑝 used for simulation purpose can be defined 

as a function of the tip-speed ratio and the blade pitch angle as follows [9] [11]: 

 
𝑪𝑷(𝝀,𝜷)= 𝒄𝟏(

𝒄𝟐

𝝀𝒊
 − 𝒄𝟑𝜷 − 𝒄𝟒  )𝒆

−𝒄𝟓  
𝝀𝒊 + 𝒄𝟔 𝝀 

(2.6) 

 𝟏 

𝝀𝒊
= 

𝟏 

𝝀 − 𝟎. 𝟎𝟖𝜷
−
𝟎. 𝟎𝟑𝟓 

𝜷𝟑 + 𝟏
 

(2.7) 

It is also conventional to define a tip speed ratio 𝝀 
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𝛌 =

𝛚𝐑

𝐯
 

2.8 

Where ω is rotational speed of rotor (in rpm), R is the radius of the swept area (in meter). The tip speed 

ratio 𝛌 and the power coefficient Cp are the dimensionless and so can be used to describe the performance 

of any size of wind turbine rotor [12]. 

 

Fig. 2.3, Power coefficient ∁p versus tip speed ration 

Here it can be clearly seen that for a given pitch angle, there exists a nominal tip speed ratio (λnom), that 

maximizes CP (λ, β) and hence maximizes the power output of the turbine for a given wind speed. 

Therefore, it is highly desirable to be able to change the speed of the turbine as the wind speed changes, 

such that the turbine maintains the nominal tip speed ratio [16] [13]. 

2.3 Double Fed Induction Generator 

A large variable wind turbine equipped with doubly fed induction generator (DFIG) is considered as the 

most effective and popular configuration for electricity generation due to its advantages. Double fed 

electric machines are basically electric machine that are fed ac currents into both the stator and the rotor 

windings. Most induction generators in the world are cage-type machines. Special classes of induction 

generators with a three phase wound rotor, called doubly fed induction generators (DFIG), have become 

very popular for use as wind generators. A cage-type induction generator draws a fixed amount of reactive 

power, which will cause the power factor to be lagging overall operating conditions [26]. doubly fed 

electric machines in industry today are three phase wound rotor induction machines. Although their 

principles of operation have been known for decades, double fed electric machines have only recently 

entered into a common use. This is due almost exclusively to the advent of wind power technologies for 

electricity generation [3] [14].  
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Fig. 2.4, Cut view of Induction machine [15] 

The variable speed wind turbine with doubly-fed induction generator (DFIG) as shown in Figure (2.2) and 

(2.4), the power captured by turbine from wind is converted into electrical power by a wound rotor 

induction generator as a kind of induction generator running at super synchronous speed and then, it is 

transmitted to the grid via two way (so-called doubly fed); from the stator windings directly connected to 

the three-phase grid and also with the rotor windings connected to a back-to-back (AC/DC/AC) frequency 

converter via slip rings and brushless to allow current into or out of the rotating secondary windings [6]. 

In DFIG, variable speed operation over a large, but restricted range has become possible due to the 

presence of power converters that compensating the difference between the variable mechanical frequency 

and fixed electrical frequency by injecting a rotor current with a variable frequency according to the shaft 

speed [6]. Through collector rings, the power converter supplied thus rotor windings with a voltage with 

variable magnitude and frequency. Hence, the behavior of generator is governed by the power converter 

and its controllers during both normal and fault condition. In other words, to keep constant frequency (fs) 

of stator voltage of DFIG, rotor frequency (fr) of AC excited generator fed by the bi-directional power 

converter should be adjusted according to the relations to accommodate varying rotational speed of wind 

turbine. Large size wind turbines are basically divided into two types which determine the behavior of the 

wind turbine during wind speed variations: fixed-speed wind turbines and variable-speed wind turbines 

[6]. 

In fixed-speed wind turbines, three phase asynchronous generators are generally used. Because the 

generator output is tied directly to the grid the rotation speed of the generator is fixed and so is the rotation 

speed of the wind turbine. Any fluctuation in wind speed naturally causes the mechanical power of the 
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wind turbine rotor to vary and, because the rotation speed is fixed, this causes the torque at the wind turbine 

rotor to vary accordingly. 

In other words, the frequency is adjusted so that the speed of the rotating magnetic field passing through 

the stator windings remains constant. The frequency of the AC voltages produced at the stator of a DFIG 

is proportional to the speed of the rotating magnetic field at the stator. When a DFIG is used to produce 

power at the AC power network voltage and frequency, any deviation of the generator rotor speed from 

the synchronous speed is compensated by adjusting the frequency of the AC currents fed into the generator 

rotor windings so that the frequency of the voltage produced at the stator remains equal to the AC power 

network frequency [26] [27]. 

In variable-speed wind turbines, the rotation speed of the wind turbine rotor is allowed to vary as the 

wind speed varies. This precludes the use of asynchronous generators in such wind turbines as the rotation 

speed of the generator is quasi-constant when its output is tied directly to the grid. 

2.3.1 DFIG Working Principle 

A three phase wound rotor induction machine can be setup as a doubly fed induction generator; mechanical 

power at the machine shaft is converted into electrical power supplied to the AC power network via both 

the stator and rotor windings. Furthermore, the machine operates like a synchronous generator whose 

synchronous speed (speed at which the generator shaft must rotate to generate power at the AC power 

network frequency) can be varied by adjusting the frequency of the AC currents fed into the rotor windings. 

Mechanical power applied to the generator shaft by the prime mover is thus converted to electrical power 

that is available at the stator windings. In conventional (singly-fed) induction generators, the relationship 

between the frequency of the ac voltages induced across the stator windings of the generator and the rotor 

speed is expressed using the Equation. 

    𝒇𝒔 =  
𝝎 ∗ 𝒑

𝟏𝟐𝟎
 

(2.9) 

Where, 

fs - Frequency of the ac voltages induced across the stator windings 

𝜔- Speed of rotor in rps 

p– Number of poles in the DFIM per phase 

From the above Equation, it is very clear that, when the speed of the generator rotor is equal to the generator 

synchronous speed, the frequency of the AC voltages induced across the stator windings of the generator 

is equal to the frequency of the power network. The same operating principles apply in a doubly-fed 

induction generator as in a conventional induction generator. The only difference is that the magnetic field 
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created in the rotor is not static (not static means, it is created using three-phase current instead of DC 

current), but rather rotates at a speed proportional to the frequency of the AC currents fed into the generator 

rotor windings. This means that the rotating magnetic field passing through the generator stator windings 

not only rotates due to the rotation of the generator rotor, but also due to the rotational effect produced by 

the AC currents fed into the generator rotor windings. Therefore, in a DFIG both the rotation speed of the 

rotor and the frequency of the AC currents fed into the rotor windings determine the speed of the rotating 

magnetic field passing through the stator windings, and thus, the frequency of the alternating voltage is 

induced across the stator windings [27]. 

Taking into account the principles of operation of doubly-fed induction generators, it can thus be 

determined that, when the magnetic field in the rotor rotates in the same direction as the generator rotor, 

the rotor speed and the speed of the rotor magnetic field add up. The frequency of the voltages induced 

across the stator windings of the generator can thus be calculated using the Equation below. 

                          𝒇𝒔 =  
𝝎 ∗ 𝒑

𝟏𝟐𝟎
+ 𝒇𝒓  (2.10) 

Where   

fr - Frequency of rotor current fed into the rotor of DFIG 

Conversely, when the magnetic field at the rotor rotates in the direction opposite to that of the generator 

rotor, the rotor speed and the speed of the rotor magnetic field are subtracted from each other. The 

frequency of the voltages induced across the stator windings of the generator can thus be calculated using 

the Equation. 

 𝒇𝒔 =
𝝎 ∗ 𝒑

𝟏𝟐𝟎
−  𝒇𝒓                      (2.11) 

 

Fig. 2.5, Double fed induction machine [17]. 
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2.3.2 DFIG for Variable Speed Application 

DFIG’s come into play for wind power conversion, as they allow the generator output voltage and 

frequency to be maintained at constant values. This is achieved by feeding AC currents of variable 

frequency and amplitude into the generator rotor windings. By adjusting the amplitude and frequency of 

the AC currents fed into the generator rotor windings. It is possible to keep the amplitude and frequency 

of the voltages (at stator) produced by the generator constant, despite variations in the wind turbine rotor 

speed caused by fluctuations in wind speed [6].  

By doing so, this also allows operation without sudden torque variations at the wind turbine rotor, thereby 

decreasing the stress imposed on the mechanical components of the wind turbine and smoothing variations 

in the amount of electrical power produced by the generator. Using the same means, it is also possible to 

adjust the amount of reactive power exchanged between the generator and the AC power network. This 

allows the power factor of the system to be controlled. Finally, a doubly fed induction generator in 

variable-speed wind turbines allows electrical power generation at lower wind speeds than with fixed-

speed wind turbines using an asynchronous generator [21] [27]. 

Generally, using a DFIG in wind turbines has the following advantages: 

1. Operation at variable rotor speed while the amplitude and frequency of the generated voltages remain 

constant. 

2. Optimization of the amount of power generated as a function of the wind available up to the nominal 

output power of the wind turbine generator. 

3. Virtual elimination of sudden variations in the rotor torque and generator output power. 

4. Generation of electrical power at lower wind speeds. 

5. Control of the power factor. 

2.3.3 Mode of DFIG 

For a doubly-fed induction machine, four operating modes can be achieved, as schematized in Figure 2.6. 

The machine functions as motor if the stator absorbs power, the mode is sub synchronous (ωrotor <ωstator) 

if the rotor provides power and super synchronous (ωrotor > ωstator) if the rotor absorbs power. The 

machine operates as generator if the stator provides power, the mode is sub synchronous (ωrotor < ωstator) 

if the rotor absorbs power and super synchronous (ωrotor > ωstator) if the rotor provides power. In this 

study, an interest will be accorded to the sub and super synchronous modes of a DFIG (see later). For 

ensuring its magnetizing energy, the stator absorbs a reactive power from the utility, and then it generates 

only an active power. Thus, reactive power flows from utility to stator, and active power flows from stator 
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to loads. The absorbed power has a positive algebraic sign and the provided power is distinguished by a 

negative sign [18].  

 

Fig. 2.6, Operation mode of double fed induction machine 

2.4 Dynamic Model  

The time domain voltage, current, and flux linkages equations for a doubly fed machine are quite 

complicated. There are three stator windings and three rotor windings, all linking each other. In particular, 

the interaction between the stator and rotor windings is complicated by the linkage being dependent on the 

angular position of the rotor.  

It has been found that some of the induction machine inductances are functions of the rotor speed, where 

upon the coefficients of the differential equations (voltage equations) that describe the behavior of these 

machines is time varying except when the rotor is stalled. A change of variables is often used to reduce 

the complexity of these differential equations. The general transformation refers machine variables to a 

reference that rotates at an arbitrary angular velocity. All known real transformations are obtained from 

the axis transformation by simply assigning the speed of the rotation reference frame [19] [20].  

2.4.1 Dq Transformations (park and Clark transformation) 

This transformation converts balanced three-phase quantities into balanced two-phase quadrature 

quantities.  Park transformation converts vectors in balanced two-phase orthogonal stationary system into 

orthogonal rotating reference frame. The three reference frames considered in this implementation are:   

1. three-phase reference frame, in which Ia, Ib, and Ic are co-planar three-phase quantities at an angle 

of 120 degrees to each other.  
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2. Orthogonal stationary reference frame, in which Iα (along α axis) and Iβ (along β axis) are 

perpendicular to each other, but in the same plane as the three-phase reference frame.  

3. Orthogonal rotating reference frame, in which Id is at an angle θ (rotation angle) to the𝛼-axis and 

Iq is perpendicular to Id along the q axis.  

The stator voltage field-oriented techniques for double fed induction machine modeling using the park 

transformation with synchronous rotating frame as shown figure 2.7 [4]. 

 

Fig. 2.7, Stator field-oriented phasor diagram 

Forward transformation 

 

[
fα
fβ
] =

3

2
[
 
 
 1

−1

2

−1

2

0
√3

2
−
√3

2 ]
 
 
 

× [
fa
fb
fc

] [
fd
fq
] = [

cos∅ sin ∅
−sin ∅ cos∅

] × [
fα
fβ
] 

[
𝑓𝑑
𝑓𝑞

] =
3

2
[
𝑐𝑜𝑠 ∅ 𝑐𝑜𝑠(∅ − 𝛾) 𝑐𝑜𝑠(∅ + 𝛾)
−𝑠𝑖𝑛 ∅ −𝑠𝑖𝑛(∅ − 𝛾) −𝑠𝑖𝑛(∅ + 𝛾)

] × [

𝑓𝑎

𝑓𝑏
𝑓𝑐
] 

 

Fig. 2.8, Simulink abc to dq conversion 
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Inverse d-q transformation 

 

[
fα
fβ
] = [

cos∅ − sin ∅
sin ∅ cos∅

] × [
𝑓𝑑
𝑓𝑞

]    And     [
fa
fb
fc

] =

[
 
 
 
1 0
−1

2

√3

2

−1

2
−

√3

2 ]
 
 
 

× [
fα
fβ
] 

[
fa
fb
fc

] = [
𝑐𝑜𝑠 ∅ −𝑠𝑖𝑛 ∅

𝑐𝑜𝑠(∅ − 𝛾) −𝑠𝑖𝑛(∅ − 𝛾)

𝑐𝑜𝑠(∅ + 𝛾) −𝑠𝑖𝑛(∅ + 𝛾)
] × [

𝑓𝑑
𝑓𝑞

]       

 

Fig. 2.9, Simulink Inverse (dq to abc) transformation 

Where     𝛄 =
𝟐𝛑

𝟑
          and   ∅= angle between dq and αβ reference frame                    

2.5 General block diagram representation of the system 

DFIG machine the stator winding is directly connected to the grid and the rotor winding connects to the 

grid through the rotor side converter and grid side converter. The rotor winding is connected to the rotor 

side converter (RSC) by slip ring and brushes. 

