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Abstract This paper proposes a new direct power control

(DPC) strategy of double-fed induction generator using

fuzzy logic controller. The active and reactive power

equations are expanded, and effects of voltage vectors on

active and reactive power variations are investigated

quantitatively. The selection of the voltage vectors is per-

formed using fuzzy system which is used instead of opti-

mal switching table. Four variables are used as inputs of

the fuzzy system which are errors of active and reactive

powers, real time value of the rotor speed and stator flux

position. The defuzzified output is the optimal selected

voltage vector. MATLAB/Simulink software is used for

the purpose of simulation and the results reported show the

effectiveness of the proposed method in improving the

waveform quality. Compared with the conventional DPC,

the proposed fuzzy technique can reduce the power out of

band percentage by about 25 % which is very impressive.

Keywords Direct power control � Double-fed induction

generator � Power quality � Fuzzy logic control

1 Introduction

The negative effects of conventional energies on the

environment, such as establishing greenhouse gases, have

led researchers to focus on clean energies like renewable

ones. Among these energies, wind energy is an important

one due to its predictability, independence, velocity and

being clean energy [1]. In recent years, many wind farms

have been located onshore and offshore to generate elec-

tricity energy. In most of the wind farms, wind turbines

based on double-fed induction generator (DFIG) are com-

monly used. Some of the most important advantages of

wind turbines based on DFIG, which have variable speed,

are four-quadrant power capabilities, reduced electrical

power fluctuation, lower converter cost and lower power

losses [2–6]. A schematic for connection of DFIG to the

power grid is shown in Fig. 1.

Direct torque control (DTC) was initially proposed for

induction motors in 1986 [7]. The basis of this method is to

separately control the electromagnetic torque and stator

flux. Compared to field-oriented control method (FOC),

DTC possesses many advantages such as less parameter

dependency and fast torque response. In DTC method,

stator voltage vectors are selected according to torque and

flux errors with their corresponding references. In this

scheme with variable switching frequency, voltage vectors
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are chosen from an off-line switching table. In the schemes

with fixed switching frequency, which is known as DTC–

SVM method, voltage vectors are directly produced [8, 9].

Vector control of DFIGs is still a popular control method

due to its performance under balanced and unbalanced sit-

uations and also in the presence of voltage sags. However,

its complicated structure is one of the disadvantages of this

method [10–15]. Based on DTC strategy, direct power

control (DPC) of DFIG was proposed in [16–19]. In [16],

DPC of DFIG is based on active and reactive power errors

with their corresponding references. Voltage vectors in this

method are selected from a switching table on the basis of

active and reactive power errors with references and posi-

tion of estimated stator flux. DPC strategy based on SVM

method has been applied for controlling DFIG in [17, 18].

In [19], a DPC strategy has been proposed based on discrete

space vector modulation. The most important contribution

of the paper was in reducing high active and reactive power

ripple which had been presented in [16].

Matrix converters (MCs), as AC–AC converters, have

emerged as an attractive alternative to the conventional

converters [20–22]. These converters produce higher

number of voltage space vectors in comparison with con-

ventional VSIs. However, having a high number of voltage

space vectors brings the problem of complexity to the

control system which is a disadvantage [23, 24]. In [25],

the authors proposed a DPC–SVM method to control an

induction generator. However, due to the use of SVM

method, this presented scheme has a complicated structure

and is not implemented on a DFIG.

Fuzzy logic controller (FLC) has been widely used as a

robust and efficient controller in many applications of

power system control [26–29]. In particular, the use of

fuzzy controller in the power control of DFIG wind tur-

bines is investigated. Some researchers have used the

hybrid of fuzzy with other methods, in order to power

control DFIG. Although the results are good, the com-

plexity of the methods applied degrade the effectiveness of

their proposed controllers [30–33]. For example, [31] used

FLC and SVM techniques in their proposed controller. The

results presented show considerable improvements in the

waveform quality; nevertheless, a simpler method may do

better in terms of simplicity. In references [34, 35], FLC is

used as the controller of DFIG; the issue to be addressed is

incorporating flywheel energy storage in their works. Fly-

wheel energy storage is a mechanical instrument which

helps to keep the voltage of the DC bus constant. Using

such instruments increases the mechanical mass and energy

loss of the system which is a demerit for a control system.

