
  

Abstract—This paper presents a new control scheme to control a 

brushless doubly fed induction generator (BDFIG) using back

back PWM converters for wind power generatio

control scheme is a New Self-Tuning Fuzzy Proportional

Controller (NSTFPDC). The goal of BDFIG control is to achieve a 

similar dynamic performance to the doubly fed induction generator 

(DFIG), exploiting the well-known induction machine vector control 

philosophy. The performance of NSTFPDC controller has been 

investigated and compared with the two controllers, called 

Proportional–Integral (PI) and PD-like Fuzzy Logic controller (PD

like FLC) based BDFIG. The simulation results demonstrate the 

effectiveness and the robustness of the NSTFPDC controller.

 

Keywords—Brushless Doubly Fed Induction Generator 

(BDFIG), PI controller, PD-like Fuzzy Logic controller, New Self

Tuning Fuzzy Proportional-Derivative Contro

Scaling factor, back-to-back PWM converters, wind energy system

I. INTRODUCTION 

URING the last years, the use of wind energy generation 

industry has been growing rapidly [1]. This is due to the 

fact that this energy source production of 

emission free [1], [2]. Currently, the Brushless Doubly Fed 

Induction Generator (BDFIG) promises signi

for wind power applications [3]-[9]. The use of the BDFIG, 

however, decreased the cost and complexity of the wind 

turbines due to the absence of the slip ring system and simpler 

structure of the rotor winding [3]-[10]. A typical con

of a BDFIG wind turbine is shown schematically in Fig. 1.

A BDFIG is composed of two stator windings with different 

pole numbers (called power winding (PW) and control 

winding (CW)) and a special rotor winding [5], [8], [9]. 

However, it allows putting a converter between the CW and 

the grid which is designed only for a part of the full power of 

the machine (about 30 %) [3], [10]. By cont

this converter, variable-speed operation is allowed and 

electrical power can be produced from the PW to the grid and 

also from the CW to the grid. Direct magnetic field coupling 

does not exist between the PW and CW, and the 

electromechanical energy conversion is realized by the 

magnetic field modulation of the rotor winding [3], [10].
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Fig. 1 BDFIG Configuration for Wind Power Generation

 

In this paper presents a new control scheme to control a 

BDFIG. The proposed control scheme,

Tuning Fuzzy PD Controller (NSTFPDC)". In comparison 

with two different controllers: Proportional

PD-type Fuzzy Logic (PD-type FLC). PI and PD

have a proven control performance for many industrial drives 

[11]-[16]. A PI controller can compensate machine variations 

very efficiently via the appropriate tuning of its dominant 

parameters [15]. However, the performance may signi

deteriorate when the operating condition is changed or when 

the parameters drift [15], [16], a PD

particularly suitable for controller design when the 

difficult to model mathematically due to its complexity, 

nonlinearity [11]-[19]. It might help

and provide better performance than th

[16]. On the other hand, the performance

may not offer the required control action. Such PD

with fixed values of scaling factors is not expected to present 

good control performance [14]

been made to enhance the self

the PD-type FLC is scaling factor (SF) 

significant impact on the performance of a PD

[16]. 

Some works on PD-type FLC tuning have also been done 

with the implementation of genetic algorithms or neural 

networks to minimize overshoot, settling time, and rising time 

[14]-[16]. As the authors, Mudi and Pal [14],

robust self-tuning fuzzy PD-type controller (STFPDC). 

However, the major disadvantage o

value of the scaling factor of fuzzy output (α) is obtained by 

49 fuzzy rules defined on error (e) and change error (ce), this 

will require us a high speed microprocessor in order to obtain 

good results, this also is what makes th
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[16]. To cure this problem, we propose a new co

to control a BDFIG, called "a New Self

Proportional-Derivative Controller (NSTFPDC)" 

is continuously modified by a single deterministic rule defined 

on the normalized of error (e) and change error (ce). The role 

of the proposed heuristic rule is expected to improve the 

performance of the BDFIG in terms of reference tracking, 

sensibility to perturbations and parameters variations. 

Depending on the values of the average (steady state) wind 

speed, four zones may be identified in the static operation of 

BDFIG [1], [2], [20]. Zones I and VI, where the provided 

power is zero, are not concerned by this paper. The interest is 

here focused on zone II, called partial load zone, where the 

extracted power proportionally depends on the wind speed 

cubed.  

II. MODELING OF THE WIND TURBINE 

The theoretical power available in the wind is defined by 

Betz formula. It is given by 

 P� � �� � ρ � S � v�	   

 

All this power is not recovered on the shaft of the turbine 

depending on the geometry of the turbine and frictions [1],

[20], [2]. 

The effective efficiency conversion is given by the power 

coefficient (Cp), which is expressed by the following:

 C� � ���  

 

where Pt is the mechanical power of the turbine and P

available wind power. 

The relative speed λ is defined as the ratio between blade tip 

speed and wind speed; it is expressed as:  

 

λ �  Ω  ���   

 

A typical relationship between Cp and λ is shown in 

It is clear from this figure that there is a value of λ for which 

Cp is maximum and that maximize the power for a given wind 

speed. The peak power for each wind speed occurs at the point 

where Cp is maximized. To maximize the generated power, it 

is therefore desirable for the generator to have a power 

characteristic that will follow the maximum C

 

Fig. 2 Power coefficient for the wind turbine model

 

[16]. To cure this problem, we propose a new control scheme 

called "a New Self-Tuning Fuzzy 

Derivative Controller (NSTFPDC)" its output SF 

by a single deterministic rule defined 

of error (e) and change error (ce). The role 

of the proposed heuristic rule is expected to improve the 

of the BDFIG in terms of reference tracking, 

sensibility to perturbations and parameters variations.  

es of the average (steady state) wind 

speed, four zones may be identified in the static operation of 

[20]. Zones I and VI, where the provided 

power is zero, are not concerned by this paper. The interest is 

rtial load zone, where the 

extracted power proportionally depends on the wind speed 

URBINE AND GEARBOX  

The theoretical power available in the wind is defined by 

        (1) 

s power is not recovered on the shaft of the turbine 

depending on the geometry of the turbine and frictions [1], 

The effective efficiency conversion is given by the power 

coefficient (Cp), which is expressed by the following: 

       (2) 

is the mechanical power of the turbine and Pw is the 

ned as the ratio between blade tip 

 

       (3) 

and λ is shown in Fig. 2. 

