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Abstract— The doubly-fed induction generator driven by 

wind turbine requires maximum power point tracking 

(MPPT) functionality for optimal performance during 

steady-state and transients. For this, aerodynamic control 

and power electronics based converters are helpful for 

getting optimal electrical power from the wind turbine-

generator system. Enhanced perturbation and observe 

(EP&O) based MPPT method with improved Field 

Oriented Control (IFOC) is adopted in this paper. The 

present control scheme has good mechanical power 

extraction capability from the turbine and desired 

reactive power generation capability without much 

compromise in real power sacrifice at a relatively simple 

circuit design. The aerodynamic control for turbine and 

reactive power control for generator helps in maintaining 

optimal conditions during steady state. Simulation results 

demonstrate the effectiveness of extracting optimal 

electromagnetic torque and mechanical power output 

along with demanded reactive power from the DFIG using 

this method. Under variable wind speed, the reference and 

actual mechanical powers from turbine were nearly same 

with a linear power to current output characteristics. 

 

Index Terms— reactive power control, wind speed 

transients, doubly-fed induction generator, wind energy 

conversion system, maximum power point tracking and 

improved field oriented control, rotor and grid side 

converter (RSC, GSC). 
 

I. INTRODUCTION 

The wind and photovoltaic (PV) based renewable 

energy resources are adapted as an immediate alternative 

source of power generation replacing present day commercial 

electricity generation because of the factors like availability, 

eco-friendly etc. The doubly-fed induction generators (DFIG) 

driven by wind turbines uses MPPT algorithm for extraction 

of optimal real power from the turbine-generator set.  

Extraction of maximum power from DFIG can be possible in 

three ways, (i) wind turbine dynamics, (ii) solid state 

converter techniques and (iii) robust generator design. In the 

dynamics, based on wind speed, the turbine blade angle is 

adjusted when coefficient of power (Cp) attains optimal value 

at that operating point. For this, estimation and measurement 

of wind speed with sensors like anemometer, generator speed 

control and optimal blade pitch angle are necessary so that 

maximum mechanical power output is attained. The rotor side 

converter (RSC) is operated so as to obtain rotor current, 

stator reactive power and for better generator efficiency [1].  

The DFIG is prominent due to optimal power 

extraction ability [2], can deliver power to grid at any rotor 

speed [3, 5] and accurate and independent control of real and 

reactive power [6-13]. Further, it can sustain under low or 

high voltage faults with better ride through capability. It has 

lower rating converters and hence RSC and GSC converters 

are cheaper [14], works well under unbalanced, distorted and 

flickering types of load.  

In direct and indirect methods of reactive power 

control schemes aims to achieve actual reactive powers equal 

to the reference value. The different methods extensively used 

for DFIG are direct power control technique [15-16], direct 

torque control with stator field oriented control [17-18]. The 

stator voltage oriented control schemes [19-20] are sub- 

divisional classification of vector control for DFIG. 

In this paper, optimal mechanical and electrical power 

extraction from wind turbine and generator system 

individually. It is to achieve maximum real power from the 

generator and desired and accurate control of reactive power 

is the major objectives. Change in the turbine mechanical 

power and the real power at zero reactive power at different 

wind speed speeds are studied.  The DFIG windings voltage 

and current, electromagnetic torque and rotor speed are 

analyzed. Also electrical and mechanical characteristics like 

P-I and T-N are drawn to understand the maximum power 

extraction from turbine-generator system. An overview of 

WECS with pitch angle controller and turbine modeling are 

discussed in section 2. In the section 3, RSC architecture and 

design are described and the DFIG wind turbine system with 

MPPT and IFOC during variable wind speed conditions is 

demonstrated in section 4. Result analysis is done in sections 
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5 and section 6 concludes the work.  Finally, the machine 

parameters considered is given in appendix and then follows 

the references 

II. DFIG BASED WIND ENERGY SYSTEM 

The wind energy conversion system (WECS) block diagram 

given in Fig. 1 helps in understanding the power flow from or 

towards the rotor of DFIG and the supply side of the grid. The 

main parts of the WECS are wind turbine, generator, RSC and 

GSC converters, back to back capacitor, current, voltage and 

speed sensors, grid connecting power transformer. To 

calculate or estimate the wind speed for turbine and RSC 

control, anemometer sensor is generally used. For optimal 

wind turbine control, pitch and yaw control plays a vital role.  

