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Abstract—This paper introduces modified Stator Fed 

Oriented Control (SFOC) for Doubly Fed Induction 

Generator (DFIG) in wind turbines to reduce torque 

pulsation during unbalanced voltage; current waveforms 

are also improved with the decrease in harmonics. The 

proposed schemes apply multiple PI controllers with Fuzzy 

to obtain commanded rotor currents and also introduce 

extra commanded values for rotor current; Notch filters are 

also used to eliminate the second order harmonic 

components. The designed system consists of an induction 

generator with slip ring and back-to-back power electronic 

converters connected to both rotor and grid sides. The 

modifications are applied to the rotor side converter (RSC). 

Simulations in Matlab/Simulink illustrate the enhanced 

stability of torque response and improvement of current 

waveform. Comparisons of the simulation results with a 

traditional Stator Flux Oriented Control (SFOC) and a 

previously proposed modification for operation under 

unbalanced voltage are provided to evaluate the newly 

proposed methods in the paper.  
 

Index Terms—DFIG, unbalanced voltage, PI controller, 

SFOC, fuzzy 

 

I. INTRODUCTION 

Doubly fed induction generator (DFIG) has been 

widely used in wind farms for many years. The reasons 

for this popularity are the low cost of power electronic 

circuit needed to independently control of active and 

reactive powers delivered to the grid and the variable 

speed constant frequency operation [1], [2]. DFIG is the 

cheapest solution to on-shore wind farms when the whole 

systems are taken into consideration [3]. Therefore, more 

and more wind farms are connected to the grid and the 

penetration has been up to more than 50% in several 

countries [4]. However, the grids often experience 

problems such as unbalanced voltage dips, which causes 

an increase in winding temperature, pulsation of torque 

and power, oscillations of stator/rotor currents, and 

mechanical stress on the gear-box [5], [6]. Technical 

limitations for connected wind farms to maximize 

generator’s output include voltage and reactive power 

                                                           
Manuscript received October 3, 2014; revised December 25, 2014. 

control, frequency control, and fault ride-through 

capabilities [4].  

The stator voltage’s magnitude is determined by the 

exchange of reactive power between generator and the 

grid while the phase difference is controlled by active 

power [4]. Therefore, power balance must be maintained 

on the grid. A voltage drop proportional to current and 

radial distance to the substations happens when a fault 

occurs. Due to the remote location of wind farms, the 

voltage difference may be well out of the limits and this 

could result in multiple disconnections on the wind farms 

[4]. 

The active power delivered to the grid by generator 

depends on the input mechanical power provided by the 

wind turbine. Therefore, a mismatch in power supply and 

demand on the distribution network could lead to a 

change in rotational energy stored in the generator. This 

will cause a decrease in frequency if the power supply is 

insufficient and an increase in frequency if the power 

supply is excessive. [4] 

Fault ride-through capabilities are necessary for the 

wind farms to maintain connection to protect the network 

securities. During a voltage dip, DFIG will increase the 

demand of reactive power to a level that could cause 

further suppression of the grid voltage [4]. Wind farm 

disconnection as a result of this will cause a mismatch of 

power supply and demand and then results in frequency 

drop. Spinning power reserves have to be established for 

the grid if the generators are unable to ride through faults. 

Modification of control system is therefore necessary. 

In addition to maintaining the connection to 

distribution network during voltage unbalance, generators 

need to keep providing sufficient powers with acceptable 

qualities, a modified SFOC based control method is 

proposed [6], using four command values of rotor current 

components so as * * * *, , ,dr qr dr qri i i i   

   
 to achieve independent 

control of P and Q as well as constant torque, or constant 

active power, or balance stator current, or no oscillation 

of rotor current [7], [8]. 

This paper presents new SFOC based control schemes 

which use Torque Stability Controller (TSC) and PI 

controllers with Fuzzy to deduce * *,dr qri i 

 
 from active and 

reactive power errors. These PI-F controllers provide 
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simplicity to the control system and also increase the 

independence from the system with parameter’s 

variations. The commanded values of * *,dr qri i 

 
 are 

calculated from feedback quantities 

II.  DYNAMIC MODEL OF DFIG SYSTEMS  

This section discusses the control structure for vector 

control of grid-connected doubly fed induction generator. 

The control methods in [6], [9], [10] are based on Stator 

Flux Oriented Control, while the methods in [11] and this 

paper are based on SFOC with Torque Stability using PI-

F Control. 

Dynamic model of DFIG with balanced grid voltage in 

a generally rotating reference frame dq [2] is considered 

in this paper. Furthermore, positively and negatively 

rotating reference frames, which are denoted as dq+ and 

dq− respectively, are also used to develop control model 

for DFIG during unbalanced voltage dip. These reference 

frames are presented in the Fig. 1. 