It is clear from this figure that there is a value of λ for which 

is maximum and that maximize the power for a given wind 

eak power for each wind speed occurs at the point 

is maximized. To maximize the generated power, it 

is therefore desirable for the generator to have a power 

characteristic that will follow the maximum Cp_max [20]. 

 

he wind turbine model 

Taking into account (1)-(3), power on the out axle of the 

turbine is then: 

 P� � �� . C
 

Torque is then: C�
 C�� � �

Ω � �� ·
 

With the multiplier of report/ratio G, the torque and speed 

become at shaft end; 

 C� � ��  and
 

When the turbine is coupled to a machine the mechanical 

equation at shaft end will be: 

 J �Ω� !�� " f
 

From these various equations the mathematical model of the 

turbine at shaft end is shown on Fig. 3. 
 

Fig. 3 Device control without control speed [2]

 

The expression of the optimal mechanical power P

obtained as follows: 

 $%&'()* � �� +
III. BDFIG OPERATION AND 

The stator of the BDFIG has two separate windings, 

namely, power winding (PW) and control winding (CW), with 

different pole pair numbers to avoid direct coupling between 

the windings (PW and CW) [3]

rotor is able to couple both the PW and CW [4],

is directly connected to the grid, where as the CW is connected 

to the grid through a bidirectional converter.

3), power on the out axle of the 

C�. ρ. π. R-. Ω
λ

.        (4) 

� �
Ω        (5) 

 · ρ · π · R	 · C� · v�	       (6) 

the multiplier of report/ratio G, the torque and speed 

and Ω� � Ω� !�         (7) 

When the turbine is coupled to a machine the mechanical 

 

fΩ��/ � C� 0 C��      (8) 

From these various equations the mathematical model of the 

turbine at shaft end is shown on Fig. 3.  

 

ntrol without control speed [2] 

The expression of the optimal mechanical power Pmec_opt is 

+)123·4·5·6.7.8()*. · 9%&'	      (9) 
PERATION AND DYNAMICAL MODEL 

The stator of the BDFIG has two separate windings, 

namely, power winding (PW) and control winding (CW), with 

different pole pair numbers to avoid direct coupling between 

windings (PW and CW) [3]-[7], [9]. A specially designed 

rotor is able to couple both the PW and CW [4], [5]. The PW 

is directly connected to the grid, where as the CW is connected 

to the grid through a bidirectional converter. 
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Fig. 4 The basic structure of BDFIG

 

In order to assure the related cross-coupling effect by the 

simplest machine structure the number of rotor loops (N

to be selected as [3], [10]: 

 N; � p� " p/   

 

Direct coupling phenomena between the two stator 

windings must be prevented, so next supplementary restriction 

must be adopted [3], [7], [8]. 

 p� = p/  

 

In order to obtain the desired cross-

currents that both the PW and the CW induce at the rotor bars 

must evolve with the same frequency [3],

synchronous rotor speed ωr is determined by the excitation 

frequencies of two stator windings, as expressed by 

 

ω; � ω>?ω!�>?�!   

 

Because of that a synchronization procedure is required in 

the start up phase. Once the synchronous opera

reached, the BDFIG shows a stable behavior

rotor speed can be easily controlled by ω/ 

When the CW angular frequency ωc is equal to zero, the 

angular frequency of the rotor is defined as the natural angular 

frequency ωn, as expressed by [5], [6], [9] 

 

ω@ � ω>�>?�!   

 

In this paper, the pole-pair numbers of the PW and CW are 

one and three [7], [8], [10], respectively, and the grid 

frequency is 50 Hz. Thus, the natural synchronous speed is 

equal to 750 rmp. 

The electrical equations used to model the BDFIG in the 

Park reference frame are [7]: 
 vA�B � RA�iA�B " �ψD>E

�� " ω

vA�� � RA�iA�� " �ψD>F
�� 0 ω

 

of BDFIG 

coupling effect by the 

simplest machine structure the number of rotor loops (Nr) has 

       (10) 

Direct coupling phenomena between the two stator 

prevented, so next supplementary restriction 

      (11) 

-coupling effect, the 

currents that both the PW and the CW induce at the rotor bars 

must evolve with the same frequency [3], [9]. The 

is determined by the excitation 

frequencies of two stator windings, as expressed by  

       (12) 

Because of that a synchronization procedure is required in 

the start up phase. Once the synchronous operation mode is 

behavior, and then the 

 [8], [9], [4]-[6]. 

is equal to zero, the 

ned as the natural angular 

 

       (13) 

pair numbers of the PW and CW are 

[10], respectively, and the grid 

frequency is 50 Hz. Thus, the natural synchronous speed is 

The electrical equations used to model the BDFIG in the 

ω�ψA��       (14) 

 

ω�ψA�B       (15) 

 

0 � R;i;B " �ψ��
0 � R;i;� " �ψ��

vA/B � RA/iA/B " �ψD!E
�� "

vA/� � RA/iA/� " �ψD!F�� 0
 

The expressions for stators and rotor flux linkages are [7]
 

ψA�B � LA�
ψA�� � LA�

ψ;B � L��iA�B "
ψ;� � L��iA�� "

ψA/B � LA/
ψA/� � LA/

 

The electromagnetic torque is [6]

 C�� � 	� Ip� JψA�� iA�B 0 ψA�B
 

The active and reactive power at the stator as well as those 

provide for grid are defined as [1],

For PW are  

K PA� � 	� LQA� � 	� L
 

For CW are: 

K PA/ � 	�QA/ � 	�
IV. FIELD ORIENTED 

A. Reference-Frame 

By choosing a reference frame linked to the PW flux, CW 

currents will be related directly to the PW active and reactive 

power. An adapted control of these currents will thus permit to 

control the power exchanged between the PW and the grid [8]

[9]. If the PW flux is linked to the d
  NOPQ � RN
 

The obtained control strategy for the BDFIG is si

the well-known stator field orientation control used in the 

DFIG [12]. 