 

Fig. 2.10, Power flow and, RSC and GSC control system of DFIG 

In normal operation the aim of the rotor side converter is to control independently the active and reactive 

power on the grid, while the grid side converter has to keep the DC-link capacitor voltage at a set value 
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regardless of the magnitude and the direction of the rotor power and to guarantee a converter operation 

with unity power factor (zero reactive power). This double fed induction generator is equipped with two 

identical converters and two different control algorithms (i.e., rotor side control and grid side control). The 

converter allows a wide range of variable speed operation of the Wound Rotor Induction Machine. Wide 

range of variable speed operating mode can be achieved by Appling a controllable voltage across the rotor 

terminal. This is can be done through the rotor side converter (RSC). Appling rotor voltages can be varying 

in both magnitude and phase by converter controller, which control the rotor currents and hence decoupled 

control of active and reactive power can be achieve [21]. 

2.6 Back-to-back converter operation 

The back to back converter is including of four main parts: including of two inverters, that each of them  

besides switching control have another control as well, which rotor side converter is responsible for voltage 

control or reactive power and extraction of the optimal power from the wind, network side converter is 

responsible for control of the dc bus voltage amount, which is interface of the two converter and trans-

former or series reactors which connects the converter to the network [22].Its rotor-side ensures the 

rotational speed being adjusted within a large range, whereas its grid-side transfers the active power to the 

grid and attempts to cancel the reactive power consumption. The back-to-back converter consists of two 

converters, i.e., machine-side converter and grid-side converter that are connected back-to-back. Between 

the two converters a dc-link capacitor is placed, as energy storage, in order to keep the voltage variations 

(or ripple) in the DC-link [9]. 

The main task of rotor side converter (RSC) is to control output power and terminal voltage of the DFIG 

by adjusting the rotor current fed into rotor winding. Converter controls were modeled based on the rotor-

controlled voltage source, so the rotor’s d and q axial current should be controlled. RSC converter 

operation of back-to-back converter is three-phase, six-pulse, and full-wave rectification. A full-wave 

rectifier converts the whole of the input waveform to one of constant polarity at its output. Six-pulse refers 

to the number of DC pulses for every 360° of electrical rotation, in other words a complete period [23]. 

Since DFIG base of the wind system is sensitive to the voltage changes, disturbed grid voltage conditions 

should be considered in the quality design of GSC. As noted, the most important task of grid side converter 

(GSC)is regulating bus voltage regardless of the rotor power flow side, so should be compared with its 

reference amount and applies to a controller to take the amount of the flow at the grid side converter [27].   

2.7 PWM (switching) 
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Sinusoidal pulse width modulation (PWM) is the most straightforward method used to vary the inverters 

output voltage and frequency. The average value of voltage fed to the load is controlled by turning the 

switch between supply and load on and off at a fast pace. The duty cycle describes the portion of “on” time 

of the regular period, and the higher the duty cycle, the higher the power delivered to the load. Switching 

must be done fast enough as not to disturb the load. The main advantage of PWM is that power loss in the 

switching devices is very low (practically no current during off-mode and hardly any voltage drops during 

on mode). With a sufficiently high switching frequency and, when necessary, using additional passive 

electronic filters, the output waveform can be smoothed [23] [24]. 

There are several PWM techniques each has its own ad-vantages and also disadvantages. The basic PWM 

techniques are described briefly in the following subsections. The considered PWM techniques are [25]:  

1) Sinusoidal PWM (most common)  

2) Space-Vector PWM 

A). Sinusoidal Pulse width modulation (SPWM) 

A sinusoidal output voltage waveform produces at a desired frequency, three sinusoidal control signals 

that are 120 angle shifts are compared with a triangular waveform, as shown in figure 2.12. It should be 

noted that an identical amount of average dc component is present in the output voltages of VAN and VBN, 

which are measured with respect to the negative DC bus.  In the inverter, the switches are controlled based 

on the comparison of vcon and vtri, and the following output voltage results [23]. The modulation signal 

for phase-a can be defined as follows:   

 𝑣𝑚𝑎 = 𝑉𝑚𝑎 cos(𝜔𝑡 − 𝛾) 2.12  

where,  𝑉𝑚 and 𝐼𝑚 , are the magnitudes of the AC side input voltages to the power neutral point 0. 

Then the fundamental component of the AC side voltage of converter output, Va1 (t) can be expressed as 

[23] [24].  

 
𝑉𝑎1(𝑡)=

1

2

𝑉𝑚𝑎

𝑉𝑇
𝑉𝑑𝑐 cos(𝜔𝑡 − 𝛾) 

2.13  

Where 𝑉𝑚𝑎, is the magnitude of the modulation signal, and 𝑉𝑇, is the magnitude of the carrier signal, while 

Va1, where, is the fundamental component of V (a ,0), which is the voltage from the AC side of the 

converter output to the power neutral point (i.e point 0). 
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Fig. 2.11, SPWM modulation waveform 

So, the modulated signal for phase a can be derived as follows:   

 
𝑣𝑚𝑎 = 𝑉𝑚𝑎 cos(𝜔𝑡 − 𝛾) =

2𝑉𝑎1(𝑡)𝑉𝑇

𝑉𝑑𝑐
 

2.14  

Since the voltage, Va1, is the fundament component of the voltage (a, 0), therefore, it would be convenient 

to obtain the modulation signal by using the voltage, V (a, 0), according to equation (2.14). Through 

comparing the PWM converter models expressed in the ABC reference frame and the dq synchronous 

reference frame, it can be seen that the control signals, Vd and Vq, are the transformed voltages expressed 

in the dq synchronous reference frame for the AC side voltages, V (a ,0), V(b,0) and V (c,0). Therefore, 

in order to obtain the modulation signals, it is necessary to transform the voltages, Vd and Vq, back to the 

ABC reference frame [24].   

B). Space vector pulse width modulation (Svpwm) 

There are eight possible states (on and off patterns) for the two-level converter (n3 =23=8) which produce 

the voltage vectors as shown in figure. The phase voltages corresponding to the eight combinations of 

switching patterns can be calculated and then converted into the stator two phase (αβ) reference frames. 

This transformation results in six of these vectors have equal lengths and are located every sixty degree 

(100, 110,010,011,101) which are non-zero voltage vectors and the other two vectors are in the origin 

because of their null lengths (000,111). 

The angle between any adjacent two non-zero vectors is 60 electrical degrees. The zero vectors are at the 

origin and apply a zero voltage vector to the machine. The envelope of the hexagon formed by the non-

zero vectors is the locus of the maximum output voltage. SVPWM consists of controlling the stator 

currents represented by a vector. This control is based on projections which transform a three phase time 

and speed dependent system into a two coordinate (d and q co-ordinates) time invariant system. Field 
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orientated controlled machines need two constants as input references: the torque component (aligned with 

the q co-ordinate) and the flux component (aligned with d co-ordinate). 

A typical schematic diagram of a two-level voltage source inverter is shown in Figure.2.13. Six switches 

(S1 to S6) are the power switches that make the output shape. The upper switches and lower switches are 

complimentary to each other [25]. 

 

 

Fig. 2.12, Schematic two level voltage source inverter 

As shown figure 2.13, there is a possibility for eight structures of switching status can be configured in the 

two-level VSI as inserted in Table 2-1. Status (1) means one of the upper switches is conduct, and status 

(0) means one of the lower switches is conduct. The three digits in the status correspond to the legs (a, b, 

& c) in inverter respectively. For example, the switching status [100], means in leg (a) one of the upper 

switches (S1) is conduct, and in legs (b & c) there are two of the lower switches (S6& S1) are conducted 

in the inverter respectively. There are two statuses, [111] and [000] gives zero in the output called zero 

conditions, and the others are active conditions. 

The active and zero switching conditions can be represented by active and zero space vectors, respectively.  

The six vectors V1 to V6 shapes a symmetric hexagon with similar sectors (1 to 6). Each sector is separated 

by 60 degrees to each other. From Figure 2.14, Vref is the reference voltage vector which used to control 

the magnitude and frequency of fundamental voltage [25]. 

Space vector  Switching conditions  On- status switches  

Zero Vector Vo 111 S1, S93, S5 

000 S4, S6, S2 

Active Vector V1 100 S1.S6, S2 
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V2 110 S1, S3, S2 

V3 010 S4, S3, S2 

V4 011 S4, S3, S5 

V5 001 S4, S6, S5 

V6 101 S1, S6, S5 

 

Table 2-1 switching conditions and on-status switches 

Space vector Calculation 
When these 3-phase voltages in equations (1), (2) & (3) are applied to the AC machine, they produce a 

revolving magnetic flux in the air gap of the machine. This revolving flux component can be represented 

as a single revolving vector. The magnitude and angle of the revolving vector can be found by {α, β} or 

Clark’s Transformation. The SVPWM can be achieved by, let three-phase sinusoidal voltage quantities be 

[25]: 

 𝑣𝑎 = 𝑉𝑚 sin(𝜔𝑡) 

𝑣𝑏 = 𝑉𝑚 sin (𝜔𝑡 −
2𝜋

3
) 

𝑣𝑐 = 𝑉𝑚 sin (𝜔𝑡 −
4𝜋

3
) 

 

 

2.15  

𝑉⃗ ref   and 𝛼   through clark transformation can be determined as 

 
𝑉⃗ 𝒆𝒓𝒇   = 𝑽𝜶   + 𝒋𝑽𝜷 

    =   
𝟐

𝟑
(𝑽𝜶 + 𝑽𝒃 𝒆

𝒋
𝟐𝝅

𝟑   +  𝑽𝒄 𝒆
𝒋
𝟒𝝅

𝟑  

 

2.16  

 
  |𝑉⃗ 𝒆𝒓𝒇| = √ 𝑽𝜶

𝟐 + 𝑽𝜷
𝟐 

2.17  

   𝜶  = 𝐭𝐚𝐧−𝟏 (
𝑽𝜷

𝑽𝜶
 ) 2.18  

Using forward park transformation, the real and imaginary parts are: 

 
  𝑉𝑎 =  

2

3
( 𝑉𝑎 +   𝑉𝑏 cos

2𝜋

3
 +  𝑉𝑐 cos

2𝜋

3
)    

2.19 

 
  𝑉𝛽 =

2

3
(𝑉𝑏 sin

2𝜋

3
−   𝑉𝑐 sin

2𝜋

3
)    

2.20 

The switching time duration, T0, T1, and T2 are calculated for sector one by using the volt -sec method as 

follow:  

 𝑉𝑟𝑒𝑓 𝑇𝑆   = 𝑉1𝑇1    + 𝑉2𝑇2 + 𝑉0𝑇0  2.21 
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 𝑇1    = 𝑇𝑆𝛼 [sin(
𝑛𝜋

3
− 𝜃 )] 2.22 

 𝑇2   = 𝑇𝑆𝛼 sin(𝜃 −
𝑛−1

3
 𝜋) 

2.23 

 TO = 𝑇𝑆  −  𝑇2 − 𝑇1 2.24 

Where , 𝛼 =    
√3  𝑉𝑟𝑒𝑓 

𝑉𝑑
   is the modulation index and n = 1 to 6 

 

Fig. 2.13, Phasor representation of Space vector 

2.8 PID Controller 

A proportional-integral-derivative controller (PID controller) is a generic control loop feedback 

mechanism widely used in industrial control systems. The success of the PID controller depends on its 

accuracy in determining PID constant (reinforcement). Practically the determination process PID constants 

are based on human expertise based on rules called rules of thumb. If the right result has been obtained, 

then this PID constant used for further control. This of course has weaknesses because this constant is the 

same for every error value that occurs and requires tuning reset if there are changes in plant parameters in 

the PID constant. For To overcome this, a method is needed to determine the PID constant exactly 

according to the plant. It is hoped that the performance of the PID control can be improved [26].  

A PID controller calculates an "error" value as the difference between a measured process variable and a 

desired set point. The controller attempts to minimize the error by adjusting the process control inputs. 

Many processes can be controlled using PID controllers providing that controller parameters have been 

tuned well. In spite their simplicity, they can be used to solve even very complex control problems. While 

proportional and integrative modes are also used as single control modes, a derivative mode is rarely used 

in control systems. The values can be interpreted in terms of time where P depends on the present error, I 

on the accumulation of past errors, and D is a prediction of future errors, based on current rate of change. 
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The PID control scheme is named after its three correcting terms, whose sum constitutes the manipulated 

variable. The controller output signal u (t) algorithm can be to calculated as [9] [27]: 

 U (t)=KP×e (t) +∫ Kt ×e (t) dt + 𝐾𝑑 ×
𝑑𝑒(𝑡)

𝑑𝑡
 (2.25) 

  Where, kp: Proportional gain, depend on the present error 

 ki: Integral gain, accumulation of past error 

 kd: Derivative gain, prediction of future errors 

  e: Error  

 t: Time or instantaneous time (the present)  

 𝜏: Variable of integration, takes on values from time 0 to the present t. 

Proportional term: accounts for present values of the error. Because a non-zero error is required to drive 

it, a proportional controller generally operates with a so-called steady-state error. Steady state error may 

be mitigated by adding a compensating bias term to the set point or output, or corrected dynamically by 

adding an integral term [27]. The proportion gain is given by 

 Pout=KP (2.26) 

Integral term: accounts for past values of the error. The contribution of the integral term is proportional 

to both the magnitude of the error and the duration of the error. The accumulated error is then multiplied 

by the integral gain and added to the controller output [27]. The integral term is given by: 

 
Iout= ∫Ki×e (t)dt (2.27) 

The integral term accelerates the movement of the process towards set point and eliminates the residual 

steady-state error that occurs with a pure proportional controller [27]. 

Derivative term: accounts for possible future values of the error, based on its current rate of change. 

Derivative action predicts system behavior and thus improves settling time and stability of the system. The 

derivative of the process error is calculated by determining the slope of the error over time and multiplying 

this rate of change by the derivative gain. The magnitude of the contribution of the derivative term to the 

overall control action is termed the derivative gain, Kd. The derivative term is given by: 

 𝐷𝑜𝑢𝑡 =Kd×
𝑑𝑒(𝑡)

𝑑𝑡
 (2.28) 

A PID controller relies only on the measured process variable, not on knowledge of the underlying process, 

it is broadly applicable. By tuning the three parameters of the model, a PID controller can deal with specific 

process requirements. The response of the controller can be described in terms of its responsiveness to an 
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error, the degree to which the system overshoot set point, and the degree of any system oscillation. The 

use of the PID algorithm does not guarantee optimal control of the system or even its stability [9] [27]. 