 
Fig. 1 Power flow diagram of DFIG based Electro-mechanical system 

connected to the grid 

 

The optimal power extraction from the turbine helps in 

improving the efficiency. This extraction is based on the 

famous Perturbation and observer MPPT technique. The 

MPPT controller inputs are tip speed ratio, wind speed, rotor 

speed and the blade pitch angle. Outputs of the turbine are 

mechanical reference power and torque. From the equation 

5a, mechanical power Pe can be derived. To get mechanical 

torque, coefficient of power (Cp) can be obtained.  

The RSC and GSC converter helps in controlling the 

real and reactive power from stator as shown in Fig.2. The 

converter is designed with solid state switches like IGBT 

based on stator voltage and current peak to peak magnitude, 

stress on it, power flow from stator and rotor, control torque 

output from the generator. 

 
Fig.2 Schematic view of grid connected DFIG  

 

 

A. Pitch angle controller 

The servo mechanism is used for the wind turbine to 

adjust their blade to certain angle to get optimal mechanical 

power is extracted from the turbine under normal conditions. 

This blade angle control mechanism is known as pitch angle 

controller further helps in protecting the turbine not to rotate 

at dangerous speeds at high wind speeds. At minimum speed 

called as cut-in wind speed which is generally 6m/s, the 

blades are adjusted such a way to start rotate and produce 

minimum power from the generator- turbine set. This angle 

will be zero degrees when wind speed is parallel to the blade 

shaft and inclines to angles based on direction of the wind. 

But, at relatively higher wind speeds at about 24m/s, this 

blade pitch angle increases and protects the turbine from over-

speeding. The blade pitch angle controller output with rotor 

speed and mechanical turbine power inputs is as in Fig.3a.  

 
Fig. 3a Turbine blade pitch angle control operation 

 
Fig. 3b block diagram showing the extraction of optimal mechanical power, 

torque and coefficient of power 

 
The figure 3a describes the control of wind turbine blade pitch angle 

control using the rotor speed and mechanical turbine power as inputs. The 

reference rotor set which is in general the optimal rotating speed is taken as 
input and is compared with the actual DFIG rotor speed. In the diagram, the 

optimal rotor speed is considered at an instant as 1.2pu. The error between 

the reference and the actual wind speed are compared and the error is given to 
the PI controller to minimize the error. Similarly, the turbine mechanical 

optimal reference power is compared with actual turbine power and the 

difference is compared with PI controller and the error difference is 

minimized to get zero nearly. The optimal rotor speed and the turbine optimal 

reference speed can be estimated using lookup table from the turbine power 

speed characteristics. The output of the two PI controllers are added using a 
summer to achieve desired beta reference value of the turbine. Using the 

turbine- plant characteristics, the actual blade angle is calculated and is fed 

back to the reference beta value. The error between the reference and the 
actual beta degrees angle is controlled and maintained using a rate transition 

controller and a saturation controller to get desired beta pitch angle control 

for the wind turbine. If the turbine blades operate at this angle, the optimal 
mechanical power can be achieved.  

The optimal input torque to DFIG is so as to operate for extracting 

maximum power from the generator as per equation 1. The inputs to MPPT 
algorithm are radius of curvature „R‟ of turbine wings, rotor speed (Wr), wind 

sped (Vw) and pitch angle (beta). Initially with R, Wr and Vw, tip speed ratio 

(λ) is determined. Later using equation (2 and 3) and input parameter beta, 
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coefficient of power (Cp) from equation (2) is calculated. Based on equation 

(2.1), optimal mechanical power (Pm_opt) is determined and dividing 
mechanical power by rotor speed, optimal torque (Tm_opt) is determined. 