ψSE�� " Lω� 0 p�ω;Tψ;�     (16) 

 

ψSF�� 0 Lω� 0 p�ω;Tψ;B     (17) 

 " Lω� 0 Lp� " p/Tω;TψA/�    (18) 

 0 Lω� 0 Lp� " p/Tω;TψA/B    (19) 

The expressions for stators and rotor flux linkages are [7] 

A�iA�B " L��i;B        (20) 

 A�iA�� " L��i;�        (21) 

 " L;i;B " L�/iA/B
       (22) 

 " L;i;� " L�/iA/�        (23) 

 A/iA/B " L�/i;B        (24) 

 A/iA/� " L�/i;�        (25) 

The electromagnetic torque is [6] 

A�B iA�� U " p/L�/LiA/� i;B 0 iA/B i;�TV    (26) 

The active and reactive power at the stator as well as those 

e defined as [1], [8], [9], [21], [22] 

LvA�B  iA�B " vA��  iA�� TLvA�B  iA�� 0 vA��  iA�B TW       (27) 

LvA/B  iA/B " vA/�  iA/� TLvA/B  iA/� 0 vA/�  iA/B T W       (28) 

RIENTED CONTROL OF A BDFIG 

reference frame linked to the PW flux, CW 

currents will be related directly to the PW active and reactive 

power. An adapted control of these currents will thus permit to 

control the power exchanged between the PW and the grid [8], 

nked to the d-axis of the frame we have 

RNOPR XYZ NOP[ � 0       (29) 

The obtained control strategy for the BDFIG is similar to 

eld orientation control used in the 
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B. Control Strategy 

By aligning the d-axes with the flux vector of the power 

winding allows for the further simplification of (

Therefore, as in (30) the active power flow of the BDFIG can 

be regulated through the q-component of the PW current.

 

KPA� � 	� vA�B  iA�B         QA� � 	� vA�B  iA��        
 

The PW current can be expressed in terms of the rotor 

current and further CW stator current. Rearranging the PW 

stator flux and the rotor flux equations produces:

 iA� � ψD>\]�>^S]D>     

 i; � ψS?]�>^S?]�!^D!]S    

 

Then: iA� � ]S]D>]S\]�>_ ψA� 0 ]�>]D>]S\]�>_ ψ; "
 

Expanding (33) into d-q reference frame and substituting 

into (30) produces the expanded power flow expression for the 

BDFIG: 

 

`P� � 	� vA�B  I ]�>]D>]S\]�>_ ψ;B 0 ]�!]�>]D>]S\]�>_ iA/B V   
Q� � 	� vA�B  I ]S]D>]S\]�>_ ψA�� 0 ]�>]D>]S\]�>_ ψ;�

 

The power terms in (34) are both expressed as a function of 

the CW stator current that can be directly controlled.

To begin the implementation of the power flow equations 

(34) in the controller, it is first necessary to trace the 

relationship between the current control signals of the CW and 

their equivalent voltage commands that can be utilized with 

the voltage source inverter: 
 vA/ � RA� iA/ " �ψD!�� " jω/ψ

 

The CW stator flux is estimated in (3

CW stator flux and expressing it in terms of some known 

quantities as well as rotor flux: 
 

ψA/ � ]�!]�>]S iA� 0 ]�!]S ψ; " ]D>
 

For further simplification (33) can be substituted into (3

the result is then put into (35) and transformed into d
 

KvA/� � RA/iA/� " ��� Jδ	iA/� " δ�ψ;� 0 δ�ψA�� U 0vA/B � RA/iA/B " ��� Lδ	iA/B " δ�ψ;BT 0 ω/ Jδ	iA/�
 

Thus, voltage expressions in (37) become 

signals to the controller of the VSI converter, shown in Fig.

All the terms in (37) in parentheses represent the disturbance 

with the flux vector of the power 

winding allows for the further simplification of (27). 

) the active power flow of the BDFIG can 

component of the PW current. 

                               W         (30) 

The PW current can be expressed in terms of the rotor 

current and further CW stator current. Rearranging the PW 

stator flux and the rotor flux equations produces: 

       (31) 

       (32) 

" ]�!]�>]D>]S\]�>_ iA/    (33) 

q reference frame and substituting 

) produces the expanded power flow expression for the 

V                                    
;� " ]�!]�>]D>]S\]�>_ iA/� V   W (34) 

) are both expressed as a function of 

the CW stator current that can be directly controlled. 

implementation of the power flow equations 

) in the controller, it is first necessary to trace the 

relationship between the current control signals of the CW and 

their equivalent voltage commands that can be utilized with 

ψA/       (35) 

The CW stator flux is estimated in (36). Rearranging the 

CW stator flux and expressing it in terms of some known 

D>]S\]�>_]S iA/    (36) 

) can be substituted into (36), 

) and transformed into d-q frame: 

U 0 ω/Lδ	iA/B " δ	ψ;BTJ A/� " δ�ψ;� 0 δ�ψA�� UW (37) 

) become the command 

signals to the controller of the VSI converter, shown in Fig. 5. 