Parameter Rise Time Overshoot Settling 

Time  

Steady-State 

Error 

Stability 

Kp Decrease  increase  Small 

change  

Decrease  Decrease  

Ki Small 

decrease  

Increase  Increase  Eliminate   Decrease  

Kd Minor 

change   

Decrease Decrease  Minor change  Improve if kd 

small 

Table 2-2effect of independent P, I and D tuning on closed-loop system 

Discrete PID as function of sampling time  

The way to discretize PID controller is convert the integral and derivative terms to their discrete time 

counterpart. There are commonly three ways to do so, by means of forward euler, backward euler and 

trapezoidal methods. For sampling time ‘Ts’ the integral term  
𝐾𝑖

𝑠
 can be represented in desecrate form by: 

Forward Euler : 𝐾𝑖    𝑇𝑠

𝑧 − 1
 

Backward Euler : 𝐾𝑖    𝑇𝑠  𝑧

𝑧 − 1
 

Trapezoidal : 𝐾𝑖    𝑇𝑠

𝑧
 * 

𝑧+1

𝑧−1
 

 The derivative term 𝑘𝑑𝑠is commonly changed to a lowpass filter to make it less noise, and 

which can be described as   

Forward Euler : 𝑁(𝑧 − 1)

𝑧 − 1 + 𝑁𝑇𝑠
 

Backward Euler : 𝑁(𝑧 − 1)

(𝑧 − 1)(1 + 𝑁𝑇𝑠)
 

Trapezoidal : 𝑁(𝑧 − 1)

𝑧 (1 +
𝑁𝑇𝑠

2
) +

𝑁𝑇𝑠

2
− 1

 

Where  𝐾𝑝 is proportional gain, 𝐾𝑖  is derivative gain,𝐾𝑑  is 𝑇𝑠 is sampling time and N is filter coefficient  
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2.9 Fuzzy logic controller 

The PID controllers always have a very vital role concerning the constancy of the power system. However, 

the performance of the double fed induction generator greatly depends on the suitable choice of the 

controller gain parameters of the PID. The difficulty regarding the PID controller gain is the fine tuning of 

the controller so as to achieve the optimal operation of the task. The major drawback of the PID controller 

is faced when the process is nonlinear and also when the system is having oscillations. Considering all 

these facts, a fuzzy logic controller was designed to control linear as well as in nonlinear design parameters 

[27]. 

Fuzzy logic starts with the concept of a fuzzy set. A fuzzy set is a set without a crisp, clearly defined 

boundary. It can contain elements with only a partial degree of membership. To understand a fuzzy set, 

first consider the definition of a classical set. A classical set is a container that wholly includes or wholly 

excludes any given element. Fuzzy set theory first introduced by Zadeh was used to describe inexact 

information, but after Mamdani ‘s pioneer work on its application to a steam engine control, many 

applications of fuzzy control in industry processes have been developed. It has a hierarchical structure 

which consists of two rule bases. The first one is the general rule base of an FLC. The second one is, 

constructed by meta-rules, which exhibit human like learning ability to create and modify. The fuzzy 

controller consists of a set of linguistic rules that describe the operator ‘s control strategies. These rules 

are based, on the experiences of a human operator, because the detailed dynamics of the controlled process 

is not needed in the design process. Fuzzy control processes an inherent robust property. A typically fuzzy 

controller as illustrates in Fig 2-14, consists of three major parts: a fuzzification, decision making logic 

(fuzzy inference system), and defuzzification. The key to successful design of a fuzzy controller relies on 

the suitable selection of fuzzy variable and linguistic rules, obtained practical experiences and intuitive 

tries [28] [27]. 

Currently, many research efforts are focused on emulating human learning, mainly on the ability to create 

fuzzy control rules and to modify them or tune based on experience. The tuning process of FLC, through 

trial-and-error approach will continue until satisfactory results are obtained.  If the results are not as 

desired, changes are made either to the number of the fuzzy partitions or the mapping of the membership 

function and then the system can be tested again. Definitely it is usually a tedious and time-consuming 

task. The derivation of the rule based basically follows these four approaches: 

i) Expert experiences and control engineering knowledge  
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ii) Based on operator ‘s control actions 

iii) Based on fuzzy model of a process  

iv) Based on learning.  

From these four methods, only two will be used in this case which is based on learning and from 

the expert experiences and control engineering knowledge. An expert experience is the least  

structured of the four methods and yet it is one of the most widely used today [9] [27]. 

 

 

Fig. 2.14, Design of fuzzy controller 

Fuzzification: 

The term fuzzification means to fuzzify the data. This is done by converting the classical set to fuzzy set. 

For this process we need different fuzzifiers such as Triangular, Trapezoidal, Singleton and Gaussian. 

With the help of these fuzzifiers we assign some membership function to each and every input and convert 

it into fuzzy set [27]. 

In fuzzy logic, the truth of any statement becomes a matter of degree. A formal definition of a fuzzy set is, 

if X is a collection of objects denoted generically by x then a fuzzy set A in X is a set of ordered pairs:  

[23] 

A= (
𝑥,𝜇𝑥(𝑥)

𝑥
)𝜀𝑋 

Where µA(x) is called the grade of membership or membership function of x in A. An often used method 

for denoting a fuzzy set is 

A= Σ𝑥1𝜀 
∫ 𝑥𝜇𝐴(𝑋)

𝑥
 if X is continuous  

A= Σ𝑥1𝜀 
𝑋𝜇𝐴(𝑥𝑖)

𝑋𝑖
 if X is discrete 

Fuzzy Inference system: 



Modeling and Control for Active and Reactive Power of DFIG 2021 
 

  

AAiT school of ECE, control 26 

 

It consists of a knowledge base, in which the rules are framed. Fuzzy inference engine can be broadly 

categorized into two types of methods [29]: first one is mamdani method; it is a fuzzy inferencing method 

in which the linguistic logic is used to make the rules. It is easy to implement, user friendly and widely 

accepted method of fuzzy inference. Second, sugeno method is based on mathematical analysis and 

calculations. It is more complex compared to the Mamdani method. Sugeno method works well with the 

linear systems. A so-called rule-based fuzzy inference system (FIS) consists of a number of if-then rules. 

These rules are based on the linguistic variables. The inference system uses the experience embodied in 

fuzzy relations [30]. 

Defuzzification: 

It is a process of converting a fuzzy set into classical set. It is inverse process of fuzzification. It is of much 

importance as by defuzzification process we convert the fuzzy values back into the classical or crisp values. 

There are different methods for defuzzification such as the centroid method, bisector method, largest of 

maximum, middle of maximum and finally the smallest of maximum. Among all of this the most 

efficiently used method is centroid [9] [27]. 

 Rule Base  

Rules form the basis for the fuzzy logic to obtain the fuzzy output. The rule-based form uses linguistic 

variables as its antecedents and consequents. The antecedents express an inference or the inequality, which 

should be satisfied. The consequents are those, which we can infer, and is the output if the antecedent 

inequality is satisfied. The fuzzy rule-based system uses if–then rule based system given by, IF antecedent, 

THEN consequent [9] [27]. 

2.10 Literature review 

Zhi and L. Xu, [31] have proposed the principle of direct power control developed after direct torque 

control of doubly fed induction generator control system. The development of this control strategy is due 

to the relationship of torque and flux. Direct power control (DPC) is an alternative approach, based on 

what inverter switching vectors were selected from optimal switching table using the estimated rotor or 

stator flux position, and the errors in the active power and reactive powers. Thus, high performances, 

robustness and low sensitivity to the system parameter variations can be considered as the main advantages 

of the DPC method. However, these desirable characteristics have a penalty of high ripple in developed 

torque or power and also a non-constant switching frequency, which is a source of non-linear behavior, 

especially in the power hysteresis comparators. It is shown that the rotor side converter’s switching 

frequency is highly influenced by the shaft speed, which is mainly due to the power slope that depends on 
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speed. The variable switching frequency degrades the stator side AC filter’s efficiency by increasing the 

size and power loss.  

The experimental test bed consists of a DFIG, induction machine, variable speed driver and a bi-directional 

back-to-back converter. Also, TMS320F2812 microcontroller has been used to control the system. 

According to the analysis above, it needs to find the relationship between stator powers and the rotor 

voltages. But DPC responses fast and have good performance, which has a dependency to the machine 

parameters and operation conditions [9]. 

Adel Mehdi, AbdellatifReama and Hocine Benalla [32] have proposed sensorless direct active and 

reactive power control (DPC) of grid connected DFIG using back-to-back PWM voltage source converters 

in the rotor circuit, the sensor less DPC has been proposed to overcome the drawbacks of large power 

ripple and variable switching frequency in c1assieal DPC. The stator active and reactive powers are made 

to track references using hysteresis controllers without including any synchronous coordinate 

transformations. A switching table and hysteresis comparator are used to directly determine the first active 

vector, and to improve the system robustness with constant switching frequency a second null vector is 

also chosen, exhibits lower power ripples and better harmonic performance of stator and rotor currents. A 

sensor less method is implemented for detection of the rotor position based on the comparison between 

actual and estimated rotor currents. A sensor less operation is desirable because the use of a position 

encoder has several drawbacks in term of robust, cost, cabling, and maintenance. 

By Ivan Villanueva, Antonio Rosales perdo ponce and Arturo Molina [33] a stator flux oriented sliding 

mode control, which regulates torque and reactive power in DFIG, was proposed. The controller is not 

dependent on electric machine parameters and do not require modulation, injecting the desired voltage 

vector directly to a two-level power converter. Despite the proposed SMC controller has a variable 

switching frequency, which is not desired in practical applications, the switching frequency is limited by 

a hysteresis loop in the torque and reactive power controllers. when compared with classical control 

techniques as DTC, the presented SMC does not require the modification of the control loop. However, it 

requires infinite switching frequency, which is not possible in real physical systems; therefore, the most 

common solution for this issue is to include a hysteresis loop to the ideal sign function. This scheme is 

affected by generator parameter variations and introduces delay in the control system. It is well known 

that the relationship between maximum power from wind and wind speed is nonlinear. So, it is not possible 

therefore to design a controller to operate satisfactorily at one operating state. 

Azzouz TAMAARAT, Abdelhamid BENAKCHA [35]The modeling and control strategy of a grid 

connected wind power generation scheme using a doubly fed induction generator (DFIG) driven by the 
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rotor. This paper presents the complete modeling and simulation of a wind turbine driven DFIG in the 

second mode of operating (the wind turbine pitch control is deactivated). It will introduce the vector 

control, which makes it possible to control independently the active and reactive power exchanged between 

the stator of the generator and the grid, based on vector control concept (with stator flux or voltage 

orientation) with classical PI controllers. In this vector-controlled DFIG is the possibility to achieve 

decoupled control of the stator side active and reactive power in both motor and generator applications. 

The quadratic component of the rotor 𝑢𝑟𝑞 controls the active power and the direct component 𝑈𝑟𝑑 controls 

the reactive power exchanged between the stator and the network. The modeling and control strategy of 

DFIG using conventional PI controller in MATLAB simulation. The control strategy of Generator allows 

a perfect decoupling between the active and reactive stator power and also keep the active and reactive 

power to their desired values. Disadvantage of this approach is slow response to changes in system 

parameter due to uncertainty and to reference change. 

Matrix converter (MC) based Wind Energy Conversion System (WECS) at different wind speeds is 

useful for estimating the available reactive power support to the grid from the DFIG. To maximize the 

active power injected into the grid at any wind speed the wind turbine should be operated in the Maximum 

Power Point Tracking (MPPT) mode and the power losses occurring in different components of the 

generating system (i.e., generator, converters, filters, etc.) should be minimized. It uses control algorithm 

to calculate the DFIG Rotor Side Converter (RSC) current component references to achieve the control 

objective. This algorithm, however, does not consider the losses occurring in the power converters. Rotor 

side converter's active power is controlled by the d-axis component of the rotor current in outer control 

layer. Rotor side converter's reactive power is controlled by q-axis component of the rotor current. The 

control method of the rotor side converter is based on SFOC. For the grid side converter, it is a vector 

control strategy with the grid voltage orientation. The d-axis voltage component is along with the position 

of grid voltage space vector, and the q-axis voltage component is regarded as zero. So, the grid side 

converter's active power and reactive power can be manipulated by using d-axis and q-axis components of 

grid side converter's line current respectively.in the calculation of active and reactive power in terms of dq 

current not correct or interchanged [38]. 

The aim of this thesis is to extract maximum power from wind energy conversion system and control of 

power flow using self tuning Fuzzy-PID controller. When controlling of rotor ejected current, the rotor 

speed of DFIG was controlled to get the maximum power. To overcoming almost all the above mentioned 

research gaps, in thesis a well-organized, fuzzy tuning F_PID based active and reactive power control of 

double fed induction generator can be designed to replaces the traditional PI controller. Under the work 
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performance of proposed control is checked using varying of wind turbine speed. During the checkup time, 

fuzzy logic controller adjusts control parameters gain of the proportional-integral -derivative (PID), so the 

parameter gains of PID not fixed. These advantages of F_PID makes it have good performance and, hence, 

found to be a suitable replacement of the PI controller for the high-performance in variable wind turbine 

conversion systems. In order to evaluate the proposed method, simulations are performed in 

MATLAB/SIMULIN.  
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CHAPTER THREE 

3 Systems modeling and Controller design 

3.1 Control Strategies for a Wind Turbine-Generator System 

Wind turbines produce electricity by using the power of the wind to drive an electrical generator. The wind 

passes over the blades, generating lift and exerting a turning force. The rotating blades turn a shaft inside 

the nacelle, which goes into a gearbox. The gearbox increases the rotational speed that is appropriate for 

the generator, which uses magnetic fields to convert the rotational energy into electrical energy. The 

control schemes for a wind turbine generator system include the pitch angle control, maximum power 

point tracking control and traditional control techniques and advanced control techniques for wind turbine 

generator systems are reviewed in this section [13]. 

3.1.1 Pitch Angle Control 

The pitch angle control is a mechanical method of controlling the blade angle of the turbine when the 

captured wind power exceeds its rated value or wind speed exceeds its rated value. Pitch angle control is 

enabled to limit the maximum output power to be equal to rated power, and thus project the generator 

when the wind speed experiences gust. The pitch angle controller is only activated at high wind speed [9].   

This method is implemented to control the mechanical power in at the nominal value. Whenever the 

velocity of wind exceeds the rated value of power, a mechanical method is implemented so as to control 

the blade angle of the wind turbine from being damaged [21]. At low wind speed, a control system 

technique is applied so that highest amount of power can be extracted from the wind. In this case, the 

blades are turned back for the extraction of the maximum amount of energy. While during the gusty wind 

condition the pitch, angle is adjusted to limit the power extraction. This is done by turning the blades away 

from the wind. A pitch controller is used to regulate the blade angle by using proper technique for capturing 

the wind [9].  