 

Figure 1.  Relationships between (α, β)s, (α,β)r, dq+ and dq− reference 

frames [6], [11]. 
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In a Stator Flux Oriented Control (SFOC) reference 

frame, where the d axis is attached the stator flux space 

vector, the following characteristics are obtained: 

msmsds iL             (2.1) 

0qs                    (2.2) 

The stator voltage equations of DFIG in a generally 

rotating reference frame dq, as shown in equations (3) 

and (4) 

dt

d
iRv ds

qssdssds


                      (3) 

dt

d
iRv
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dssqssqs


                     (4) 

Therefore, the equations for active and reactive powers 

in the stator flux reference frame are shown in equation 

(5.1) and (5.2) 
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The equations above have shown that independent 

control of P and Q can be achieved by controlling idr and 

iqr in SFOC. 

When in unbalanced voltage, the equations for active 

and reactive powers in the stator are shown in [6] and [9]. 
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(6.1) 
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The total power imported from the rotor shaft equals to 

the sum of the power output from the equivalent voltage 

source 
S sj   and ( )S R rj    . 
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The electromagnetic torque of the DFIG is calculated 

as 
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III. THE PROPOSED CONTROL METHODS FOR 

IMPROVED TORQUE STABILITY CONTROL

Fig. 2 is the modification of SFOC with traditional PI 

controller (Fig. 3) and improved PI plus Fuzzy controller 

(Fig. 4) to obtain less oscillations for torque, active and 

reactive powers was presented in [6] with the addition of 

two extra commanded values for 



 qrdr ii , . The commanded 

values of 



 qrdr ii , also depended on commanded values of 





 qrdr ii , which rely on commanded values of P and Q.

Previously proposed control scheme in [12] using 

SFOC, PI with fuzzy is presented in Fig. 4. Structure of 

this PI controller with fuzzy is showed in Fig. 5. It helps 

to reduce the response’s overshoot and steady state errors.

The proposed control schemes in this paper are based 

on SFOC which is similar to the one in [11]. However, 

reference values of Idqr


 are the output of two PI 

controllers with fuzzy, as shown in Fig. 2, instead of being 

calculated from equation (12) as in [10]. The PI+F 

controllers will provide the independence with parameter 

variations for the commanded values of Idqr


 . Robust 

responses of 
*

Idqr


 to the variation of 
**,QP can also be 

obtained with PI controllers with fuzzy. The oscillating 

terms of the electromagnetic power shown in (10) have to 

be zero, i.e., _sin2 0eP  and _cos2 0eP  . Also note 

that from (9), under such condition, both _sin2 0eQ 

and _cos2 0eQ 
. With SFOC 

0sq  
. The commanded 

values of 




 qrdr ii , to achieve constant electromagnetic 

torque to reduce mechanical stresses on wind turbine are 

calculated as in equation (11). The calculation is based on 

the feedback values of the rotor current’s positive 

sequence components in positively rotating reference 

frame to increase the reliability of the commanded values. 

Only stator voltages and rotor currents are required.
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The values of 
* *,dr qri i 
  and then 

* *,dr qri i 

as in Fig. 2 can 

be done by using equations (12.1) and (12.2)

2 sj

dr dr dr dr dri i i i i e
    

                    (12.1)

2 sj

qr qr qr qr qri i i i i e
    

                    (12.2)

PI-Fuzzy controllers as shown in Fig. 5 are used to 

control the errors between the required and actual values 

of both the active power and reactive power delivered to 

the grid by the generator. The parameters of the PI-Fuzzy 

are adjusted by the fuzzy rules to obtain the best output to 

drive the errors to zero. The output of these controllers

are commanded values of d-q components of rotor 

current in the stator flux oriented reference frame. These 

commanded values of currents are used to regulate the 

RSC for provision of the rotor phase voltage to DFIG.
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Figure 5. PI-Fuzzy Controller. [12]

Figure 6. Membership functions of two inputs of fuzzy block.

Figure 7. Membership functions of two outputs of fuzzy block

The fuzzy rules for parameters of PI-FUZZY 

controllers are presented in Table I and Table II. The 

rules are developed by trial and error. LN, SN, ZE, SP, 

and LP represents large negative, small negative, zero, 

small positive, large positive. S, M, H are for small, 

medium, high. The triangular membership functions of 

inputs and outputs of PI-Fuzzy controller are shown in 

Fig. 6 and Fig. 7.