) in parentheses represent the disturbance 

terms due to the various cross

q components as well as the rotor cross

The leakages factors associated with these disturbances are:
 

δ� � ]�!]�>]S]D>\]�>_ ;  δ� � ]�!]S]D>
 

The disturbance associated with the derivative terms in (39) 

does not need to be included into the model becaus

controllers will be able to suppress them. 
 

Fig. 5 Generator Side VSI FOC

 

In (37) is the presence of the PW stator flux and the rotor 

flux in as the control variables. We can't be measured directly 

of these quantities and would have to be estimat

available voltage and current signals. 

The reference frame is aligned with the d

the ψA�, the q-component (ψ
[8], [9]. The d-component of the PW stator flux is then 

calculated as: 
 

ψA�� �
 

The rotor flux estimations are based on the knowledge of 

the PW and CW currents as well as PW flux in (3

combining rotor flux expressions in (20

estimated rotor flux in d-q reference frame:

 

ψ;B � ]�>_ \]D>]]�>
 ψ;� � ]�>_ \]S]D>]�> iA��

 

The reference signals iA/B
 and 

the desired reactive and active powers command, respectively, 

by applying (42) and (43) to it.

 iA/S d� � �.-
 iA/S dB � e>S d�.- fD>
 

where 

terms due to the various cross-coupling effects between the d-

q components as well as the rotor cross-coupling [1], [8], [9]. 

The leakages factors associated with these disturbances are: 

�!]D>D>\]�>_ ;  δ	 � LA/ 0 ]�!_ ]D>]S]D>\]�>_  (38) 

The disturbance associated with the derivative terms in (39) 

does not need to be included into the model because the 

controllers will be able to suppress them.  

 

Fig. 5 Generator Side VSI FOC 

) is the presence of the PW stator flux and the rotor 

flux in as the control variables. We can't be measured directly 

of these quantities and would have to be estimated from the 

available voltage and current signals.  

The reference frame is aligned with the d-component of ψA�B
) always remains at zero [1], 

component of the PW stator flux is then 

�D>E
�π-g         (39) 

The rotor flux estimations are based on the knowledge of 

the PW and CW currents as well as PW flux in (35). By 

combining rotor flux expressions in (20)-(23) gives the 

q reference frame: 

]S iA�B " L�/iA/B
       (40) 

A� " ]S]�> ψA�� " L�/iA/�      (41) 

and iA/�  are obtained directly from 

the desired reactive and active powers command, respectively, 

) to it. 

�>S d- fD> δh "  δi
δh ψ;B        (42) 

S dD> δh 0  δj
δh ψA�� " δi

δh ψ;�      (43) 
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δk � ]�>]S]D>\]�>_ , δ- � ]S]
V. CONTROLLER DESIGN

In this section, we have chosen to compare the 

performances of the BDFIG with three different controllers.

A. PI Controller Synthesis  

At present, the PI-type controller is most widely adopted in 

industrial application due to its simple structure [14], as shown 

in Fig. 6. Its control signal is easily computed by combining 

proportional-integral terms 

 mnop �  qPrnop "  qs t r
 

The terms Kp and Ki represent respectively the proportional 

and integral gains. 

The quotient B/A represents the transfer function to be 

controlled, where A and B are presently defined as follows:

 u � vO' " w x	 XYZ y
 

where x	 � zO' 0 {1|_  {}){~{})\{1)_  

 

Fig. 6 System with PI controller

 

The controller terms can be calculated just specifying the 

natural frequency and damping of the close loop equivalent 

first order system. The desired natural 

damping (ξ) are set respectively to 37 rad/s and 70.7 %.

Allows determining the parameters of PI controller:

 � qs � ��� x	 � 59         qP � 2 � �� x	 0  vO'
 

The reason for the popular use of the PI

that this controller can be easily designed by adjusting only 

two controller parameters: Kp and Ki, [12],

addition, its control performance can be accepted in many 

applications. 

B. PD-Like Fuzzy Logic Controller Synthesis

The PD-like fuzzy logic controller (PD

by a set of control rules rather than constant proportional

derivative gains [11]-[16]. The block diagrams of a PD

FLC, as shown in Fig. 7. 

]S]D>\]�>_       (44) 

ONTROLLER DESIGN 

In this section, we have chosen to compare the 

performances of the BDFIG with three different controllers. 

type controller is most widely adopted in 

industrial application due to its simple structure [14], as shown 

in Fig. 6. Its control signal is easily computed by combining 

rnop  Zo      (45) 

represent respectively the proportional 

represents the transfer function to be 

are presently defined as follows: 

y � 1      (46) 

 

System with PI controller 

The controller terms can be calculated just specifying the 

natural frequency and damping of the close loop equivalent 

first order system. The desired natural frequency (ωn) and 

damping (ξ) are set respectively to 37 rad/s and 70.7 %. 

Allows determining the parameters of PI controller: 

             � 1.31W     (47)  

The reason for the popular use of the PI-type controller is 

that this controller can be easily designed by adjusting only 

, [12], [14], [15]. In 

addition, its control performance can be accepted in many 

Synthesis 

ike fuzzy logic controller (PD-like FLC) is driven 

by a set of control rules rather than constant proportional-

[16]. The block diagrams of a PD-like 

Fig. 7 Block diagram of PD

The PD-like FLC consists of four mechanisms: fuzzifier, 

fuzzy inferencing engine, knowledge base and a defuzzifier 

[15], [16], [18]. The input variables of PD

signals of error e(t) and rate of error change ec(t) and the 

output variable is generated from fuzzy rule base [12],

[16]. After defuzzifier, the crisp signal is acquired. 