3.1.2 Maximum Power Point Tracking 

The maximum power point tracking scheme is used to extract the highest amount of available energy from 

the wind, while it is operating over a large range of wind speed. According to maximum power tracking 

the generator speed is adjusted according to the variability of wind speed. The convectional control 

schemes included the control mode of operation which used to depend on the setting of reference value. 

But in intelligent controller (i.e., fuzzy logic, neural network etc.), which has some advantages like speed 

control against wind gusts and superior dynamic and steady state performances [21]. 



Modeling and Control for Active and Reactive Power of DFIG 2021 
 

  

AAiT school of ECE, control 31 

 

3.1.3 Conventional Control Schemes 

Conventional control is an important ingredient of a distributed control system and also found in all areas 

where control is used. The PID controller is the most common form of convectional control scheme 

feedback. It refers to the first letters of the names of the individual terms that make up the standard three-

term controller. These are P for the proportional term, I for the integral term and D for the derivative term. 

Three-term or PID controllers are probably the most widely used industrial controller. The values of these 

three parameters interpreted in terms of time, where, ’P’ depends on the present error, ’I’ on the 

accumulation of past errors and ’D’ is a prediction of future errors, based on current rate of change. By 

tuning the three parameters in the algorithm of PID controller, the controller can provide control action 

designed for specific process requirements [39].  Practically all PID controllers made today are based on 

microprocessors. 

3.2 Mathematical representation of Double Fed Induction Generator 

Modeling is a basic tool for analysis, such as optimization, project, design and control. Wind energy 

conversion systems are very different in nature from conversion generators, and therefore dynamic studies 

must be addressed in order to integrate wind power into the power system. Dynamic modeling is needed 

for various types of analysis related to system dynamics: stability, control system and optimization [9].  

DFIG scheme is basically consists of standard wound rotor induction generator with its stator windings 

directly connected to the grid and its rotor windings through the power frequency converters built by two 

self-commutated PWM converters with an intermediate DC voltage link. The behavior of the generator is 

controlled by these converters and their controllers in normal. 

The DFIG has two sets of three-phase windings that display self and mutual inductances. Mutual 

inductances change as the machine turns and the angle between stator and rotor circuits varies with time, 

which ultimately leads to a time-varying mathematical model of the machine. This angle dependency in 

DFIG’s model and the associated complexities can be surmounted by making a transformation from three-

phase magnitudes to two axis magnitudes (Clark’s transformation) and transforming the magnitudes into 

direct and quadrature components referred to a synchronously rotating reference frame (Park’s 

transformation) [40].  

3.2.1 DFIG in actual variables 

The actual variables over here are the voltages and current. Due to the presence of three current in stator 

we have three currents in rotor as well. The simulation is going to be complex if there are six variables, 
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but if we transform these variables into dq model the complexity is greatly reduced with the reduction of 

the number of variables [30]. 

Equation of stator voltage  

 𝑽_𝒂𝒃𝒄𝒔 = |
𝑽𝒂𝒔

𝑽𝒃𝒔

𝑽𝒄𝒔

| =   [𝒓𝒔]𝒊−𝒂𝒃𝒄𝒔+p𝝋_𝒂𝒃𝒄𝒔 (3.1) 

[𝒓𝒔]𝒊−𝒂𝒃𝒄𝒔denotes the resistance drop and   p𝝋_𝒂𝒃𝒄𝒔denotes the rate of change of flux linkages. 

Equation of rotor voltage  

 𝑽−𝒂𝒃𝒄𝒓= [
𝑽𝒂𝒓
𝑽𝒃𝒓
𝑽𝒄𝒓

] = [𝒓𝒓]𝒊−𝒂𝒃𝒄𝒓+p𝝋_𝒂𝒃𝒄𝒓 (3.2) 

Where stator and rotor currents are given by:  

 𝒊−𝒂𝒃𝒄𝒔= [
𝒊𝒂𝒔
𝒊𝒃𝒔
𝒊𝒄𝒔

]       , 𝒊−𝒂𝒃𝒄𝒓= [
𝒊𝒂𝒓
𝒊𝒃𝒓
𝒊𝒄𝒓

] (3.3) 

3.2.2 DFIG in (α, β) Reference Frame 

In order to describe the alpha-beta reference frame it must be considered that it resembles the dq0 but it is 

stationary [41] [20]. 

Stator voltage and fluxes in the (α, β) reference frame: 

 Vαs  =  Rsiαs   +
d

dt
λαs 

(3.4) 

 Vβs  =  Rsiβs   +
d

dt
λβs 

(3.5) 

 λαs  = ∫ ( Vαs − Rsiαs   ) 
(3.6) 

 λβs  = ∫ ( Vβs − Rsiβs   ) (3.7) 

The stator currents are: 

 iαs =
Llr + Lm

LlrLls+ Lm(Llr + Lls)
λαs − 

Lm

LlrLls+ Lm(Llr + Lls)
λαr (3.8) 

 iβs =
Llr + Lm

LlrLls + Lm(Llr + Lls)
λβs − 

Lm

LlrLls + Lm(Llr + Lls)
λβr 

(3.9) 

The equation of the (α, β) frame of the rotor’s voltage and current are: 



Modeling and Control for Active and Reactive Power of DFIG 2021 
 

  

AAiT school of ECE, control 33 

 

 Vαr  =  Rriαr   +
d

dt
λαr +ωrλβr (3.10) 

 Vβr  =  Rriβr   +
d

dt
λβr −ωrλαr (3.11) 

 λαr  = ∫ ( Vαs − Rriαr   − ωrλβr) (3.12) 

 λβr  = ∫ ( Vβr − Rriβr   +ωrλαr) (3.13) 

 iαr =
Llr + Lm

LlrLls + Lm(Llr + Lls)
λαr − 

Lm

LlrLls+ Lm(Llr + Lls)
λαs (3.14) 

 iβr =
Llr + Lm

LlrLls+ Lm(Llr + Lls)
λβr − 

Lm

LlrLls + Lm(Llr + Lls)
λβs (3.15) 

The electromagnetic torque can be written as follows: 

 Te =
3

2
 p (  λαriβr−λβriαr) (3.16) 

3.2.3 DFIG in dq variable 

Over here the three phase actual variables, namely the abc (stationary) variables are transformed into two 

phase variables, that are the direct axes(d) and quadrature axes(q). The two axes, d and q axes are in a 

position of perpendicular to each other. The angle θs gives the instantaneous location of the stator rotating 

magnetic field. The rotor itself is rotating and is instantaneously located at angle θr. Thus, with a reference 

frame attached to the rotor, the stator’s magnetic field vector is at the location (θs- θr,) which is referred to 

as the ‘slip angle’. 

In doubly fed induction generator, flux linkage is chosen a basic variable representing the d-q axis used 

for simulation. This representation is based on two axis full-order known as the Park model. There is an 

equivalent two-axis representation of three axes. In that stator direct axis is represented as ds and 

quadrature axis is represented as qs, and Rotor direct axis is represented as dr and rotor quadrature axis is 

represented as qr. Here a synchronously rotating reference frame chosen as d-q reference frame which is 

rotating at synchronous speed. There by interaction between power and electromagnetic torque with 

current in the rotor is observed. In this model three-phase quantities are changed to the two-phase 

quantities. The generator model of DFIG can be expressed by voltage equations, power and 

electromagnetic torque equations under the d-q coordinate system [21] [41]. 
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Fig. 3.1, The equivalent circuit of d-axis 

 

Fig. 3.2, The equivalent circuit of q-axis 

The dynamic modeling of doubly-fed induction generator in synchronously rotating reference frame d–q 

involves the following equations [5] [42] [41]. 

Stator voltage component  

 𝑉𝑑𝑠 = 𝑅𝑠𝐼𝑑𝑠 +
𝑑

𝑑𝑡
𝜑𝑑𝑠 − 𝜔𝑠𝜑𝑞𝑠 

(3.17) 

 𝑉𝑞𝑠 = 𝑅𝑠𝐼𝑞𝑠 +
𝑑

𝑑𝑡
𝜑𝑞𝑠 + 𝜔𝑠𝜑𝑑𝑠 

(3.18) 

 

Rotor components: 

  𝑉𝑑𝑟 = 𝑅𝑟𝐼𝑑𝑟+
𝑑

𝑑𝑡
𝜑𝑑𝑟 − (𝜔𝑠 − 𝜔𝑟)𝜑𝑞𝑟  

 

(3.19) 

 𝑉𝑞𝑟 = 𝑅𝑟𝐼𝑞𝑟+
𝑑

𝑑𝑡
𝜑𝑞𝑟 + (𝜔𝑠 − 𝜔𝑟)𝜑𝑑𝑟 

(3.20) 

The flux linkages can be calculated in terms of currents as shown from equations (3.21) to (3.24) as: 

Stator flux components:  

 𝜑𝑞𝑠 = 𝐿𝑠𝐼𝑞𝑠 + 𝐿𝑚𝐼𝑞𝑟 (3.21) 

 𝜑𝑑𝑠 = 𝐿𝑠𝐼𝑑𝑠 + 𝐿𝑚𝐼𝑑𝑟 (3.22) 

Rotor flux components: 



Modeling and Control for Active and Reactive Power of DFIG 2021 
 

  

AAiT school of ECE, control 35 

 

 𝜑𝑞𝑟 = 𝐿𝑟𝐼𝑞𝑟 + 𝐿𝑚𝐼𝑞𝑠 (3.23) 

 𝜑𝑑𝑟 = 𝐿𝑟𝐼𝑑𝑟+𝐿𝑚𝐼𝑑𝑠 (3.24) 

DFIG electromagnetic torque: 

 
𝑇𝑒 = −

3

2

𝑝

2

𝐿𝑚

𝐿𝑟
(𝜑𝑑𝑠𝐼𝑞𝑟 − 𝜑𝑞𝑠𝐼𝑑𝑟)     

(3.25) 

A doubly-fed induction generator is as a standard wound rotor induction generator with its stator windings 

directly connected to the power grid and rotor connected to the power grid through a frequency converter 

[6] [41]. It is important to administer the generator active power transmitted through the stator and the 

rotor as following equation: 

 𝑃𝑡 = 𝑝𝑠 + 𝑝𝑟 (3.26) 

Where 𝑃𝑠 =
3

2
𝑅𝑒(𝑉𝑑𝑞𝑠.𝐼𝑑𝑞𝑠) (3.27) 

 
𝑃𝑟 =

3

2
𝑅𝑒(𝑉𝑑𝑞𝑟.𝐼𝑑𝑞𝑟) 

(3.28) 

The amount of reactive power can be found from following equation 

 Q𝑡 = Q𝑠+ Q𝑟 (3.29) 

Where 𝑄 𝑠 =
3

2
𝐼𝑚(𝑉𝑑𝑞𝑠.𝐼𝑑𝑞𝑠)                                                                                                                    (3.30) 

 𝑄𝑟 =
3

2
𝐼𝑚(𝑉𝑑𝑞𝑟.𝐼𝑑𝑞𝑟 )                                                                                                                          (3.31) 

Neglecting the power losses associated with the stator and rotor resistances, the active and reactive stator 

powers are:  

 𝑃𝑠 =
3

2
 (𝑉𝑑𝑠𝐼𝑑𝑠+ 𝑉𝑞𝑠𝐼𝑞𝑠 )     (3.32) 

 𝑄𝑠 =
3

2
 ( 𝑉𝑞𝑠𝐼𝑑𝑠 −  𝑉𝑑𝑠𝐼𝑞𝑠  )             (3.33) 

And the active and reactive rotor powers are given by 

  𝑃𝑟 =
3

2
 (𝑉𝑑𝑟𝐼𝑑𝑟+ 𝑉𝑞𝑟𝐼𝑞𝑟 (3.34) 

 𝑄𝑟 =
3

2
 (𝑉𝑞𝑟𝐼𝑑𝑟− 𝑉𝑑𝑟𝐼𝑞𝑟 ) (3.35) 

3.2.4 The Simplified model of DFIG 

The rotor side converter is controlled in synchronously rotating d-q axis frame with d-axis oriented along 

the stator flux vector position so to achieve decoupled control of stator active and reactive power. The 

stator voltage in DFIG, which is a variable-speed constant-frequency generator, remains constant. 

Moreover, the three phase sinusoidal voltage is transformed into d-q synchronous reference frame. This 

gives the relation as shown in equation bellow’s. Model can be simplified by neglecting stator resistance 
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and keeping stator flux constant as the stator is connected to the grid [11]. The phase difference between 

stator flux and stator voltage is just 90 degree. In the stator-flux oriented reference frame, the d-axis is 

aligned with the stator flux linkage vector 𝜓s, namely, 𝜓ds = 𝜓s and 𝜓qs= 0.  

 𝑉𝑑𝑠 =0= 𝐿𝑠𝐼𝑞𝑠 + 𝐿𝑚𝐼𝑑𝑟 (3.36) 

 𝑉𝑞𝑠 =𝑉𝑠=𝜔𝑠𝜓𝑠 (3.37) 

 
𝜓𝑠=𝐿𝑠𝐼𝑑𝑠 + 𝐿𝑚𝐼𝑑𝑟 

(3.38) 

 

Then the stator d-q current in terms of rotor current can be calculated as follow 

 𝐼𝑑𝑠 =
𝜓𝑠

𝐿𝑠
 − 

𝐿𝑚

𝐿𝑟
𝐼𝑑𝑟  (3.39) 

 𝐼𝑞𝑠= − 
𝐿𝑚

𝐿𝑠
𝐼𝑞𝑟 (3.40) 

Since ψ𝑠=
𝑉𝑞𝑠

𝜔𝑠
=
𝑉𝑠

𝜔𝑠
  from the above equation, d-axis stator current further expressed as  

 
𝐼𝑑𝑠 =

𝑉𝑠
𝜔𝑠𝐿𝑠

  −  
𝐿𝑚
𝐿𝑠

𝐼𝑑𝑟 
(3.41) 

From equation (3.39) and (3.40), d-q rotor current in terms of stator current also be calculated.  