The pitch angle (beta) is determined as shown in Figure2.6a. The application 

of Pm_opt and Tm_opt is shown in Figure 2.6b. 
The wind turbine is the prime mover which facilitates in 

converting kinetic energy of wind into mechanical energy which further 

converted into electrical energy.  From basic theory of wind energy 
conversion, the output mechanical power from turbine is given by 

32),(
2

1
wpmech rCP     (1) 

Where       is the mechanical power output from wind turbine, Cp is 
coefficient of wind power as a function of pitch angle (β) and tip speed ratio 

(λ   ρ is specific density of air, r is radius of wind turbine blade,    is wind 
speed. 
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The tip sped ratio is a relation between turbine speed ( t ) radius of turbine 

blades and wind speed and tip speed ratio at particular angle „i‟ is given the 

relation as shown below 
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the output power at nominal wind speed is given by the below equation
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where Psh is the turbine shaft power and Cpmax is maximum mechanical power 

coefficient. The maximum power maxP from wind turbine can be extracted 

by using the equation 
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B. Mathematical Modeling of DFIG 

There are many advantages of DFIG compared to 

squirrel cage induction generator or permanent magnet 

synchronous generator. Using DFIG independent control of 

active and reactive power, variable speed and constant 

frequency operation, over load capability, higher efficiency, 

higher ratings, are possible. The equivalent circuit of DFIG in 

rotating reference frame at an arbitrary reference speed of   is 

shown in Fig. 3c. The equations can be derived in dq 

reference frame were as follows: 

 
Fig. 3c DFIG equivalent circuit with power flow diagram in rotating 

reference frame at stator speed  s 
 

The stator winding voltage of DFIG in direct and 

quadrature axis (dq) representation from reference [8]  

   =       -       + 
    

  
 and    =       +       + 

    

  

      (6) 

The rotor winding d and q axis voltages are  

   =                  + 
    

  
  and    =       + 

           + 
    

  
    (7) 

The difference in the stator angular speed      and 

rotor angularspeed      in radians/ second is known as slip 

speed                      . For motor, this slip speed is 

less than zero and for the generator this slip is less than zero 

value as the rotor rotates above synchronous speed value. The 

stator and rotor flux linkage is 

   =        +             =         (8a) 

   =        +          (8b) 

   =        +          (9a) 

   =        +          (9b) 

The real power of DFIG stator in d and q axis axis voltage 

and current form is given by  

  =
 

 
 (       +       ) = 

 

 
     

  

  
       (10) 

Similarly, the rotor real power in d and q axis axis voltage and 

current form is described by 

  =
 

 
 (       +       )   (11) 

The stator and the rotor reactive power in terms of d and q 

axis voltage and current is 

  =
 

 
 (               ) =

 

 
    

  

  
             (12) 

  =
 

 
 (               )    (13) 

The q and d axis rotor current using the stator power and 

voltage or stator current parameter is 

   =
  

|  |
 = 

    

  
        (14) 

   =
  

|  |
 + 

|  |

    
     (15) 

The electromagnetic torque (EMT) can be derived from the 

stator and rotor two axis currents as 

   = 
 

 
    (             )   (16) 

The turbine mechanical torque output can be 

represented using the mechanical power and rotor speed as 

  = 
     

  
     (17) 

III. ROTOR SIDE  AND GRID SIDE CONTROLLER  

ARCHITECTURE AND DESIGN 

To address the issues with independent and accurate 

control of real and reactive power, improved field oriented 

control (RPIFOC) is proposed. This method helps in 

extracting maximum real power from the generator-turbine 

set, accurate control of reactive power during normal and 

during grid disturbances. The major issues with previous 

known methods are accurate control of real and reactive 

power, efficient operation under grid voltage and frequency 

disturbances and wind speed fluctuations. These problems 

cannot be solved effectively with highly adaptive techniques 

like perturbation and Observer (P & O). The proposed rotor 

side converter (RSC) is used to control the speed of rotor and 
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also helps in maintaining desired grid voltage as demanded. 

The proposed control circuit for GSC is shown in Figure 4a 

and RSC in Figure 4b. 