The signals of error and error change are defined as 

 rnop � �O'�
 r�noOp � rn
 

where Isc (ts) is the actual stator current of CW and 

the reference stator current of CW.

The inputs and the output are related as: 

 ���noOp �
 

The scaling factors GeN and G

error e(t) and error change ec(t) respectively, so that these 

remain within the limit of -1 to +1, and G

scaling factor in the PD-like FLC [15]

of converting crisp variables into fuzz

fuzzification. After selecting the scaling factors, the next step 

is to choose the membership function for e(t), ec(t) and U

[15], [16], [18]. The membership functions used for the input 

and output fuzzy set are shown in Fig. 8. 

 

Fig. 8 Membership functions for: (a) error, (b) error change and (c) 

output U

 

The fuzzy inputs are inferred to a fuzzy rule base, which is 

used to characterize the relationship between fuzzy inputs and 

fuzzy output. In this study, the fuzzy rule base 

is fixed. It uses rules of the form, [15]
 

 

7 Block diagram of PD-like Fuzzy Logic Controller 
 

like FLC consists of four mechanisms: fuzzifier, 

fuzzy inferencing engine, knowledge base and a defuzzifier 

[18]. The input variables of PD-like FLC are the 

signals of error e(t) and rate of error change ec(t) and the 

generated from fuzzy rule base [12], [14]-

[16]. After defuzzifier, the crisp signal is acquired.  

The signals of error and error change are defined as  

p O'� noOp 0 �O'noOp       (48) 

p noOp 0 rnoO 0 1p       (49) 

) is the actual stator current of CW and IA/� ntAp is 

the reference stator current of CW. 

The inputs and the output are related as:  

n p � �LrnoOp, r�noOpT      (50) 

and GecN are used to normalized 

error e(t) and error change ec(t) respectively, so that these 

1 to +1, and Gu is the gain of output 

like FLC [15], [16], [18]. This process 

of converting crisp variables into fuzzy variables is called 

fuzzification. After selecting the scaling factors, the next step 

is to choose the membership function for e(t), ec(t) and Uf(t) 

[18]. The membership functions used for the input 

and output fuzzy set are shown in Fig. 8.  

 

Fig. 8 Membership functions for: (a) error, (b) error change and (c) 

output Uf 

inputs are inferred to a fuzzy rule base, which is 

used to characterize the relationship between fuzzy inputs and 

fuzzy output. In this study, the fuzzy rule base of PD-like FLC 

xed. It uses rules of the form, [15], [16], [18]: 
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RPD : if e(t) is E(t) and ec(t) is EC(t) then u

 

The response of each fuzzy rule is weighted according to 

the degree of membership of its input conditions. After 

processing the inputs through knowledge base and inferencing 

mechanism the next stage is defuzzification [15]

this paper, the defuzzification strategy chosen is the center 

average method [15], [16], [18]. Therefore, the output U

be computed as 

 ��� � ∑ ��n�p · �J��n�pU���h∑  �J��n�pU���h    

 

where n is the total number of rules and µ(U

output membership value for k
th

 rule. 

The rule base of PD-like FLC is listed in Table I.

shows the output surface of output Uf 

 

TABLE I 

RULE BASE OF PD-LIKE FUZZY LOGIC C

e 
ce 

NB Z PB

NB NB NS Z 

Z NS Z PS

PB Z PS PB

 

Fig. 9 Control surface of PD-like FLC (U

C. The Proposed Controller–New Self Tuning fuzzy 

Proportional-Derivative Controller Synthesis

In order to improve the performance of the PD

controller, we propose a New Self-Tuning Fuzzy Proportional

Derivative Controller (NSTFPDC), is designed to tune the 

scaling factor of fuzzy output of control system. The block 

diagram of the proposed NSTFPDC is shown in Fig. 1

 

Fig. 10 Block diagram of NSTFPDC

 

: if e(t) is E(t) and ec(t) is EC(t) then uf(t) is UF 

The response of each fuzzy rule is weighted according to 

the degree of membership of its input conditions. After 

the inputs through knowledge base and inferencing 

mechanism the next stage is defuzzification [15], [16], [18]. In 

cation strategy chosen is the center 

[18]. Therefore, the output Uf can 

pU
       (51) 

n is the total number of rules and µ(Uf(k))  denotes the 

like FLC is listed in Table I. Fig. 9 

CONTROLLER 

PB 

 

PS 

PB 

 

like FLC (Uf) 

New Self Tuning fuzzy 

Controller Synthesis 

In order to improve the performance of the PD-like FLC 

Tuning Fuzzy Proportional-

Derivative Controller (NSTFPDC), is designed to tune the 

scaling factor of fuzzy output of control system. The block 

NSTFPDC is shown in Fig. 10. 

 

Block diagram of NSTFPDC 

The NSTFPDC has an output variable which is the gain

updating factor α, is applied to adjust the scaling factor of PD

like FLC output. All membership functions of the NSTFPDC 

inputs (eN and ecN) and the output (U

normalized domain [−1, 1], is not altered, as shown in Fig. 8. 

The rule base for computing controller output U

above in Table I.  