 𝐼𝑑𝑟=
𝑉𝑠

𝜔𝑠𝐿𝑚
−

𝐿𝑠

𝐿𝑚
𝐼𝑑𝑠 (3.42) 

Stator power as function of stator voltage and current at synchronously rotating reference frame  

 (𝑃𝑠 = f (𝑉𝑠,𝐼𝑠) =𝑄𝑠) (3.43) 

 
𝑃𝑠 =

3

2
𝑉𝑠𝐼𝑞𝑠  

(3.44) 

 
𝑄𝑠=

3

2
𝑉𝑠𝐼𝑑𝑠  

(3.45) 

 

Replacing the stator currents by their expressions given in (3.40) and (3.41), the equations below are 

expressed: 

 𝑃𝑠 &𝑄𝑠=f (𝑉𝑠,𝐼𝑟) 

 

(3.46) 

 𝑃𝑠= −
3

2

𝐿𝑚

𝐿𝑠
𝑉𝑠𝐼𝑞𝑟 (3.47) 

 𝑄𝑠=
3

2
𝑉𝑠(

𝜑𝑠

𝐿𝑠
 −  

𝐿𝑚

𝐿𝑟
𝐼𝑑𝑟 ) =  

3

2
𝑉𝑠(

𝑉𝑠

𝜔𝑠𝐿𝑠
 −  

𝐿𝑚

𝐿𝑠
𝐼𝑑𝑟 )     (3.48) 

Simplified DFIG electromagnetic torque expressed as 

 𝑻 𝒆=
𝟑 

𝟐

𝒑

𝟐

𝑳𝒎

𝑳𝒓
𝝋𝒅𝒔𝑰𝒒𝒓 =

𝟑

𝟐

𝒑

𝟐

𝑳𝒔

𝑳𝒓

𝑽𝒔

𝝎𝒔
𝑰 𝒒𝒔 (3.49) 
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In order for the rotor mmf to be in synchronism with the stator mmf, the frequency of the rotor current, 

ωrf, must satisfy the slip frequency constraint. 

For any induction machine, cage or doubly fed type, the steady state frequency of the rotor currents and 

voltages will be the slip frequency. Therefore  

𝜔mech =  𝜔syn − 𝜔slip = 𝜔syn − 2𝜋𝑓r       or𝜔𝑓𝑟= 𝜔𝑠- 𝜔𝑟= g𝜔𝑠  

 In equation above, ωmech is the rotor rotational speed ωsyn is the synchronous speed and fr is the electrical 

frequency of the rotor currents and voltages. Here it can be clearly seen that, since the synchronous speed 

is fixed by the grid, the rotational speed can be controlled directly by using the rotor side converter to force 

the rotor currents to a desired frequency. 

Rotor voltages can be expressed by: 

 𝑉𝑑𝑟= 𝑅𝑟𝐼𝑑𝑟+𝜎𝐿𝑟
𝑑𝐼𝑑𝑟

𝑑𝑡
-g𝜔𝑠𝜎𝐼𝑞𝑟 

(3.50) 

 

 
𝑉𝑞𝑟 =  𝑅𝑟𝐼𝑞𝑟 +  𝜎𝐿𝑟

𝑑𝐼𝑞𝑟
𝑑𝑡

+  𝑔𝜔𝑠𝜎𝐼𝑑𝑟 + 𝑔
𝐿𝑚𝑉𝑠
𝐿𝑠

 
(3.51) 

 

Finally, the stator power as function of both stator voltage, rotor current and voltage also described by 

the following equation (i.e. Ps &Qs =f (vs, vr, ir)) 

 𝑃𝑠=− 
3

2

𝐿𝑚

𝐿𝑠
𝑉𝑠

(𝑉𝑞𝑟−𝑔 𝐿𝑚/𝐿𝑠𝑉𝑠−𝑔𝜔𝑠(𝐿𝑟−〖𝐿𝑚〗^2 )/𝐿𝑠)𝐼𝑑𝑟

(𝐿𝑟−
𝐿𝑚

2

𝐿𝑠
)𝒔+𝑹𝒓

 (3.52) 

 
𝑄𝑠=− 

3

2

𝐿𝑚

𝐿𝑠
𝑉𝑠 + 

𝑉𝑠
2

𝐿𝑠𝜔𝑠
(
𝑔𝜔𝑠(𝐿𝑟−

𝐿𝑚
2

𝐿𝑠
)𝐼𝑞𝑟+𝑉𝑑𝑟

(𝐿𝑟−
𝐿𝑚

2

𝐿𝑠
)𝒔+𝑹𝒓

) 
(3.53) 

 

The DFIG dynamic torque equation   

 𝑇𝑡 = 𝑗
𝑑𝛺𝑟

𝑑𝑡
 + B𝛺𝑟 + 𝑇 𝑒𝑚 (3.54) 

 
𝑇 𝑒𝑚 = 

3

2

𝐿𝑠

𝐿𝑟

𝐿𝑚

𝜔𝑠
𝐼𝑞𝑠 = - 

3

2

𝐿 𝑚

𝐿𝑟

𝑉𝑠

𝜔𝑠
𝐼 𝑞𝑟 

(3.55) 

 

Then, total torque                

 𝑇𝑡 = (𝐽𝑠+B)𝛺𝑟 -  
3

2

𝐿𝑚

𝐿𝑟

𝑉𝑠

𝜔𝑠
𝐼 𝑞𝑟  (3.56) 

From the equation rotor speed can be calculated as     

 

𝜴𝒓 =
𝑻𝒕  +

𝟑

𝟐

𝑳𝒎

𝑳𝒓

𝑽𝒔

𝝎𝒔
𝑰𝒒𝒓

(𝐽𝑠 + 𝐵)
 

(3.57) 
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Fig. 3.3, Model of double fed induction generator 

Where, 𝛀𝐫 is rotor speed, V is the voltage, I is the current, R is the resistance; subscripts r and s stand for 

stator and rotor, respectively and the subscripts d and q for direct and quadrature axis, respectively. 

𝜎 = (𝐿𝑟 −
𝐿𝑚

2

𝐿𝑠
),  

g=slip  

𝐿𝑠= 𝐿𝑙𝑠+ 𝐿𝑚 

𝐿 𝑟= 𝐿𝑙𝑟+ 𝐿𝑚 

𝐿𝑙𝑠, 𝐿𝑙𝑟and 𝐿𝑚are the stator leakage, rotor leakage and mutual inductances, respectively and B is viscous 

friction, j is inertia and 𝜴𝒓is rotor speed       

3.3 Grid Side Converter Control  

The main aim of grid side converter (GSC) is to maintain constant DC-link voltage across the common 

coupling between the back to back converters and to maintain the power factor at unity by controlling the 

reactive power flow injected into the grid. The dc link voltage has to be controlled independently of the 

direction of the slip power and to maintain a constant value; balance of power is of equal importance 

between the rotor and the grid side. To achieve this, vector control method is implemented in the grid side 

by decoupling of dq axis currents. Power flow is adjusted using the phase shift angle among the difference 

of the input voltage and source voltage. The regulation of the PWM converter is based on the current 

flowing through it. The direct axis current is used to regulate the DC-link voltage and to regulate the 

reactive power quadrature axis current is used. The basic of the vector control is d-q theory or reference 

frame theory which is used to overcome the problem of time varying parameters with the AC machines, 

essentially by transforming the stator variables to a synchronously rotating reference frame fixed in the 

rotor. With such transformation (Park’s transformation) all the time varying inductances that occur due to 
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an electric circuit in relative motion and electric circuit with varying magnetic reluctances can be 

eliminated [9] [30] [43].   

 

Fig. 3.4, Grid side converter system 

The GSC voltages in its d-q reference frame, the components are obtained by the typical configuration 

of control strategy and the voltage balance across the grid filter is given by based on Kirchhoff’s current 

and voltage laws, the following equation in matrix form can be defined as GSC of DFIG [43] [44]. 

 [
𝑉𝑎
𝑉𝑏
𝑉𝑐

] = [
𝑉𝑠𝑎
𝑉𝑠𝑏
𝑉𝑠𝑐

] _ R*[
𝐼𝑎
𝐼𝑏
𝐼𝑐

]  _ L 
𝑑

𝑑𝑡
[
𝐼𝑎
𝐼𝑏
𝐼𝑐

] 

The dynamic model of balanced Grid side converter can be represented by the following equations using 

synchronous rotating reference frame [16]:   

 [
𝑉𝑑𝑔
𝑉𝑞𝑔

] =Rg[
𝐼𝑑𝑔
𝐼𝑞𝑔

]+𝐿𝑔
𝑑

𝑑𝑡
[
𝐼𝑑𝑔
𝐼𝑞𝑔

]+𝜔𝑠𝐿𝑔 [
−𝑖𝑞𝑔
𝑖𝑑𝑔

]+[
𝑉𝑑𝑠
𝑉𝑞𝑠

] (3.58) 

Or in linear mathematical equation 

𝑉𝑞𝑔=𝑅𝑔𝐼𝑞𝑔+𝐿𝑔
𝑑𝐼𝑞𝑔

𝑑𝑡
+𝜔𝑠𝐿𝑔𝐼𝑑𝑔 + 𝑉𝑞𝑔 

𝑉𝑑𝑔=𝑅𝑔𝐼𝑑𝑔+𝐿𝑔
𝑑𝐼𝑑𝑔

𝑑𝑡
 - 𝜔𝑠𝐿𝑔𝐼𝑞𝑔 + 𝑉𝑑𝑔 

(3.59) 

Under balanced operating condition the three-phase output voltage of grid side converter are identical with 

magnitude and frequency. in such cases the dq components after the transformation of 𝑣𝑑 and 𝑣𝑞 are 

consider as constants values. The q axis component vq is then set as zero when d-axis oriented along output 

voltage position. It follows as the GSC active and reactive power can be simplified as follow. 

 P= 
3

2
(𝑉𝑑𝐼𝑑+𝑉𝑞𝐼𝑞)=

3

2
𝑉𝑑𝐼𝑑  (3.58) 

 Q= 
3

2
(𝑉𝑑𝐼𝑞+𝑉𝑞𝐼𝑑)=

3

2
𝑉𝑑𝐼𝑞 (3.63) 
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Since the GSC balances and delivers the power between three phase GSC and DC-link capacitor. The dc-

link power should be equal to the grid side converter output power. it follows the grid side converter active 

power can be manipulated by d-axis component of line current Id which can be expressed as below.  

 𝑉𝑑𝑐𝐼𝑑𝑐 =
 3

2
𝑉𝑑𝐼𝑑 (3.59) 

Also, the reactive power in GSC in equation above can be set as an injected reference based on the demand 

of back to back converter and grid operating condition. In such cases the q-axis component line current 𝐼𝑞 

will be control. Where𝑅𝑔 and 𝐿 𝑔are line resistance and inductance in the GSC; 𝑉𝑎, 𝑉𝑏  and 𝑉𝑐 are the output 

voltage of GSC; 𝑉𝑠𝑎, 𝑉𝑠𝑏 and 𝑉𝑠𝑐 are the IGBT bridge output voltages; 𝐼𝑎, 𝐼𝑏 and 𝐼𝑐 are the line current of 

GSC. The grid side converter balance and delivers power between three phase grid and DC-link capacitor. 

Also, the DC-link voltage needs to be controlled and maintain as constant value under balanced operating 

conditions [29]. 

The control of dc link capacitor voltage to be in constant and it supply a source for rotor winding through 

rotor side converter. The amount of dc voltage stored in capacitor which comes from rectifier or grid side 

converter. The control of phase angle that triggers the gate of the IGBT through PWM by controlling of 

the reference input voltage V_abcs.  The figure 3.5, illustrates structure of grid side converter block with 

the derivation of gate signals. 

 

                                 Fig. 3.5,  Gate signal generation of grid side converter 

3.4 Design of PID controller 

The PID controller algorithm that operates as a position algorithm is shown in the following Figure (3.6) 

Where, G(s) and E (s) in ‘s ‘domain denotes the control and error signals of the system are the proportion, 

integral and derivative gain values. The corresponding PID controller transfer function Gc (s) is given as 

 
Gc(s) =  (𝐾𝑝  +   

𝐾𝑖

𝑠
  +   𝐾𝑑s) E (s)  

(3.65) 
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Kp

Ki *1/s

Kd *S 

+
+

+
- Pant Y(s)R(s)

 

Fig. 3.6, General Block diagram of PID controller 

We have a mechanism to continue to discrete that is using bilinear transformation formula which is given 

with                                                            s =
2

𝑇𝑠
 *
1− 𝑧−1

1+𝑧−1
 

And   from the three commonly used variations of Euler methods which is described in section (2.8) for 

both integral and derivative terms to discretized the PID controller, using the backward Euler method. 

G(z) = (𝐾𝑝 +   
𝐾𝑖𝑇𝑠 𝑧

𝑧−1
 + 

𝐾𝑑 𝑁(𝑧−1)

(1 + 𝑁𝑇𝑠)𝑧 − 1
)*E(Z) 

Using tuning mechanism try and error we have the values , 𝑘𝑝= 8.92,  𝑘𝑖 = 15.2, 𝑘𝑑 = 0.025𝑇𝑠 =

0.01  𝑚𝑢𝑐ℎ 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑎𝑛𝑑 𝑓𝑖𝑙𝑡𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑡  N=120, substitute the value the discrete 

controller   G (z) becomes, 

G (z)=8.92 +   
0.152 𝑧

𝑧−1
 +  

3(𝑧−1)

2.2𝑧 − 1
)*E(Z) 

3.5 Fuzzy controller design 

In this study, a Mamdani fuzzy controller was chosen and designed with linguistic term if-then rule. The 

linguistic variables for the rule base were selected as, positive big (PB), positive medium (PM), positive 

small (PS), negative big (NB), negative medium (NM), negative small (NS)and zero (Z). As it was defined 

for the linguistic rule variables, Fig.3-9 shows the if-then rules for the five membership functions selected 

for each of the input error (E) and the change of error (ΔE). For the two inputs, only forty-nine possible 

rules are possible based on (7x7) = 49 if - then combinations. 

In a fuzzy logic controller design, the following basic assumptions are considered [45]; the plant is 

observable and controllable, the controller will be designed within an acceptable range of precision and 

problems of optimality and stability are not addressable explicitly, etc.  

Generally, in fuzzy controller design, the rule base is constructed from a priori knowledge from the 

following sources.  