The speed and reactive power control loops are 

called outer control loop and direct and quadrature axis 

control loops are called inner control loops. The reference 

rotor speed is derived from the wind turbine optimal power 

output 
opt

mP  and grid power demand. In total, the reference 

power input to the lookup table is
opt

gmP , . Based on the value of

opt

gmP , , the rotor is made to rotate at optimal speed to extract 

maximum power from DFIG wind turbine (WT) set. The 

difference between reference speed of the generator and 

actual speed of generator is said to be rotor speed error. Speed 

error is minimized and maintained nearly at zero value by 

using speed controller loop which is a PI controller with Kpn 

and Kin as proportional and integral gain parameters. The 

output from speed controller is multiplied with stator flux (Fs) 

and ratio of stator and rotor (Ls and Lr) inductances to get 

reference quadrature current (Iqr) for rotor. The error in 

reference and actual reactive power give reference direct axis 

current (Iqr). The difference between these references and 

actual two axis currents is controlled by tuned PI controller to 

get respective direct and quadrature axis voltages. The output 

from each PI controller is manipulated with disturbance 

voltages to get reference voltage for pulse generation as 

shown in Figure 4b. It must be noted that the pulses are 

regulated at slip frequency of RSC rather than at fundamental 

frequency and slip frequency synchronizing with inverse 

Park‟s transformation can also be seen in the figure. 
 

 
Fig. 4a DFIG Grid side controller (GSC) for dc voltage at back to back 

converters control and stator voltage control 
 

The block diagram of GSC is shown in Figure 4a. 

For a given wind speed, reference or control power from 

turbine is estimated using lookup table. From equation (10), 

stator real power (Pstator) is calculated and the error in powers 

is difference between these two powers (dP) which are to be 

maintained near zero by PI controller. The output from PI 

controller is multiplied with real power constant (Kp) gives 

actual controllable power after disturbance. The difference in 

square of reference voltage across capacitor dc link (Vdc
*
) and 

square of actual dc link voltage (Vdc) is controlled using PI 

controller to get reference controllable real power. The error 

in the reference and actual controllable power is divided by 

using 2/3Vsd to get direct axis (d-axis) reference current near 

grid terminal (Igdref). Difference in Igdref and actual d-axis grid 

current is controlled by PI controller to get d-axis voltage. But 

to achieve better response to transient conditions, decoupling 

d-axis voltage is added as in case of separately excited DC 

motor. This decoupling term helps in controlling steady state 

error and fastens transient response from DFIG during low 

voltage ride through (LVRT) or during sudden changes in real 

or reactive powers from or to the system. 

 
Fig. 4b DFIG Rotor side controller (RSC) for maximum power extraction and 

reactive power support 

 

Similarly from stator RMS voltage (Vs) or reference 

reactive power, actual stator voltage or reactive power is 

subtracted by PI controller and multiplied with appropriate 

reactive power constant (Kq) to get actual reference reactive 

power compensating parameter. The actual reactive power is 

calculated and the difference in this and actual compensating 

reactive power and when divided by 2/3Vsq, we get 

quadrature axis (q-axis) reference current (Iqref). When the 

difference in Iqref and stator actual q-axis current (Iq) is 

controlled by PI controller, reference q-axis voltage is 

obtained. As said earlier, to improve transient response and to 

control steady state error, decoupled q-axis voltage has to be 

added. Both d and q axis voltage parameters so obtained are 

converted to three axis abc parameters by using inverse Park‟s 

transformation and reference voltage is given to scalar PWM 

controller to get pulses for grid side controller. 

During normal conditions, the reactive power will be 

zero or very low and hence stator power pumped to the grid 

will be high. This power control can do use the outer control 

loop of GSC. The reference power is obtained from the 
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characteristic lookup table based on the DFIG adopted. This 

reference power is compared to actual power and is 

maintained using the PI control of GSC. During faults, the 

reference stator power changes based on the reactive power 

demand, which will be supplied by GSC through the capacitor 

at the back to back converters. As reactive power demand 

increases, stator power changes accordingly, and hence the 

terminal voltage at GSC change respectively and thereby 

direct axis current injecting at the point of common coupling 

(PCC) changes. During steady sate, stator rms voltage and 

reactive power are constant. But when the fault occurs, the 

stator voltage changes, hence reference rms stator voltage 

changes. This will make the quadrature component of GSC 

current to vary. This total mechanism is fast and can work for 

symmetrical as well as asymmetrical faults. 