A practical observation of the generator step response, as 

shown in Fig. 11, is done. The current response can be roughly 

divided into four regions: RI 

points; crossover points (a2, a

shown in Fig. 11 [11], [13], [15]

 

Fig. 11 Dynamic behavior of machine step response and mapping of 

response on e

 

According to (48) and (49

change when the response curve passes through the different 

regions. For example, the sign of e and ec in regions

RIV are (-, -) and (+, +), respectively [15]

states in these two regions mean that the current now is not 

only upward RII or downward R

command but is also going farther away from it. In this case, 

the controller should provide large gain (αU

worsening the condition [15]

by the following rules: 

 

If e is Negative and ec is Negative then αU

If e is Positive and ec is Positive then αU

 

When the states of the system are located on regions R

RIII, and the sign of e and ec is different. At this moment, the 

controller must make the gain Zero to evade overshoot and 

reduce the settling time [15]

formed as follows:  

 

If e is Negative and ec is Positive then αU

If e is Positive and ec is Negative then αU

 

In addition, when the state is located on the region of the 

steady state, i.e., each e or ec is zero, which means that the 

response has just reached or left the set point but is moving 

away upward or downward from the set point rapidly. In this 

situation, medium gain will prevent overshoot or undershoot 

[15], [16], [18]. This can be accomplished by the following 

rule:  

 

If e is Zero and ec is Positive then αU

NSTFPDC has an output variable which is the gain-

updating factor α, is applied to adjust the scaling factor of PD-

like FLC output. All membership functions of the NSTFPDC 

) and the output (UfN) are defined on the 

−1, 1], is not altered, as shown in Fig. 8. 

The rule base for computing controller output UfN is shown 

A practical observation of the generator step response, as 

, is done. The current response can be roughly 

 − RIV, and two sets of particular 

, a4) and peak points (a3, a5) are 

[15]. 

 

Dynamic behavior of machine step response and mapping of 

response on e-ec state space 

49), the signs of e and ec will 

change when the response curve passes through the different 

regions. For example, the sign of e and ec in regions RII and 

) and (+, +), respectively [15], [16], [18]. The 

states in these two regions mean that the current now is not 

or downward RIV far away from the current 

command but is also going farther away from it. In this case, 

controller should provide large gain (αUfN) to prevent 

worsening the condition [15], [16], [18]. This can be realized 

If e is Negative and ec is Negative then αUfN is Big. 

If e is Positive and ec is Positive then αUfN is Big. 

the states of the system are located on regions RI and 

, and the sign of e and ec is different. At this moment, the 

controller must make the gain Zero to evade overshoot and 

reduce the settling time [15], [16], [18]. The rule can be 

If e is Negative and ec is Positive then αUfN is Zero. 

If e is Positive and ec is Negative then αUfN is Zero. 

In addition, when the state is located on the region of the 

steady state, i.e., each e or ec is zero, which means that the 

eached or left the set point but is moving 

away upward or downward from the set point rapidly. In this 

situation, medium gain will prevent overshoot or undershoot 

[18]. This can be accomplished by the following 

Positive then αUfN is medium. 
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If e is Zero and ec is Negative then αU

If e is Positive and ec Zero is then αU

If e is Negative and ec is Zero then αU
 

Finally, at the steady state, the controller should provide 

zero gain to prevent the chattering problem around the set 

point [15], [16], [18]. The rule for this condition is as follows:

 

(a)                

Fig. 12 Proposed frame of the variation of gain updating factor (α) with 

Through Fig. 12 (b), we can deduce the single deterministic 

rule defined on the normalized of error (e) and change error 

(ce) as follows: 

 � � �&��?�&'���     

 

The proposed heuristic rule is expected to improve the 

performance of the BDFIG in terms of reference tracking, 

sensibility to perturbations and parameters variations.

The relationship between scaling factors and the input and 

output variables of the controller are as follows:
 r� � �&�r     

 r�� � �&'�r�    

 �� � � �����  

 

Converting e, ec, and Uf into eN, ecN, and U

gains, respectively, means that they are transferred from the 

actual discourse universe into the interval [

(normalization) [15], [16]. The proper initial values are 

obtained when a good transient response is achieved

 �&� � �R�}|,123R    

�&'� � �R∆�}|,123R    

�  � ∆���,123     

 

Comparative results for different controllers are presented 

below. 

If e is Zero and ec is Negative then αUfN is medium. 

If e is Positive and ec Zero is then αUfN is medium. 

If e is Negative and ec is Zero then αUfN is medium. 

Finally, at the steady state, the controller should provide 

gain to prevent the chattering problem around the set 

[18]. The rule for this condition is as follows: 

If e is Zero and ec is Zero then αU

 

As a result, based on the considerate and deduction of 

response behavior and the above 

concluded that the output surface of gain

planned in Fig. 12. 

(a)                                                         (b) 

Fig. 12 Proposed frame of the variation of gain updating factor (α) with error (e) and error change (ec)

 

Through Fig. 12 (b), we can deduce the single deterministic 

the normalized of error (e) and change error 

       (52) 

The proposed heuristic rule is expected to improve the 

performance of the BDFIG in terms of reference tracking, 

sensibility to perturbations and parameters variations. 

The relationship between scaling factors and the input and 

oller are as follows: 

       (53) 

       (54) 

        (55) 

, and UfN by the scaling 

gains, respectively, means that they are transferred from the 

urse universe into the interval [−1, +1] 

[16]. The proper initial values are 

obtained when a good transient response is achieved 

       (56) 

 

       (57) 

 

       (58) 

Comparative results for different controllers are presented 

VI. CONTROL OF THE 

The various control strategies for the voltage source 

rectifier (VSR) have been proposed [1],

briefly discussed here. 

 

Fig. 13 VSR 

 

The objective of the grid inverter is to maintain a constant 

DC-link voltage between BDFIG (CW) and grid. 

The system can be described by the following equation 

[1],[17]: 

 

 ¡v¢v£v/¤ � R ¡i¢i£i/¤ "
This can be written in a rotating reference frame by using 

Park transformation 

 ¥vBv�¦ � R §iBi�¨ " L · s §iBi�¨
 

where s is the derivation operation.

 

KP � 	� LvQ � 	� Lv

If e is Zero and ec is Zero then αUfN is Zero. 