1. The physical law that governs the system dynamics  

2. Data from existing (PID) controller  
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3. Expert knowledge about the plant  

The expert knowledge about the system is obtained as follows  

From the general conventional control, the error is given by e(t)=r(t)−c(t), and assuming a constant set 

point one can arrive at     
de(t)

dt
 = −

dC(t)

dt
 

            Where r(t) =reference/ desired output signal  

                       e(t) = error signal  

                       c(t)= actual output signal  

e(t)= negative, Means the DFIG output power is greater than the reference power so that the DFIG needs 

to decrease its output. 

e(t)= positive, Means the DFIG output power is less than the reference power so that the DFIG needs to 

increase output power until it reaches the desired value or until error is zero.  

dC(t)

dt
  = negative, means power is decreasing this implies  

de(t)

dt
 = positive. Therefore, a positive change in 

the error rate indicates the power is decreasing.  

dC(t)

dt
 = positive, means output power is increasing this means  

de(t)

dt
  = negative. Therefore, a negative 

change in the error rate indicates the power is increasing 

For design the inference system, first we defined on E in the domain of e linguistic variables and defined 

on the EC in the domain of ‘ec’ linguistic variables. Set the deviation ‘e’ basic domain in {-3, 3}, error 

change rate ‘ec’ basic domain in {-2,2}, kp basic domain {-0.3,0.3}, ki basic domain {-0.05,0.05}and kd 

basic domain {-0.1,0.1}.  

 

Fig. 3.7, Triangular membership functions for inputs; error and  change in error 

The typical FIS inputs are the signals of error E and change of error CE in DFIG power. The FIS output is 

the control action inferred from the fuzzy rules. The configuration of FIS for our fuzzy controller is given 

in the following figure 3.8. 
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Fig. 3.8, Fuzzy inference block 

 Fuzzy inference system (FIS) consists of a number of if-then rules. These rules are based on the linguistic 

variables. The inference system uses error and rate of change of error for seven linguistic variables in the 

relation as follow. 

Example: if error is NL AND rate of change of error PS then the control signal U is NM 

E 

∆𝐸  NL NM NS ZE PS PM PL 

NL NL NL NL NL NM NS NL 

NM NL NL NL NM NS ZE NM 

NS NL NL NM NS ZE PS NS 

ZE NL NM NS ZE PS PM ZE 

PS NM NS ZE PS PM PL PS 

PM NS ZE PS PM PL PL PM 

PL ZE PS PM PL PL PL PL 

Table 3-1Table of fuzzy rule base 

The Centroid method is used to convert from the inference mechanism into the crisp values applied to the 

actual system. In the design inference system, as defined on E in the domain of e linguistic variables and 

defined on the EC in the domain of ‘ec’ linguistic variables and also U (kp, ki and kd) is output variable 

which set the deviation kp basic domain {-8,8}, ki basic domain {-5,5}and kd basic domain {-3,3}. The 
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Figures 3.9(a), (b) and 3.10 are shows output defuzzification membership functions for kp ,ki and kd 

respectively .   

            

  a         b 

Fig. 3.9, (a), Output membership function of Kp   (b), Output membership function of Ki 

 
Fig. 3.10, Output membership function of Kd 

In fig 3.11, the linguistic values found in the top row represents the premises for the input error e, the 

linguistic values in the left-most column represents the input premises change in error rate ce, and the 

linguistic values representing the consequents u (which is PID parameters kp, ki and kd), for each of the 

49 rules are found in the intersection of the rows and columns of the appropriate premises. 

                   
 (a) (b) (c) 

Fig. 3.11, Surface viewers of kp, ki and kd 
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3.6 Fuzzy-PID control Design 

A fuzzy PID controller is a controller which is based on fuzzy logic with conventional PID controller 

structure. This fuzzy logic controller deals with many valued logic and reasoning instead of fixed and exact 

values that has the truth function varying from one point to another point as discussed in section (3.5). 

This very helpful in controlling the systems specially if the exact model of the system is not available.  

Atypical structure of fuzzy logic controller, Mamdani type controller is used, which has two inputs 

namely,” error‟ and “change of error “and single output. Input and output contain seven triangular 

membership functions. These seven membership functions are labeled as, NL, NM, NS, Z, PS, PM, PL 

which are same for inputs and output variables. The ranges for these inputs are dependent on the system 

and input value. The error input is nothing but difference between calculated power and set point power, 

and change of error is nothing but the difference between current power and previous power. To make the 

fuzzy logic controller function as a PID controller the following structure in figure (3.12) is adopted. The 

designing structure of fuzzy PID controller a set of membership functions has to be designed and tuned to 

control the system, and associated set of rules are generated to govern the membership function of the 

input output relationship. 

 

Fig. 3.12Structure of fuzzy PID controller with system model 

The mathematical equation of the parameters of PID controller that is online tuned described as: 

 

                                                     Kp=𝐾𝑝
′ + 𝐾𝑃o 

                                       Ki=𝐾𝑖
′ + 𝐾𝑖𝑜 

                                       Kd=𝐾𝑑
′ + 𝐾𝑑𝑜 

(3.66) 
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            Where Kp
′, Ki

′and Kd
′are outputs of fuzzy logic controller based on the above figure 

expression. 𝐾𝑃𝑜,𝐾𝑖𝑜 and 𝐾𝑑𝑜 are the initial set value of the PID controller. Then also Kp, Ki and Kp 

are parameters of PID that will be tuned to provide online and self-tuned values in different situation of 

system variable.   

The rules of fuzzy PID control are based on the control of people with long-term understanding of the 

theory lessons and learned technically artificial. Fuzzy self-tuning PID parameters rule [27]: 

• When error is large, should take larger kp and smaller kd in order to speed up the response of the 

system, and take a smaller ki in order to avoid a greater overshoot restrict the integral action.  

• When error is medium, in order to make the system has a smaller overshoot, kp should be made 

smaller. At this point, kd has greater impact on the system, should get smaller, ki values should be 

appropriate;   

• When error is small, to make the system has good stability, should take a larger kp and ki, kd should 

be appropriate in order to avoid oscillation occurs near the equilibrium point.  

 According to the above rules may draw the following 49 fuzzy relations. The rule tables for PID 

parameters are shown in Table 3.2 a, b and c respectively. 

E CE 

NB NM NS Z PS PM PB 

NB PB PB PM PM  PS Z Z 

NM PB PM PM PS Z Z PS 

NS PM PM PM PS Z NS NS 

Z PM PM PM Z NS NS NS 

PS PS PS Z NS NS NS NM 

PM PS Z NS NS NM NS NB 

PB Z Z Z Z Z NM Z 

a)                                                                                b)  
 

E 

CE 

NB NM NS Z PS PM PB 

NB PS NS NB  Z PS Z PM 

NM PS NS NB NB NM PS NB 

NS Z NS NM NM NM Z Z 

Z Z NS NS NS NS Z Z 

PS Z Z Z Z Z Z Z 

PM PB PB PS PS Z Z Z 

PB PB PB PS Z Z Z PS 

c) 

Table 3-2Rule table for, a).  Kp,  b).  Ki ,    c) .Kd 

 

E 

CE 

NB NM NS Z PS PM PB 

NB Z Z Z Z Z Z Z 

NM NB NS NM NS Z Z NM 

NS NB NS NS PS Z PS PS 

Z NM NS NS Z PS PM PM 

PS NM NS Z PS PS PM PB 

PM Z Z PS PS PS PS PB 

PB Z Z PS PM PM PM PB 
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3.7 Design of the RSC Controller 

The system controller is designed to control the active and reactive power with terminal voltage and 

frequency to maintain a constant value such that the wind turbine DFIG system can be modeled as a 

variable wind speed. To achieve this issue, the rotor-side controller the d-axis of the rotating reference 

frame used for d-q transformation is aligned with air-gap flux in voltage-oriented control schemes. The 

actual electrical output power, measured at the grid terminals of the wind turbine is compared with the 

reference power obtained from the tracking characteristic. A Proportional-Integral - Derivative (PID) and 

F_PID regulator is used to reduce the power error to zero. The output of this regulator is used for rotor 

current Idqr reference which compared with the currents that is injected to rotor winding from rotor side 

converter. Iqr is the current component that produces the electromagnetic torque Tem and active power 

and Iqr component also produces reactive power. The output of this current controller is taken as the 

voltage Vqr and Vdr generated by rotor side controller. The current regulator is assisted by feed forward 

terms which predict the d-axis and q-axis of the rotor voltage Vr.  

Let’s rewrite equation 3.50 And equation 3.51 as follow; 

 𝑉𝑑𝑟 =  𝑅𝑟𝐼𝑑𝑟+𝜎𝐿𝑟
𝑑𝐼𝑑𝑟

𝑑𝑡
− 𝑉𝑑𝑟"  

 

(3.67) 

𝑉𝑞𝑟 = 𝑅𝑟𝐼𝑞𝑟 +  𝜎𝐿𝑟
𝑑𝐼𝑞𝑟
𝑑𝑡

+ 𝑉𝑞𝑟" 
(3.68) 

                 Where,                 𝑉𝑑𝑟"= g𝜔𝑠𝜎𝐼𝑞𝑟    and  

                                                 𝑉𝑞𝑟" = 𝑔𝜔𝑠𝜎𝐼𝑑𝑟 + 𝑔
𝐿𝑚𝑉𝑠

𝐿𝑠
 

The rotor side voltage converter control changes the magnitude and angle of applied rotor voltage. The 

rotor side converter control schemes consist of two cascaded control loops. The inner current control loops 

regulate independently the d-axis and q-axis rotor current component, 𝑖𝑑𝑟and 𝑖𝑞𝑟 , according to 

synchronously rotating reference frame. The stator-flux oriented reference frame is the most commonly 

used for control of stator active and reactive control. In the stator-flux oriented reference frame, the d-axis 

is aligned with the stator flux linkage vector. Equation (3.47) and (3.48) indicates that Ps and Qs can be 

controlled independently by regulating the rotor current components;𝑖𝑞𝑟and𝑖𝑑𝑟respectively. 
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 F_PID PID SPWM
+

-

+

-

+

P _ref

Vdq_ref

Idq
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Power equn:3.47
and 3.48

tan(β/α  )

-
+ ϴr

ϴs

ϴs-ϴr

 dq

abc

dq

abc

 
dq

αβ

αβ
 

abc    

   
                

DFIG

Grid

Iabcs

Vabcs

enco

DFIG

Vdqr 
Equ:3.66 &3.67

Iabcr

 

Fig. 3.13, Proposed control scheme of rotor side converter 

As shown above figure 3.13, the actual value of active and reactive power compared with the respective 

reference power then the error signal given as an input to the F_PID controller. Consequently, the reference 

value of idr and iqr which determined from the output of power control loops compared with the actual 

currents and minimized the error by controller. Finally, the outputs of current controller used as input for 

mathematical model of double fed induction generator.  

3.7.1 Design of the Current Control Loops 

Let; 𝑉𝑑𝑟′= 𝑅𝑟𝐼𝑑𝑟+𝜎𝐿𝑟
𝑑𝐼𝑑𝑟

𝑑𝑡
 (3.69) 

 𝑉𝑞𝑟′= 𝑅𝑟𝐼𝑞𝑟 + 𝜎𝐿𝑟
𝑑𝐼𝑞𝑟

𝑑𝑡
 (3.70) 

Equation (3.66) and (3.67), it can be written as matrix form 

 
𝑑

𝑑𝑡
[
𝐼𝑑𝑟
𝐼𝑞𝑟

]  = −
𝑅𝑟

𝜎𝐿𝑟𝑟
[
1 0
0 1

] × [
𝐼𝑑𝑟
𝐼𝑞𝑟

]  +  [
𝑉𝑑𝑟′
𝑉𝑞𝑟′

] (3.71) 

Equation (3.68) indicates that 𝑖𝑑𝑟and 𝑖𝑞𝑟respond to 𝑣𝑑𝑟′ and 𝑣𝑞𝑟′ respectively, through first order transfer 

function. It is therefore possible to design the following feedback loops with PID controller.  

 𝑽𝒒𝒓′ = (𝑲𝒑  +
𝒌𝒊

𝒔
 ) ∗ (𝒊𝒒𝒓 ∗ −𝒊𝒒𝒓) (3.72) 

 𝐕𝐝𝐫′= (𝐊𝐩 +
𝐤𝐢

𝐬
)*(𝐢𝐝𝐫*-𝐢𝐝𝐫) (3.73) 
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For the design current controller, it is necessary to know a closed loop transfer function of independent dq 

axis currents separately. so, the d-axis current control closed loop transfer function from equation (3.50) 

will be: 

𝑖𝑑𝑟

𝑣𝑑𝑟 + 𝑔𝑤𝑠𝜎𝑖𝑞𝑟
=  

1

𝐿𝑠 + 𝑅𝑟
 (3.74) 

 

 

 

 

 

 

 

 

Fig. 3.14, The closed loop transfer function with PID controller of q- axis 

The q-axis closed loop current control transfer function from equation (3.51) can be: 

 𝑖𝑞𝑟

𝑣𝑞𝑟 + 𝑔𝑤𝑠𝜎𝑖𝑑𝑟 − 𝑔 𝐿𝑚 𝐿𝑠⁄ 𝑉𝑠
=  

1

𝐿𝑠 + 𝑅𝑟
 

(3. 75) 

 

Fig. 3.15, The closed loop transfer function with PID controller of d- axis 

Then equation (3.50) and (3.51) can rewritten as  

 𝑉𝑑𝑟=  𝑉𝑑𝑟′ - g𝜔𝑠𝜎𝐼 𝑞𝑟  (3. 76) 

 𝑉𝑞𝑟=𝑉𝑞𝑟′- g𝜔𝑠𝜎𝐼𝑑𝑟+g
𝐿𝑚𝑉𝑠

𝐿𝑠
 (3.77) 

3.8 Design of GSC with controllers 

The main objective of grid side converter is to maintain dc -link voltage constant with various schemes, 

voltage oriented control techniques is approached to solve this issue. This is based on transformation 
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between the abc stationary reference frame and synchronous frame. The control algorithm is implemented 

in the grid voltage synchronous frame where all the variables are DC components in steady state. 

The design of grid side controller has two cascade control loops, inner control loop and outer control loops. 