Kp de/dt

LN SN ZE SP LP

e LN H H H H H

SN H M M M H

ZE M S S S M

SP M M M M H

LP M H H H H

TABLE II. RULE BASE OF TI  [11]

Ti de/dt

LN SN ZE SP LP

e LN H H H H H

SN H M M M H

ZE H M S M M

SP H M M M H

LP H H H H H

IV. SIMULATION RESULTS

We carry out the simulations of the proposed control 

methods for the 2.3MW grid-connected DFIG with the 

parameters given in Table III. The commanded values of P 

and Q are altered every 50s, with the reference value of P 

changing from 1.5MW to 2.0MW while that of Q from 

1.2MVAR to 800kVAR. The grid voltages are balanced 

until the 60
th

second, at which point one of the phase 

voltages is reduced by 10%. The voltages are then 

balanced again from the 80
th

second (Fig. 8). The 

proposed control methods are for the variable speed and 

constant frequency of DFIG; without loss of generality, 

the rotor speed is super-synchronous and remains at a 

fixed value of 1600rpm. The wind speed’s variation is 

shown in Fig. 9.

Parameter Symbol Value

Stator inductance LS 159.2 (μH)

Rotor inductance Lr 159.2 (μH)

Magnetic inductance Lm 5.096 (mH)

Stator resistance RS 4 (mΩ)

Rotor resistance Rr 4 (mΩ)

Number of pole pairs p 2

Frequency of the electric system ωS 100π (rad/s)

Inertia J 93.22 (kg.m2)

Inertia of Rotor Jrot 4.17×106 (kg.m2)
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Figure 8. The grid voltages are balanced until the 60th second, one of 
the phase voltages is reduced by 10%, then they are balanced again 

from the 80th second

Figure 9. Random variation of the wind speed.

The simulations are based on the assumption that the 

DFIG has operated in a stable condition for a long time 

after starting and grid synchronization. Fig. 10-Fig. 19

present the responses of active power, reactive power, 

stator current, rotor current and torque. 
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Figure 10. Active output power of DFIG.

TABLE I. RULE BASE OF KP [11]

TABLE III. PARAMETERS OF THE 2.3MW DFIG
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Figure 11.  Active power during transient state. 
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Figure 12.  Active power during unbalanced voltage. 

The red lines in the figures above are the commanded 

values of P and Q. For active and reactive power, we 

observe the average values over a period of time. However, 

instantaneous values are collected for stator current, rotor 

current and torque.  
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Figure 13.  Reactive output power of DFIG. 
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Figure 14.  Reactive power during transient state. 
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Figure 15.  Reactive power during unbalanced voltage. 
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Figure 16.  Stator current before and during unbalanced voltage. 
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Figure 17.  Rotor current before and during unbalanced voltage. 
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Figure 18.  Generator torque during transient state and unbalanced 
voltage. 
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Figure 19.  Generator torque during unbalanced voltage. 

Fig. 20 and Fig. 21 show harmonics analyses of the 

currents. In each figure, there are three sub-figures for the 

responses obtained by traditional SFOC (A), previously 

proposed method by PI+Fuzzy (B), and previously 

proposed method by TSC and PI+Fuzzy (C). 
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Figure 20.  THD’s Stator current balanced voltage. (Traditional SFOC 

(A), previously proposed method by PI+Fuzzy (B), and previously 

proposed method by TSC and PI+Fuzzy (C)) 
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Figure 21.  THD’s Stator current unbalanced voltage. (Traditional SFOC 
(A), previously proposed method by PI+Fuzzy (B),and previously 

proposed method by TSC and PI+Fuzzy (C)) 
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Figure 22.  THD’s Rotor current balanced voltage. (Traditional SFOC 
(A), previously proposed method by PI+Fuzzy (B),and previously 

proposed method by TSC and PI+Fuzzy (C)) 
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Figure 23.  THD’s Stator current unbalanced voltage. (Traditional SFOC 
(A), previously proposed method by PI+Fuzzy (B),and previously 

proposed method by TSC and PI+Fuzzy (C)) 

V. DICUSSION 

Fig. 10, Fig. 11 and Fig. 12 show that the proposed 

methods have insignificant steady-state errors in active 

power responses during balanced voltage, especially 

when compared to the steady-state errors of the 

traditional SFOC method. During unbalanced voltage, 
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this gives power responses with less pulsation than the 

other two methods and also with smaller steady-state 

errors, as shown in Fig. 10, Fig. 11 and Fig. 12. 

The responses of reactive powers are quite similar to 

each other for the three methods during the transient state 

and the steady state in balanced voltage. The results in 

Fig. 13, Fig. 14 and Fig. 15 also show better reactive 

power for the two proposed methods which are less 

oscillated.  