As a result, based on the considerate and deduction of 

response behavior and the above rule base of αUfN, we 

concluded that the output surface of gain-updating factor α is 

 

error (e) and error change (ec) 

ONTROL OF THE GRID INVERTER 

The various control strategies for the voltage source 

rectifier (VSR) have been proposed [1], [17] and will be 

 

Fig. 13 VSR Circuit Model 

The objective of the grid inverter is to maintain a constant 

link voltage between BDFIG (CW) and grid.  

The system can be described by the following equation 

¤ " L ��� ¡i¢i£i/¤ " ¡v¢ª«¬v£ª«¬v/ª«¬
¤      (59) 

 

written in a rotating reference frame by using 

§ ¨ " ω�L § iB0 i�¨ " §vBª«¬v�ª«¬¨   (60) 

here s is the derivation operation. 

Lv�i� " vBiBTLvBi� 0 v�iBT W        (61) 
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The voltage components in the Park frame V

are given at the output of the PI regulator: 

 ®v�ª«¬ � 0i�ns L " Rp " Lω�vBª«¬ � 0iBns L " Rp " nω�
 

In the Park reference frame, the voltage source components 

are Vd = 0 and Vq = Vs and the powers can be written as

 

`P � 	� vBiBQ � 	� vBi�  W    

 

By neglecting the converter losses, we have

 

Kv�/i�/ � 	� vBiB   C �fF!�� � i^@ 0 i¯ W   
v�/C �fF!�� � P 0 P�  

 

The inner current loop can be modeled as a transfer function 

relating the terminal voltage and current 
 ^nApfnAp � �] A?�  

 

The voltage components in the Park frame Vd_inv and Vq_inv 

 

L � L iB " v�Tn � L i�p           W    (62) 

In the Park reference frame, the voltage source components 

and the powers can be written as 

       (63) 

By neglecting the converter losses, we have 

       (64) 

       (65) 

The inner current loop can be modeled as a transfer function 

      (66) 

The complete block diagram of the VSR controller is shown 

in Fig. 14 [1], [17]. 

 

Fig. 14 Grid side VSR

VII. SIMULATION RESULTS 

The aim of the control is to measure active and reactive 

powers equal to the reference values. These powers should 

then be collected in order to measure only the stator current of 

CW. The two controllers have been tested using the indirect 

control method. The method is based on the stator currents 

measurements of CW and gives th

BDFIG control. 

The complete block diagram of the VSR controller is shown 

 

Fig. 14 Grid side VSR 

ESULTS AND DISCUSSION 

The aim of the control is to measure active and reactive 

he reference values. These powers should 

order to measure only the stator current of 

CW. The two controllers have been tested using the indirect 

control method. The method is based on the stator currents 

measurements of CW and gives then best results for the 
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Fig. 15 Simulated results under various speed, stator reactive power steps and parameters variation (A) PI controller. (B) PD-like FLC 

Controller (C) NSTFPDC Controller; (a) Rotor speed (rmp). (b) Stator active power of PW (W). (c) Stator reactive power of PW (VAR). (d) 

Stator currents of PW (A). (e) Stator currents of CW (A) 

 

A. Performances of the Controller 

1. Reference Tracking 

The first test investigated to compare the three controllers is 

reference tracking by applying stator active and reactive power 

steps of PW, respectively. As shown in Figs. 15 (b) and (c), the 

active power is stepped from -500 to -1.5 kW (export to grid) 

at 1.2 s and then backed to -500 at 2.8 s, the reactive power is 

stepped from 0 to -500 W at 1.6 s and then backed to 0 at 2.4 

s, while the machine's speed is maintained constant during the 

first change at 640 rmp and at 910 rmp during the second 

change. The results are presented in Figs. 16 (a) and (b). 

 

 

Fig. 16 Reference tracking, (a) Stator active power step of PW (b) 

Stator reactive power step of PW 

 

Figs. 16 (a) and (b) showed that during the change of 

power, transient oscillations due to the coupling terms between 

the two axes and static error appear on active and reactive 

powers. This is inherent to the adopted control mode: the 

feedback signal of the controller is calculated using stator 

currents of CW and considering that stator resistance of CW is 

neglected. It can be seen that transient oscillations amplitude 

are minimized with NSTFPDC Controller which have better 

rejection of perturbations. 

2. Sensibility to Perturbations 

The aim of this test is to analyze the influence of a speed 

variation of the BDFIG on active and reactive powers. The 

active and reactive power references are maintained to 

−1.5 kW and -500 VAR and at time equal to 2 s the speed 

varies from 640 rmp to 910 rmp. The results are shown in 

Figs. 17 (a) and (b). 

 

 

 

Fig. 17 Effect of a speed variation, (a) Rotor speed (rmp) (b) Stator 

active power step of PW (W) (c) Stator reactive power step of PW 

(VAR) 

 

This figure shows the limits of the PI controller. Indeed, for 

this controller, a speed variation induces an important 

variation of the active and reactive powers (40% for active 

power and 2% for reactive power). PD-like FLC controller 

have lower than the previous values (2% for active power and 

3% for reactive power) and the NSTFPDC Controller has a 

nearly perfect speed disturbance rejection, indeed, only small 

power variations can be observed (less than 1% for active 

power and 4% for reactive power). This result is interesting 

for wind energy applications to guarantee stability and quality 

of the generated power when the speed is varying. 

3. Robustness 

The aim of this test is to analyze the influence of the 

BDFIG's parameters variations on the controller's 

performances. The machine's model parameters have been 

deliberately modified with excessive variations: the values of 
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the both stators (PW and CW) and the rotor resistances are 

augmented by 25% and the values of inductances are reduced 

by 25%. The BDFIG is running at 910 rmp, active and 

reactive powers are maintained constant and the speed is equal 

to 910 rmp. The obtained results are presented in Figs. 18 (a) 

and (b). 