The outer loops regulate the dc link voltage and reactive power exchange between grid side converter and 

the grid. Inner control loop regulates independently the d-axis and quadrature axis of grid side converter 

AC side current components 𝐼𝑑𝑔 and 𝐼𝑞𝑔 in the synchronously rotating reference frame 

From the above Figs, the ac-side circuit equations of the GSC can be written as  

 𝑑

𝑑𝑡
(𝐼𝑎𝑏𝑐𝑔)  =

𝑅𝑔

𝐿𝑔
𝐼𝑎𝑏𝑐 +  

𝑉𝑎𝑏𝑐𝑔−𝑉𝑎𝑏𝑐𝑠

𝐿𝑔
 (3.78) 

Applying the synchronously rotating reference frame transformation for equation (3.60) and (3.61) with 

the d-axis aligned to the grid voltage vector vs (vs = vds, vqs= 0), the following d-q vector representation 

can be obtained for modeling the GSC ac-side and applying the Laplace transforms to the above two 

equations: 

 𝑉𝑞𝑔=𝑅𝑔𝐼𝑞𝑔+g𝐿𝑔𝐼𝑞𝑔+𝜔𝑠𝐿𝑔𝐼𝑑𝑔+𝑉𝑞 (3.79) 

 
𝑉𝑑𝑔=𝑅𝑔𝐼𝑑𝑔+g𝐿𝑔𝐼𝑑𝑔-𝜔𝑠𝐿𝑔𝐼𝑞𝑔 + 𝑉𝑑 

(3.80) 

𝑉𝑑𝑔 And 𝑉𝑞𝑔 can be obtained by the feedback loop and controller output, lets say  

 

𝑉𝑞𝑔1=(𝑘𝑝𝑔+
𝑘𝑖𝑔

𝑠
+s𝑘𝑑𝑔)(𝐼𝑞𝑔*-𝐼𝑞𝑔) 

(3.81) 

 𝑉𝑑𝑔1=(𝑘𝑝𝑔+
𝑘𝑖𝑔

𝑠
+𝑠𝑘𝑑𝑔)(𝐼𝑑𝑔*-𝐼𝑑𝑔) (3.82) 

Substituting (3.81), (3.82) in (3.79), (3.80) respectively, and being vq(s) =0, the reference for the voltage’s 

values vqg and vdg can be obtained or written by: 

 𝑉𝑞𝑔=𝑉𝑞𝑔1+ 𝜔𝑠𝐿𝑔𝐼𝑑𝑔                                                                (3.83) 

   𝑉𝑑𝑔=𝑉𝑑𝑔1- 𝜔𝑠𝐿𝑔𝐼𝑞𝑔 + 𝑉𝑠    (3.84) 

The reactive power exchange between grid side converter and grid is given by  

 𝑄𝑔=
3

2
𝑉𝑑𝑠 . 𝐼𝑞𝑔 =

3

2
𝑉𝑠𝐼𝑞𝑔 (3.85) 

The angular position of the supply voltage is calculated as [21]. 

 
𝜃𝑒 = ∫𝜔𝑠𝑑𝑡 = tan−1

𝑣𝛽

𝑣𝛼
 

(3.86) 
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And also, we can write in terms of 𝛼 and 𝛽 of stationary reference frame with the stator and mutual 

inductance of machine parameters. 

 
𝜃𝑒 = tan−1

𝐿𝑠𝑖𝛽𝑠 + 𝐿𝑚𝑖𝛽𝑟

𝐿𝑠𝑖𝑎𝑠 + 𝐿𝑚𝑖𝑎𝑟
 

(3.87) 

Where Vα and Vβ are the, β (stationary 2-axis) stator voltage components, or by applying phase locked 

loop (PLL) system which used for determine grid frequency and phase angle.  

As shown figure 3.17, the F_PID controller controls the outer control loops which controls dc link voltage 

and reactive power of the system. Actual value of dc link voltage measured from parallel of capacitor and 

compared with desired dc link voltage, the error between the two dc-link voltage minimized by fuzzy PID 

controller. In this case fuzzy logic controller used as to tune the parameter gain of PID controller which 

described in detail in section 3.6. PID control which controls the error between measured Iqg and reference 

iqg current. The outputs of dc link controller acts as reference idg current component’s and compare with 

desired stator d-axis current. The last outputs of two controller are added with their respective equation 

3.80 and 3.81to give value of vqg and vdg. The value of vqg and vdg voltages converted into v_abc using 

inverse park transformation and are considered to be the reference input values to the PWM converter by 

which level of DC voltage and required power factor is achieved. 

 F_PID PID SPWM
-

+

+

-

+

Vdc _ref

Idqg

ϴs= tan  β/α  )

-
+

dq

abc

 
dq

 abc
   
                

Grid

Iabcs

Vabcs

+

-
PID

αβ 

abc

+

Idg

wsL

-wsL

idg

Vdc

 

Fig. 3.16, Proposed grid side converter control block 



Modeling and Control for Active and Reactive Power of DFIG 2021 
 

  

AAiT school of ECE, control 52 

 

CHAPTER FOUR 

4 Result and Discussion 

This section presents the simulation results of the designed controller system and discussion on the result 

obtained from MATLAB/SIMULINK simulation. The objective of this work was control of active and 

reactive power flow for wind speed variation and comparative analysis of fuzzy PID and conventional PID 

controller. For comparation, the desired and actual power for both controllers is plotted on same scale and 

on the time domain specification. The MATLAB/Simulink model for both controllers PID and FPID is 

shown in the figure (4.1). 

4.1 MATLAB SIMULINK model  

The active and reactive power control for double field induction generator was modeled, deigned and 

analyzed in the mathematical model and simscape section of this thesis. It is concerned with the simulation 

results of the closed loop control of the system using Fuzzy-PID and PID with MATLAB/SIMULINK. 

The simulation is analyzed by step response and wind speed variation of the closed loop system using dq 

model. The overall system simulation block includes different sub-functional blocks: fuzzy-PID controller, 

PID controller, different transformation, and DFIG model are the main sub-functional blocks.   

The controllers are designed for 4KW DFIG with its parameter given in a table (4-1). As shown figure 

(4.1) reference power (active and reactive), DC motor acts as variable turbine speed, are inputs to the 

system and stator current, rotor current, active power, reactive power and electromagnetic torque are 

outputs of the system. The three input (Ps_ref, Qs_ref and speed) and output (Ps, Qs) of the DFIG model 

are given as input to controllers and two outputs from outer power controller are rotor current reference to 

inner current controller and also the output of the inner controller which is Vdr’and vqr’ are used to 

calculate the reference rotor voltage. Those voltages are an input to the double fed induction generator 

mathematical system model. 
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Fig. 4.1,Overall  system MATLAB  block of DFIG model with both Fuzzy -PID and PID 

Two different cases are considered in the simulation study to show the effectiveness of the proposed 

control strategy for the same wind speed and reference input. First, simulation performed using transfer 

function or modeled equation in (3.45) and (3.46) which illustrates briefly in figure 4.16 and figure 4.20.  

Secondly, simulation study is performed by considering using MATLAB/ Simscape shown in figure (4.27) 

to identify which one is more approaches to reality. For both controllers PID and Fuzzy-PID used for 

extract the maximum power from variable wind speed at sub- synchronous generator speed.  

 

Fig. 4.2, Wind speed profile 
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A wind speed in reality, it is seasonal and has intermittent property. The wave form of wind speed depends 

on the topography, different country has different average wind speed annually. The simulation for the 

proposed system is effective as well as implemented in reality we have used a wind which are varies from 

time to time as shown in figure (4.2). The wind speed source used for modeled double fed induction 

generator MATLAB/Simulink simulation block and which is designed by DC motor prime mover as 

turbine speed variation of wind energy conversion system. The speed values vary randomly for this 

simulation for 6 seconds. The simulation result shown from figure 4.3 to figure 4.6, the values which varies 

with respect to wind speed variation. 

 

Fig. 4.3,Wind speed with active power without controller 
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Fig. 4.4,Reactive power without controller 

 

Fig. 4.5,Stator current terminal with varying wind speed 

 

Fig. 4.6, Dq rotor currents without controller 

To illustrate the simulations and controller performance clearly, the variation of wind speed that used to 

for turbine input as shown in the figure (4.2) replaced by steps input. This speed value from 0 sec up to 2 

sec is 17 m/sec, 2sec up to 4 sec is12 m/sec and 4sec up to 6sec is 30 m/sec. The result shown in figure 

(4.8) is dc motor output speed in revolution per minute (RPM)which used as prime mover (turbine with 

gearbox) or generator rotor speed attached to the shaft. 
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Fig. 4.7,Wind speed (m/s) 

 

Fig. 4.8,Wind turbine speed in RPM 

The power generated by a wind turbine depends on wind speed based on double fed induction generator 

as shown figure 4.9, the speed of the wind an input to the turbine using gearbox and speed up the wind 

speed and connected to the shaft of the generator. The model responded as expected form theory of wind 

variation with power. Increase the power production as speed of rotor or turbine increase and decrease 

output power as wind speed decrease. But the controller adjusts the output to become constant maximum 

value by controlling rotor current from Vdc source via rotor side converter. As shown figure 4.9 the 

relation of power and speed; the wind from zero to 2 sec speed, power starting with some overshoot is 

constant, 2 to 4 sec wind speed is decreasing and the power is decreasing and wind speed from 4 sec up to 

6 sec is increasing and power also increases 
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Fig. 4.9,Variation of Active power response with turbine speed 

 

Fig. 4.10,Variation of Reactive power response with turbine speed 

The simulation results in figure 4.10 shows that variation reactive power with speed of wind. when speed 

of the wind increases, the reactive power as function of d_axis rotor current as shown in equation 3.48 

decreases because of the injected magnetizing rotor current decreases.   

 

Fig. 4.11, three phase rotor currents in (A) 
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Rotor currents excited by rotor side converter from DC link voltage to a double fed induction generator 

based on speed variation as shown below figure (4.11). The rotor current feds to machine depends on slip 

speed of the generator which generates constant frequency and voltages at the stator terminal. As shown 

figure below uncontrolled rotor currents with its frequency are varies when speed deflects its value.  And, 

figure (4.12) shows zoom out rotor current response. 

 

Fig. 4.12, Zoom out rotor current response 

Figure 4.13 shown, the generated stator current depends on the variation of turbine speed. The magnitude 

of currents generated at stator terminal throughout simulation time are the same except at the deflection 

point of wind speed.  

 

 

Fig. 4.13, three phase stator current response with wind speed variation (A) 
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Fig. 4.14, Zoom out stator current response 

  

Fig. 4.15, dq rotor currents 

Due to the relationship between stator current and rotor current which is generated and fed within system, 

the power can be easily controlled using rotor dq current. The park transformation as discussed in sections 

(2.4); rotor currents obtained from MATLAB/Simulink simulation response converted into d- axis and 

quadrature axis using park transformation. As shown figure (4.15) there is variation of dq value due wind 

speed changes its value. This dq currents are used to control the generated active and reactive power of 

double fed induction generator.  

4.2 Simulation of DFIG model with PID controller 

Power converter are usually controlled utilizing current of rotor control techniques which allow the 

decoupled control of both active and reactive power flow to the grid. In this investigation, the dynamic 

DFIG performance is presented for balanced and normal grid conditions. The MATLAB/Simulink block 

figure (4.16) show’s roto side converter PID control of generator power. The reference input power (Ps_ref 

and Qs_ref) which compares with actual value of double fed induction generator and then the error 

minimizes by the conventional PID controller.   
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Fig. 4.16, MATLAB/Simulink block of DFIG model with PID controller 

This block diagram one sub part of power control of modeled double fed induction generator with 

conventional PID controller as shown from overall block diagram in figure 4.1. It has two controllers 

which is inner and outer controller, the outer controller controls the power and gives signal as input to 

inner controller which acts as reverence currents. The inner controller controls the current by comparing 

the actual rotor currents and reference currents which takes from the output of outer controller. To achieve 

a better efficiency of the proposed scheme and to convince the robustness of the system, the parameters of 

the controllers were adjusted as follows; 

PID parameters Kp Ki Kd 

Active power 0.012 12.021 0.0012 

Reactive power 0.289 30.205 0.0036 

Table 4-1:tuned PID controller parameters 
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Fig. 4.17, PID control of Active power and electromagnetic response for wind speed variation 

The simulation result in figure (4.17) show’s controlling of generator active power by PID controller with 

the parameter obtained in table (4-1). The steady state active power is the same as that of the commanded 

reference (1KW) power. The system result can follow the reference signal with a rise time of 0.0202 

second, settling time of 0.204 second and has 27.3% maximum over shoot value and this indicates that the 

system has good transient and steady state response. Using model of induction machine, we have got a 

required active power irrespective of wind speed variation. 

 

Fig. 4.18, Reactive power response with PID controller 

The reactive power PID control shown in the figure (4.18) at the starting of simulation oscillated then 

stabilize to reference value and also oscillated again at the point of wind speed change its value. It is further 
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observed that PID self-tuning controller tracks its reference reactive power (0KW) with a settling time of 

0.197 sec, rise time of 0.0204 sec, 25% maximum overshot. 

 

Fig. 4.19,Rotor active and reactive power 

DFIG is able to work as a generator in both sub-synchronous or positive slip s and super-synchronous or 

negative slip operating area. Depending on the operating mode of the drive, the power is fed in or out of 

the rotor. However, the simulations were done under synchronous speed except this simulation as s 

illustrates in figure 4.19. The result shows that the active and reactive powers in both conditions, from 

time 0 to 4.0 seconds, the generator works under synchronous speed and from 4.0 to 6 .0 seconds, DFIG 

runs above synchronous speed (super synchronous speed). The response of power under speeds are 

positive values and super speed, power (Pr and Qr) are negative values that indicates the flow of power 

fed in and fed out from double fed induction generator respectively. 

4.3 Simulation of DFIG model with Fuzzy- PID controller 

Decoupled controls of active and reactive power flowing between rotor and grid are performed by using 

vector control. The fuzzy-PID controller and the coordinate transformations block are set to implement the 

principle of decoupled control of generator power discussed in chapter 3 and the structure of the block as 

shown in Figure (4.21) and (4.22). Different coordinate transformations (Clarke-park and inverse Park 

transformation) are vector transformations as discussed in section 3.3.1and taken from MATLAB/ 

Simulink block. The PID blocks are PID controller in which the Proportional, Integral and Derivative gain 

parameters are obtained from fuzzy logic controller output. Fuzzy self-tuning PID can tune the PID 
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parameters for achieving the desired output response in view of speed, overshoot, steady state error. For 

fuzzy controller, Mamdani controller is used, which has two inputs namely error and rate of change of 

error, and triple output. Input and output contain seven triangular membership functions as discussed in 

section 3.5 and figure 3.7 

 

Fig. 4.20, Fuzzy –PID control of active and reactive power DFIG system Simulink block 

 

Fig. 4.21, fuzzy tuning PID ( F_PID )controller simulation block 

 

Fig. 4.22, PID controller block components under FPID block and control signal(U) 
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Fig. 4.23, Active power and Electromagnetic response under FPID 

DC motor used as wind turbine as shown in figure (4.6) and (4.7) as source of wind speed for double fed 

induction generator. Figure (4.23) shows the generator active power and electromagnetic torque under 

varying wind speed. From simulation result, we can see that when wind speed varies the output power 

become desired constant value due to FPID controller. The performance of the fuzzy PID control response 

parameters have a settling time less than of 0.167sec, rise time of 0.02 sec, 8.21% maximum overshot. 