Proposing a fuzzy controller with the advantages of sim-

plicity and effectiveness are the main contributions of the

present work. This paper proposes a new DPC strategy of

DFIG using fuzzy system. The quality of the waveform is

improved compared to the conventional DPC strategy.

2 DFIG mathematical model

In this section, stator active and reactive power equations

are extracted from rotor reference frame. The stator and

rotor voltage equations can be written as follows:

V s
r ¼ RsI

r
s þ

d/r
s

dt
þ jxr/

r
s

ð1Þ

V r
r ¼ RrI

r
r þ

d/r
r

dt
ð2Þ

where Vs, Vr, Rs, Rr, /s and /r are the stator and rotor

voltages, stator and rotor resistances and stator and rotor

fluxes, respectively. The stator and rotor fluxes equations

are as follows:

/r
s ¼ LsI

r
s þ LmIr

r ð3Þ

/r
r ¼ LrI

r
r þ LmIr

s ð4Þ

where Ls, Lr and Lm are stator, rotor and mutual induc-

tances, respectively.

Fig. 1 A schematic for

connection of DFIG to the

power grid
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Referring to [16], the stator active and reactive power

inputs from the grid are written as follows:

Ps ¼ �
3

2

Lm

rLsLr

x1

�
�/r

s

�
�
�
�/r

r

�
� sin h ð5Þ

Qs ¼
3

2

x1

rLs

�
�/r

s

�
�

Lm

Lr

�
�/r

r

�
� cos h�

�
�/r

s

�
�

� �

ð6Þ

where r is the leakage factor and is equal to

ðLsLr � L2
mÞ=LsLr. h is the phase angle between stator and

rotor flux and assuming constant stator voltage leads to

constant stator flux. By differentiating (5) and (6), the

results are shown in the following equations

dPs

dt
¼ �ktx1

�
�/r

s

�
�
dð
�
�/r

r

�
� sin hÞ
dt

ð7Þ

dQs

dt
¼ ktx1

�
�/r

s

�
�
dð
�
�/r

r

�
� cos hÞ
dt

ð8Þ

where k ¼ 3Lm=ð2rLsLrÞ.
As can be seen in (7) and (8), intensive variations of

active and reactive power can be concluded by variations of
�
�/r

r

�
� sin h and

�
�/r

r

�
� cos h, respectively. The

�
�/r

r

�
� sin h and

�
�/r

r

�
� cos h are the perpendicular and radial components of

rotor flux (/r
r). Thus, if the change of the rotor flux is at the

direction of the stator flux, reactive power will change. On

the other hand, if the change of the rotor flux is perpendicular

to the stator flux, active power will change. Therefore, in an

accurate investigation on active and reactive power changes,

changes of rotor flux in rotor frame should be known. Thus,

by knowing the position of the stator flux in rotor reference,

frame allows us to investigate the voltage vectors effect on

the rotor flux and also on active and reactive power changes.

From (2) and neglecting rotor resistance, it is obtained

that

d
�
�/r

r

�
�

dt
¼ V r

r � Rri
r
r � Vr

r
ð9Þ

And then

D/r
r ¼ V r

r � Dt ð10Þ

Thus, rotor flux variation is dependent on applied voltage

vectors in the rotor side converter. Rotor flux variation can

be decomposed in two radial (Vrr � Dt) and tangential

(Vrt � Dt) components as illustrated in Fig. 2.