 

 

Fig. 18 Effect of BDFIG's parameters variation (a) Stator active 

power step of PW (W) (b) Stator reactive power step of PW (VAR) 

 

These results show that parameters variations of the BDFIG 

increase the time-response of three Controllers, for the PI 

controller, parameters variations induces an important 

variation of the active and reactive powers (32% for active 

power and 42% for reactive power), PD-like FLC controller 

have lower than the previous values (24% for active power 

and 28% for reactive power), and NSTFPDC Controller is also 

have lower than the previous values (19% for active power 

and 26% for reactive power), Indeed, the transient oscillations 

due to the coupling terms between the two axes are always 

present for all controllers but their amplitudes have not been 

increased compared to the test with no parameters variation. 

However, a static error on reactive power appears when the 

value of the active power is changed but it keeps reasonable 

values. 

B. Simulation of the Whole System 

The wind energy system parameters used in the simulation 

are given as following: 
 

TABLE II 

WIND ENERGY SYSTEM PARAMETERS 

Turbine  

 
Diameter = 4.8 m, Number of blades = 3, Hub 

height = 12 m, Gearbox = 18 

BDFIG [12]  

 

2.6 Kw, 380 V, 50 Hz, 2 pole pairs, 

Rsp = 1.732 Ω, Rsc = 1.079 Ω, Rr = 0.473Ω, 
Lsp = 714.8 mH, Lsc= 121.7 mH, Lmp=242.1 mH, 

Lmc=59.8 mH. 

Lr = 132.6 mH. 

filter  

 Zf =R +jLω  = 0.25 +j0.003. 

 

Fig. 19 shows the wind speed. Fig. 20 shows the angular 

speed random of the BDFIG. Fig. 21 presents the decoupling 

effect between the direct and quadratic stator flux of PW. The 

stator currents and voltages waveforms of the BDFIG and the 

related expended plots are shown, respectively, in Figs. 22 (a),  

(b), (c), and (d) (phase a). The PWM inverters are operated at 

2 kHz; hence, the currents are almost sinusoidal. The stator 

currents (PW and CW) waveforms and these zoom are 

presented, correspondingly, in Figs. 23 (a) and (b). Fig. 24 

gives the rotor current of the BDFIG. The stator active and 

reactive powers are plotted in Fig. 25. Fig. 26 shows the 

regulation of the DC-link voltage. It is maintained at a 

constant level (410 V) so that the real power extracted from 

the wind energy conversion system can pass through the grid. 

 

 

Fig. 19 wind speed (Vw) 

 

 

Fig. 20 Random of the BDFIG rotor speed (Ωmec) 

 

 

Fig. 21 Direct and quadratic stator flux of PW (ψA�B  and ψA�� p 

 

 

Fig. 22 (a) Stator current and voltage of PW (IA�¢ , VA�¢ ) 

 

 

Fig. 22 (b) Zoom of Stator current and voltage of PW (IA�¢ , VA�¢ ) 
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Fig. 22 (c) Stator current and voltage of CW (IA/¢ , VA/¢ ) 

 

 

Fig. 22 (d) Zoom of Stator current and voltage of CW (±O'² , ³O'² ) 

 

 

Fig. 23 (a) Stator currents of PW and CW (±O'² , ±OP² ) 

 

 

Fig. 23 (b) Zoom of Stator currents of PW and CW (±O'² , ±OP² ) 

 

 

Fig. 24 Rotor current (±²́) 

 

 

Fig. 25 Stator active and reactive powers L$P , µPT 

 

Fig. 26 DC-link voltage (E) 

VIII. CONCLUSIONS 

In this paper, a New Self-Tuning Fuzzy Proportional-

Derivative Controller (NSTFPDC) has been proposed and 

associated to the oriented control field of a brushless doubly 

fed induction generator based wind energy conversion systems 

connected to the grid.  

In this paper, we have presented a complete system to 

produce electrical energy with a BDFIG by the way of a wind 

turbine. Three different controllers (PI, PD-like FLC and 

NSTFPDC) are synthesized and compared. In terms of power, 

reference tracking with the BDFIG.  

The presented results show that a new technique for 

the intelligent control method as NSTFPDC can be a very 

attractive solution for devices using BDFIG such as wind 

energy conversion systems. 

NOMENCLATURE 

The turbine  

Ωmec Mechanical speed of the BDFIG 

Ωt Turbine speed 

Ωmec_ref Mechanical speed reference 

Pt Mechanical power  

Pmec_ref Mechanical power optimal 

Caer Aerodynamic torque 

Cg Generator torque 

Cp Power coefficient 

λ Tip speed ratio 

ρ Air density 

R Turbine radius 

Vw Wind velocity 

G Gear ratio 

S cross-sectional area 

Jt Inertia 

Ft Viscous friction 

The BDFIG  ³OP[ , ³OPQ , ³O'[ , ³O'Q ,  "d-q" stators voltages ±OP[ , ±OPQ , ±O'[ , ±O'Q  "d-q" stators currents NOP[ , NOPQ , NO'[ , NO'Q   "d-q" stators flux ±[́ , ±Q́ "d-q" rotor currents 

Nr Number of rotor nests 

Rsp, Rsc Per phase stators resistances 

Rr Per phase rotor resistance 

Lsp, Lsc Total cyclic stators inductances 

Lr Total cyclic rotor inductance 

Lmp,Lmc Magnetizing inductances 

p Number of pole pairs 

S derivative operator 

Jg inertia 
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Fg viscous friction 

Cem electromagnetic torque 

Psp, Qsp active and reactive stator powers 

Pg, Qg active and reactive grid powers 

ωe speed of the reference frame 

ωp, ωc, stators synchronous angular frequency 

ωr rotor's electrical angular speed 

ωm rotor's mechanical angular speed 
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