 

Fig. 4.24, Reactive power response with respect to wind speed under FPID 

The reactive power for grid connected wind turbine system need to be zero to get unity power factor. To 

get unity power factor as the simulation result shown in the figure (4.24) comparing reference input with 

measured value and minimize error between them by using FPID controller to get desired value. As 

observed from simulation that fuzzy- PID controller tracks its reference reactive power (0KW) with a 

settling time of 0.117 sec, rise time of 0.0165 sec, 8.99% maximum overshot. 
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Fig. 4.25, Three phase Stator and Rotor currents in A 

Simulation response shown in figure (4.25), the stator and rotor current with respect to variations of wind 

speed using fuzzy – PID controller. figure (4.26) and figure (4.27) shown below are zoom out response of stator 

and rotor currents with 120-degree phase shift. 

 

Fig. 4.26, Zoom out stator currents in A 

 

Fig. 4.27, Zoom out rotor currents in A 

4.4 Simscape DFIG Simulink model simulation  



Modeling and Control for Active and Reactive Power of DFIG 2021 
 

  

AAiT school of ECE, control 66 

 

 

Fig. 4.28, DFIG power control using simscape simulation block 

 

Fig. 4.29, Dc link voltage for grid side converter control 

Figure (4.29) shows the response of PID controller when the dc link rectifier or grid side converter control 

is required to give the desired response i.e., 700 V voltage reference. The outer control loop of dc link 

voltage has controlled the direction of slip power and maintained a constant value. The PID controller 

implemented in the grid side converter for controlling of power flow and V_dc by decupled dq axis stator 

current control to yield dc link voltage maintained constant. MATLAB simulation of grid side converter 

and controller system block to control dc-link voltage detail shows in appendix A. The performance of the 

control system is good in control parameters which have a rise time of 0.25 sec, a settling time of 0.95 sec, 

and maximum over shoot value of 0.89%. when the speed varies, the dc link voltage deflects in the 

direction of speed value changes and restore after some time or tracks the reference due to the controller. 
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Figure 4.30 illustrates the response of dc link voltage with fuzzy PID controller as the Simulink block 

showed in figure at Appendix A. 

  

Fig. 4.30, Response of Dc- link voltage with FPID controller 

 
Fig. 4.31, Fuzzy- PID controller response of DFIG 

The simulation results show in figure (4.31) parameters which are responses obtained by control the power 

generated at the stator of the DFIG using direct simscape MATLAB/Simulink toolbox. This control 

technique allows us to decouple control of active and reactive power of the generator to track the reference 

power with respect to q- axis and direct- axis current respectively. The PWM converter is current regulated 
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with the direct axis current is being used to the dc link voltage, where the quadrature axis current 

component is used to regulate the reactive power in grid side converter control.  As the figure shows above, 

Because of reactive power exists, the power factor of generator cannot be exactly unity. In reality the 

reactive power cannot make zero due to inductance and capacitance existed in wound induction generator. 

So, we observed that in the simulation using direct simscape MATLAB/Simulink toolbox the control of 

active and reactive power of wind turbine control system has the power factor nearly one but not exactly 

one. This simulation compared with a control system by modeling, the simscape/MATLAB toolbox 

simulation response approaches to the reality control of double fed induction generator power. 

 

Fig. 4.32, DQ Stator voltage components in V 

 

Fig. 4.33, DQ Rotor current components in A 

4.5 Comparison of PID and FPID controller mechanisms 

The overall MATLAB/Simulink model of the DFIG allows simulating the behavior of the machine using 

unity feedback and fuzzy-PID controller follow with PID controller for variable wind speed. Thus, the 

simulation results were carried out to assess its performance DFIG using a controller. The DFIG 

parameters used in the simulation are found in Table of Appendix A and steady state specification response 

are shown in table (4-2). 
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Power  Controller Overshoot 

(%) 

Rise time  Settling time 

Reactive 

power 

PID 25.4 0.0204 0.197 

Fuzzy-PID 8.99 0.0165 0.117 

Active power PID 27.3 0.0202 0.204 

Fuzzy-PID 8.21 0.0204 0.167 

Table 4-2:power response of DFIG comparation between PID and Fuzzy -PID controllers 

Figure 4-16, 4-20 and 4-28 shows the double fed induction generator modeled system simulated that has 

to been extracted power from the wind turbine and control of power as function of wind speed varies. The 

primary goal of wind energy conversion system with double fed induction generator control techniques is 

to extract maximum power as much as possible from the wind and control as required. For each of the 

wind speed there is one rotor speed or turbine speed that will result maximum power making the system 

monotonic. However, for a variable wind speed due to the application of variable wind speed induction 

generator which directly connected by back to back converter and with importance of DFIG can control 

power flow to track the desired signal. It is seen that the generator can produce maximum active and almost 

zero reactive power under variable wind speed which gives unity power factor. 

The two simulations which are done with the same wind speed source and reference power inputs to the 

system as shown figure (4.16) and (4.20). They gave the same response for conventional PID and FPID 

controller with difference time specification. The Simulink result shows that Fuzzy -PID is better transient 

response and robust than conventional PID controller for both active and reactive power as shown in the 

table (4-2). 
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CHAPTER FIVE 

5 Conclusions and Recommendation 

5.1 Conclusions 

Power converter are usually controlled utilizing variable wind speed techniques which allow the decoupled 

control of both active and reactive power flow to the grid. In the present investigation, the dynamic DFIG 

performance is presented for both RSC and GSC. This thesis provides fuzzy- PID controller to tune the 

parameters of the controller for extracting of power from the WECS using double fed induction generator 

DFIG. The proposed controller can be used for variable wind speed with DFIG and head by varying DC 

motor speed as wind turbine speed. A mathematical model of DFIG was developed and tested through 

Simulation using MATLAB/Simulink. The simulation has been shown that the controller scheme has a 

great capability of extracting maximum power of wind energy and adapting to wind turbine in fluctuating 

wind speed the performance of grid side converter was tested for both controller under sub synchronous 

speed and normal condition (i.e., constant grid, voltage and frequency). Moreover, good transient and 

steady state response for the different operating point of the system can be achieved by increasing the 

number of membership functions. As it is observed from the simulation results the average overshoot is 

25.4% for active power and 8.99% for reactive power with the proposed fuzzy- PID controller whose 

overshoot is 27.3 % for active power and 8.21% for reactive power and also rise time and settling time as 

mentioned above table (4-2) with conventional PID and FPID controller. The proposed controller can 

adaptively improve the system response by online setting or tuning of PID parameters gain. In conclusion, 

because of the reason mentioned above, and simulation result with the wind speed changes its value, the 

proposed fuzzy-PID controller can be recommended as a promising alternative controller to control active 

and reactive power of DFIG than PID in balanced grid system. 

For reality control approach of wind energy conversion system using double fed induction generator, it is 

better to simulate or test using directly simscape from MATLAB toolbox for simulation instead of a 

mathematical model of double fed induction generator. 

5.2 Recommendation and future work  

Although the control of active and reactive power of DFIG was proven by simulation, there are other 

studies which were done before this technology feasible and apply in industrial application. First, a 

hardware prototype needs to be constructed in order to implement in reality using a fuzzy-PID controller. 

This can be done using a dc motor as the prime mover and controlling rotor quadrature _axis and d_axis 

current to control the active and reactive power respectively, produced by the generator. The DC motor 
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used prime mover or wind turbine which connected to the shaft of a double fed induction machine to run 

the generator rotor, and the electrical system which is the stator terminal connected to load and power 

excited by rotor terminal through inverter has to be connected in such a way to implement practically.  

Secondly, simulation done in this thesis can be taken and simulate using neural network or model adaptive 

with neutral network control to improve performance of extraction of maximum power and power flow 

control of double fed induction generator using simscape and DFIG model to get better system 

performance. 

Finally, besides extraction of maximum power in normal condition, the active and reactive power control 

of generator in an abnormal situation of grid voltage for the extension of the power control system to be 

built. 
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APPINDEX A  

3-Phase Double Fed Induction Generator  

Rotor type: wound rotor, 

Reference frame: Synchronously rotating frame  

                                Parameters of DFIG [46]. 

PWM frequency 2KHz 

Rated power, pn 4KW 

Rated voltage 400V 

Grid Frequency 50Hz 

Lm 0.1722H 

Lr  0.005839H 

Ls 0.005839H 

Rs 1.405Ω 

Rr  1.395 Ω 

Inertia  0.0131Kg.m2 

Viscous friction  0.002985 N.m. s-1 

Dc link capacitor 0.0368F 

Lg (filter inductance) 0.00043H 

Rg (filter resistance) 0.005 Ω 

Number of pole pair 2 

DFIG and filter parameters with dc link capacitor 

The Simulink block shown on figure (block of grid side converter control) for grid side converter control 

has sub blocks; Park transformation & inverse park, Vdc controller, Idq controller, calculation Vdqg_ref, 

Source or grid, filter block and inverter which controlled by switching gates. This system can control the 

reactive power due to rotor currents and Dc-link voltage that can maintain constant sources for generator 
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Stator current in A 

 

Zoom out stator current 

 

Rotor currents in A 
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Zoom out rotor currents 

 

MATLAB/Simulink block of Grid side converter control system 
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Appendix B 

  MATLAB code for SVPWM   

function [sf]=aaa(u) 

ts=0.0002; 
 Ps=3000;                                              %rated power 

Rs=1.405 ;                                            % stator resistance 

Rr=1.39 ; 
p=2;                                                        % pole pair inductance 

Lr=0.00584;                                           % rotor linkeage inductance 

Ls=0.00584;                                           % stator linkeage inductance 

Vs=400;                                                 % stator or grid rated rms voltage 
Lm=0.1722;                                           % mutual linkeage 

f=50;                                                      % stator or grid frequency                                                           

Lg=20e-6; 
cs=0.006; 

Rg=250; 

j=0.013; 

sigma=(Lr-(Lm*Lm)/(Ls)); 
Lm/Ls; 

Lm/Lr; 

Lm*Lm; 
ws=2*pi*f;                                                           %DFIG  slip                           

 b= 1/sigma;                                                         % slip speed  

L=(Rr*b); 

x=0.01*L; 
a=exp(-x); 

vdc=700; 

% space vector  
peak_phase_max= vdc/sqrt (3); 

 x=u(2);  

y=u(3);  

mag=(u(1)/peak_phase_max) * ts;  
 

%sector I   

if (x>=0) & (x<pi/3)   
ta = mag * sin(pi/3-x); 

tb = mag * sin(x);   

 t0 =(ts-ta-tb);  

t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 

%sector IV   

if (x>=-pi) & (x<-2*pi/3)                
  adv = x  + pi;  

 tb= mag * sin(pi/3 - adv); 

ta = mag * sin(adv);    

t0 =(ts-ta-tb); 
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t1=cumsum(t1); 

 v1=[0 1 1 1 1 1 0]; 
v2=[0 0 1 1 1 0 0]; 

v3=[0 0 0 1 0 0 0];  

for j=1:7  

if(y<t1(j))    
break 

end 

end 
sa=v1(j); 

sb=v2(j); 

sc=v3(j); 

end 
% sector II  

if (x>=pi/3) & (x<2*pi/3)  

  adv= x-pi/3; 
 tb = mag * sin(pi/3-adv); 

ta = mag * sin(adv);  

t0 =(ts-ta-tb); 

 t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 
t1=cumsum(t1); 

v1=[0 0 1 1 1 0 0]; 

v2=[0 1 1 1 1 1 0]; 
v3=[0 0 0 1 0 0 0];   

for j=1:7     

if(y<t1(j))      

break 
end 

end 

sa=v1(j); 
sb=v2(j); 

sc=v3(j);    

end 

%sector III  
if (x>=2*pi/3) & (x<pi)  

  adv=x-2*pi/3;  

ta = mag * sin(pi/3-adv); 
tb = mag * sin(adv); 

  t0 =(ts-ta-tb);  

t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 

t1=cumsum(t1);  

 t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 

t1=cumsum(t1); 

 v1=[0 0 0 1 0 0 0]; 
v2=[0 0 1 1 1 0 0]; 

v3=[0 1 1 1 1 1 0];  

for j=1:7   

if(y<t1(j))       
break 

end 

end 
 

sa=v1(j); 

sb=v2(j); 

sc=v3(j);   
end 

% sector V  

if (x>=-2*pi/3) & (x<-pi/3)  

  adv = x+2*pi/3; 
 ta = mag * sin(pi/3-adv); 

tb = mag * sin(adv);   

 t0 =(ts-ta-tb);  
t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 

t1=cumsum(t1); 

 v1=[0 0 1 1 1 0 0]; 

v2=[0 0 0 1 0 0 0]; 
v3=[0 1 1 1 1 1 0]; 

for j=1:7    

if(y<t1(j))      
break 

end 

end 

sa=v1(j); 
sb=v2(j); 

sc=v3(j); 

end 
%Sector VI  

if (x>=-pi/3) & (x<0)   

 adv = x+pi/3; 

 tb = mag * sin(pi/3-adv); 
ta = mag * sin(adv);   

 t0 =(ts-ta-tb); 
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v1=[0 0 0 1 0 0 0]; 

v2=[0 1 1 1 1 1 0]; 

v3=[0 0 1 1 1 0 0];    
for j=1:7  

if(y<t1(j))   

break 

end 
end 

sa=v1(j); 

sb=v2(j); 
sc=v3(j); 

end 

 

 t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 

t1=cumsum(t1); 

 v1=[0 1 1 1 1 1 0]; 
v2=[0 0 0 1 0 0 0]; 

v3=[0 0 1 1 1 0 0];  

for j=1:7     

if(y<t1(j))        
break 

end 

end 
sa=v1(j); 

sb=v2(j); 

sc=v3(j);      

end 
 

 sf=[sa, sb, sc]; 

 