Considering Vrar
and Vrbr

as applied voltage vector

components to the rotor side converter, the radial voltage

component can be written as follows:

Vrr ¼ Vrar
� cos hr þ Vrbr

� sin hr ð11Þ

Similarly, tangential voltage component is obtained as

follows:

Vrt ¼ Vrbr
� cos hr � Vrar

� sin hr ð12Þ

3 Principles of Direct Power Control

The principle of DPC for DFIG is explained extensively in

[16]. As it is depicted in Fig. 3, three-phase stator voltages

and currents are measured and transformed into stationary

reference frame. Then, active and reactive powers are

estimated using equations (13) and (14). From equation

(15), stator flux angle is calculated and transformed into

rotor frame. The calculated active and reactive powers are

compared with their corresponding references in the next

step. Then, the errors are sent to two three-level hysteresis

comparators. Using the outputs of hysteresis comparators

and also the sector number which stator flux in rotor ref-

erence frame lies in, a proper voltage vector is selected

from the switching table (Table 1), as proposed in [16].

This switching table has been presented according to the

analysis presented in the previous section.

Ps ¼
3

2
ðVsaIsa þ VsbIsbÞ ð13Þ

Qs ¼
3

2
ðVsbIsa þ VsaIsbÞ ð14Þ

/s ¼
Z t

0

ðVs � RsIsÞdt; \/s ¼ tan g�1
/b

/alpha

 !

ð15Þ

4 Fuzzy logic controller

A block diagram of implementing FLC in controlling DFIG

is shown in Fig. 4. The fuzzy inference system is used

instead of hysteresis blocks and optimal switching table.

The fuzzy controller is to generate the proper voltage vector

to be fed to VSI. Four sets of real-time inputs are considered

for the proposed fuzzy system which are stator flux (/s),

active and reactive power errors (DP&DQ), and the rotor

speed (xr). Figure 5 shows the seven membership functions

chosen for the stator flux (/s) which cover a range of -50 to

350 Wb. The same fuzzy sets are considered for active and

reactive power errors with four membership functions of

Fig. 2 Tangential and radial components of rotor flux variation
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negative big (NB), negative small (NS), positive small (PS)

and positive big (PB) (see Fig. 6). The last input is rotor

speed variation (Dxr) due to its huge impact on the system

performance. As Fig. 7 shows, two membership functions

are chosen for this input which are negative (N) and positive

(P) which represent the sub-synchronous and super-syn-

chronous conditions, respectively.

The output generated is a single tone value which is

normalized to return value representing as the voltage

vector. A sample from the rule table written for the fuzzy

inference system is as follows:

if /s is in M5 & DP is in PB & DQ is in NB & xr is in N;

then Vn is 110.

The proposed fuzzy controller works based on Mam-

dani’s min–max rule [36, 37]. The firing strength for the ith

rule is shown in the following equation:

Fig. 3 Schematic diagram of classical DPC of DFIG

Table 1 Optimal switching table in classical DPC

I II III IV V VI

Sq ¼ 1 Sp = 1 101 100 110 010 011 001

Sp = 0 100 110 010 011 001 101

Sp = -1 110 010 011 001 101 100

Sq ¼ 0 Sp = 1 001 101 100 110 010 011

Sp = 0 111/
000

111/
000

111/
000

111/
000

111/
000

111/
000

Sp = -1 010 011 001 101 100 110

Sq ¼ �1 Sp = 1 001 101 100 110 010 011

Sp = 0 011 001 101 100 110 010

Sp = -1 010 011 001 101 100 110

Fig. 4 Schematic diagram of the proposed Fuzzy-DPC for DFIG

Fig. 5 The fuzzy set for stator flux

Fig. 6 The fuzzy set for active and reactive power errors

Fig. 7 The fuzzy set for variation of rotor speed
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fi ¼ minfl/ð/Þ; lPðDPÞ; lQðDQÞ; lxr
ðxrÞg ð16Þ

where l represents the membership degree for each input

and has a value between 0 and 1. The firing strength must

be compared with the output of the rule, and the minimum

value will be chosen as the membership value of the rule.