  

 

 

 
Fig. 4c The DFIG RSC internal block diagrams for extracting rotor Parks 

transform PLL block for dq to abc conversion 
 

The extraction of stator flux and flux angle is shown in the 

top sub-diagram of fig. 4c. The stator angular reference speed 

in radians/ second is derived in the next figure. The phase 

locked loop sin and cosine angles are shown in this last 

diagram of Fig.4c. The electromagnetic torque (EMT) is 

derived as a function of moment of inertia (J), rotor speed 

( r), dashpot (B) and load torque (Tl) is given by  

  = J
    

  
 + B    +       (18a) 

 = (Js+B)    +       (18b) 

To get the mechanical power, multiplying both sides 

with        , the equation (18b) becomes 

          = (Js + B)           +             (19) 

If the rotor speed       assumed to be constant and the error in 

rotor speed is         is considered as a control variable, the 

above equation will be  

  
  = (   s +    )        +      (20) 

Manipulating the above equations by writing the power direct 

parameters on one side and other parameters are on the other 

side, the equations (20) is now change as 

   
     = (   s +    )           (21) 

Where,      J*            B*    

Hence, now representing the reference d-axis voltage using 

the equation (21) and is derived as in inner control loop in 

Fig. 4a as 

   
 =           (   + 

   

 
) +      (   + 

   

 
)  (22) 

   
 =        (   + 

   

 
)    (23) 

   
     (   

     )     ∫(   
     )   

                           (24) 

   
     (   

     )     ∫(   
     )   

                                (25) 

   
            

      
      ∫    

         

                                 (26)                   

   
           

     
      ∫   

                 

                      (27)                                                         

. 

 
Fig. 4d The test system of DFIG connected to the grid with RSC and GSC as 

back-to-back conveters 

 

IV. SIMULATION RESULTS 

The waveforms for the DFIG with MPPT algorithm is 

applied for the circuit shown in Fig.4d are described below. 

The FOC technique with flux observer and faster decay 

compensation technique for RSC and GSC described in 

section 3 are used to control DFIG parameters like real and 

reactive power flow in stator and rotor, electromagnetic 

torque (EMT) and current in rotor.  
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Fig. 5a reference and actual rotor speed of DFIG in per unit (pu) 

 
Fig. 5a   

    Fig. 5c 
Fig. 5b Mechanical torque input to turbine and electromagnetic torque output 

from DFIG in per unit (pu) 
Fig.5c Mechanical reference (optimal)and actual mechanical power output 

from wind turbine in kilowatts (kW) 

 

Based on wind speed, the rotor speed is adjusted to 

1.2pu speed by using gearwheel mechanism connecting 

turbine and generator. The wind speed is expected to vary as 

explained in Appendix 1 and speed of rotor is maintained 

constant (by using gear wheel control) as shown in Fig.5a. 

The small surges are due to delay in gear wheel mechanism 

operation and transients in the machine. The torque variation 

with increase and decrease in wind speed is shown in Fig.5b. 

With increase in wind speed, EMT increases and with 

proposed IFOC algorithm, mechanical and EMT are 

matching. 

The reference (maximum Power in kW) and actual 

mechanical power in kW comparison is shown in Fig.5c. In 

this it can be observed that proposed control strategy helps in 

improving maximum mechanical power from wind energy. 

The steps change in power is due to change in wind speed, 

there by coefficient of power Cp and pitch angle ate adjusted 

to achieve maximum power from turbine. Under lower wind 

speed, proposed algorithm is much more efficient with very 

less deviation than with higher wind speeds. However, this 

method is better than algorithms presented in literature with 

PSO and GA based techniques.  

The stator direct (d) and quadrature (q) axis currents 

are shown in Fig.6a, due to wind speed variation, stator d-axis 

current is varying whereas q-axis current is almost zero is 

achieved with GSC control strategy. This increase in d-axis 

current will improve more real power than with increase in q-

axis current. Hence proposed robust IFOC helps in controlling 

the current flow from stator of DFIG. Due to this electronic 

control scheme, maximum real power can be achieved 

without change in reactive power. However proposed 

algorithm can achieve desired reactive power up to ±1pu 

without much sacrifice in real power pumping to grid. The 

three phase waveform for stator current is shown in Fig.6b.  

  

  

International Journal of Pure and Applied Mathematics Special Issue

2366



 
 

 
Fig.6a.             Fig.6b. 

   Fig.6c.  