The waveforms of stator current and rotor current in 

the three modified control methods are less distorted 

when unbalanced voltage happens as shown in Fig. 16 

and Fig. 17.  

The performance of generator torque is much better for 

the proposed control scheme in this paper during 

unbalanced voltage as shown in Fig. 18 and Fig. 19. 

These methods give less torque pulsation compared to the 

other two methods with SFOC; even modification for 

coping with voltage unbalance is included. The reduction 

of torque’s variation helps to decrease the mechanical 

stresses on wind turbine systems.   

Harmonic analysis of rotor current has shown little 

difference in the frequency spectrum of the three control 

methods (the SFOC PI traditionally, the SFOC PI+Fuzzy 

and SFOC TSC & PI+Fuzzy in this paper) during the 

balanced voltage. Rotor frequency is about 3.33 Hz when 

the rotor speed is 1600 rpm. The energy contents in 

higher order harmonics are quite small during the balance 

as shown in Fig. 22 and Fig. 23.  

Harmonic contents of stator current during balanced 

voltage are quite good for the three control schemes 

above as shown in Fig. 20 and Fig. 21. The THD’s is 

almost the same in these figures. Table IV shows the 

comparison of THD in the three methods on operating 

conditions, balanced, and unbalanced voltages. 

TABLE IV.  THD COMPARISON FOR STATOR & ROTOR CURRENT  

THD PI PI-F TSC and PI-F 

Balanced 

grid Voltage 

Ir  

(f=3.3Hz) 

6.81 15.51 8.2 
0% 127.7% 20,4% 

Is 

(f=50Hz) 

0.98 1.05 1.37 

0% 7.1% 39.8% 

Unbalanced 

grid Voltage 

Ir 

(f=3.3Hz) 

8.23 3.45 2.96 

0% -58.1% -64% 
Is 

(f=50Hz) 

4.6 4.6 3.96 

0% 0% -13.9% 

 

 

 
(%)

 

Tradtional SFOC

Tradtional SFOC

THD THD
Deviation

THD




 

Total harmonic distortion on the rotor currents of the 

two new control schemes has been significantly reduced 

during the unbalanced voltage (64% for SFOC using TSC 

with PI+Fuzzy and 58.1% for SFOC with PI+Fuzzy). For 

stator current, it is 13.9% for SFOC using TSC with 

PI+Fuzzy and 0% for SFOC with PI+Fuzzy when 

compared with the THD in the traditional SFOC with the 

super-synchronous rotor speed. All of the THD’s stator 

and rotor currents increase during the unbalanced voltage. 

Although the controlling target of the proposed 

methods in this paper is the constant generator’s torque to 

reduce mechanical stresses, the obtained results are 

satisfactory not only for the torque but also for stator and 

rotor current harmonics as well as active and reactive 

powers. 

VI. CONCLUSION 

The new SVOC-based control methods, which use 

TSC and PI  controllers with Fuzzy to deduce rotor 

current’s commanded positive components in positively 

rotating reference frame and two extra commanded 

values for rotor current’s negative components in 

negatively rotating reference frame, are proposed in the 

paper. Verifications of the control schemes by 

Matlab/Simulink during balanced and unbalanced voltage 

of 10% in one phase, steady and transient states, have 

also been presented. The results have showed 

significantly reduced torque pulsation. Improved 

responses of active and reactive powers are also observed 

for the proposed ones. 

The results are also compared with the ones obtained 

from simulation of traditional SFOC PI and modified 

SFOC using PI+Fuzzy. 

In the future, simulations of the proposed control 

structures with other expressions of the rotor current 

commands to achieve three targets suggested in [6] and 

[7] (constant active power, no oscillation of rotor current, 

and balanced stator current) should also be done. 

Experimental verifications should also be implemented. 

APPENDIX  NOMENCLATURE 

,s rv v  Stator, rotor voltage vectors. 

,s ri i  Stator, rotor current vectors. 

,s r   Stator, rotor flux vectors. 

s  Stator angular frequency. 

  Rotor speed. 

,s sP Q  Stator output active and reactive power. 

mL  Mutual inductance. 

,s rL L 
 Stator, rotor leakage inductances. 

,s rL L  Stator, rotor self inductances. 

,s rR R  Stator, rotor resistance 

r  Rotor angle 

s  Stator flux angle in SFOC 

Superscripts 

,   Positively, negatively (dq) rotating reference 

frames. 

  Reference value for controllers. 

Subscripts 

,   Stationary α-β axis.  

,r r   Rotor αr-βr axis. 

,d q  Rotating d-q axis. 

,s r  Stator, rotor. 

,   Positive, negative components. 
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