The membership value for the ith ruke is as follows:

Di ¼ minflVi
; fig ð17Þ

Among the membership values for all the rules, the rule

with the maximum membership value is chosen as the

output. This ensures that the chosen output has maximum

possibility of distribution. The degree of membership for

the output is obtained from the following equation:

lV ¼ maxfDig; i ¼ 1; 2; 3; . . . ð18Þ

This value is used in the defuzzification of the output to

generate the proper voltage vector to be exerted by VSI.

5 Simulation Results

The configuration of the DFIG-based generation system is

illustrated in Fig. 8, and the parameters of the simulated 2

MW DFIG is given in Table 2. The simulation is per-

formed using MATLAB/Simulink software. The main

objective of the AC filter which is connected to the stator is

to absorb the switching harmonics and improve the quality

of the waveform.

The results are investigated starting at 0.8 s where the

stator is fully energized and the converter is enabled. The

initial power references for the stator are -1.5 MW and

-0.8 MVar, respectively.

Simulation results are shown in Fig. 9 for rotor speed

changing from sub-synchronous to super-synchronous

speed which is from 0.8 to 1.2 p.u.. Active power changes

from -1.5 to -0.5 MW throughout the simulation, while

reactive power experiences variation from -0.8 to

?0.66 MVar. The effectiveness of the proposed strategy is

shown in the Figure by presenting 0.7 s of the simulation

run. From these simulation results, it can be obviously

recognized that active and reactive powers follow their

reference values very well. The simulation has been carried

out with the rotor speed variation during the period of 0.95

to 1.1 s, where the speed varies from 0.8 to 1.2 (p.u.). As

can be concluded from this Figure, active and reactive

powers track their references precisely and the system

responsibility is robust to speed variation.

To show the effectiveness of the proposed fuzzy control,

a comparison study is performed between conventional

DPC and the proposed fuzzy method. The comparative

results based on the active and reactive power errors are

presented in Table 3. The data are taken for a duration of

15 ms, and the parameters are DP ¼
R �
�P� Pref

�
�dt and

DQ ¼
R �
�Q� Qref

�
�dt. The comparative table shows that

the proposed fuzzy technique can reduce the power out of

band percentage to less than a half which is very

impressive.

Fig. 8 Schematic diagram of simulated system

Table 2 Parameters of the simulated DFIG

Parameter Value

Stator voltage 690 V

Rated power 2 MW

Turn ratio 0.3

Rr (referred to stator) 0.0121 p.u

Rs 0.0108 p.u

Lrr (referred to stator) 0.11 p.u

Lrs 0.102 p.u

Lm 3.362 p.u

Number of pole pairs 2

Lumped inertia constant 0.2 s
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Fig. 9 Simulation results under various stator and rotor condition:

a Stator active (MW) and reactive (MVar) powers; b Stator current

(p.u.); c Rotor current (p.u.); d rotor speed (p.u.)
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6 Conclusion

In this paper, a new DPC scheme for DFIG has been pre-

sented. The conventional voltage source inverter (VSI) has

been developed by using FLC instead of hysteresis

switches. Simulation results confirmed that active and

reactive powers track their own reference values very well.

It should be noted that active and reactive power equations

have been extended to discrete time equations, and the

effects of voltage vectors on active and reactive power

equations have been investigated quantitatively. It should

be noted that this issue has not been investigated in recent

literature. The selection of the voltage vectors is performed

using fuzzy system which is used instead of optimal

switching table. Four variables are used as inputs of the

fuzzy system which are errors of active and reactive

powers, real-time value of the rotor speed and stator flux

position. The defuzzified output is the optimal selected

voltage vector. MATLAB/Simulink software is used for

the purpose of simulation, and the results reported show the

effectiveness of the proposed method in improving the

waveform quality. Compared with the conventional DPC,

the proposed fuzzy technique can reduce the power out of

band percentage by about 25 % which is very impressive.
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