Fig.6a. d-axis and q-axis stator current waveforms in pu 

Fig.6b. Three phase stator current waveforms in pu 

Fig.6c. stator real and reactive power waveforms in pu 

At very low wind speed near cut-in point, current from 

machine is low but not zero and also above cutout wind 

speed, the machine is generating more than its rated current. 

But this can be done for limited time period for safety of 

insulation of windings. The real and reactive power outputs 

from stator are shown in Fig.6c. In this real power is only 

changing and reactive power is not varying with wind speed. 

Certain amount of reactive power can be delivered or 

absorbed by rotor of DFIG. 

The d and q axis rotor currents are shown here in 

Fig.6d. It can be observed that q-axis current is varying much 

than d-axis current. The real power flow in rotor is much less 

and hence d-axis current is not varying much, but for above 

higher rating torque from turbine, rotor current will be 

adjusted to slip frequency and magnitude to deliver desired 

reactive power and real power to grid. The d and q axis 

voltage with light and bold color dark lines is shown in Fig.6e 

here, the rotor voltage and current frequency and magnitude 

changes with generator slip speed and wind speed but stator 

current will vary at constant frequency and voltage magnitude 

or frequency never changes.  

 

 
Fig.6d.             Fig.6e. 

Fig.6d. d and q-axis rotor current waveforms in pu 
Fig.6e. d and q-axis rotor voltage waveforms in pu 

The maximum real power (pu) and extracting 

maximum stator current (pu) are shown in Fig.7a. In this 

analysis, the characteristic curve is achieved by neglecting its 

behaviour during start. The proposed algorithm is having 

greater accuracy and linear characteristic than in literature.  

 

 
Fig.7a.             Fig.7b. 

Fig.7a. Optimal power from turbine and maximum current from stator 

electrical characteristic waveforms in pu 

Fig.7b. Electromagnetic torque output from generator and rotor speed 
mechanical characteristic waveforms in pu 
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The EMT in pu and rotor speed in pu characteristics is 

shown in Fig.7b, at start there are few oscillations in torque 

when machine is operating in the speed region 0.8 to 1.2. 

When machine speed reaches to nearly 1.2pu and at constant 

wind speed, torque remains almost constant with small ripples 

in it which were hard to decrease. When suddenly wind speed 

increases, the rotor speed will increase and due to adjustment 

of gearwheel mechanism, small change in rotor speed can be 

observed. At the same time torque will also increase. It can be 

observed that till machine rotor reaches 1.2pu speed, torque is 

positive and speed at or above 1.2pu, EMT is negative and 

stable.   

V. CONCLUSION 

With the proposed aerodynamic wind turbine control 

strategy, maximum mechanical power can be extracted and 

with proposed improved field oriented controller scheme 

(IFOC), exact control of reactive power is achieved. The other 

advantages with the proposed control strategy are limited 

torque ripples during steady state and surges during transients 

like wind speed variations. With change in wind speed, real 

power from stator is changing but not reactive power using 

IFOC based GSC control scheme. Small value of reactive 

power can be supplied by rotor of DFIG, which can be 

achieved with good RSC control scheme. RSC control 

scheme plays a vital role in controlling DFIG reactive power 

output, maintaining torque pulsations and rotor current flow 

and voltage at slip frequency and all above objectives are 

achieved by proposed DFIG aerodynamic P & O technique 

and IFOC control scheme. 

 

Appendix 1: Simulation parameters for DFIG and wind 

turbine 

The parameters of each DFIG used in simulation are, 

Rated Power = 1.5MW, Rated Voltage = 690V, Stator 

Resistance Rs = 0.0049pu, rotor Resistance Rrӏ = 0.0049pu, 

Stator Leakage Inductance Lls = 0.093pu, Rotor Leakage 

inductance Llr1 = 0.1pu, Inertia constant = 4.54pu, Number 

of poles = 4, Mutual Inductance Lm = 3.39 pu, DC link 

Voltage = 415V, Dc link capacitance = 0.002F, Wind speed = 

8 m/sec, Grid Voltage = 25 KV, Grid frequency = 60 Hz, 

Grid side Filter:  Rfg = 0.3Ω, Lfg = 0.6nH, Rotor side filter: 

Rfr = 0.3mΩ, Lfr = 0.6nH. 
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