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Abstract

:

This paper presents an implementation of a new robust control strategy based on an interval type-2 fuzzy logic controller (IT2-FLC) applied to the wind energy conversion system (WECS). The wind generator used was a variable speed wind turbine based on a doubly fed induction generator (DFIG). Fuzzy logic concepts have been applied with great success in many applications worldwide. So far, the vast majority of systems have used type-1 fuzzy logic controllers. However, T1-FLC cannot handle the high level of uncertainty in systems (complex and non-linear systems). The amount of uncertainty in a system could be reduced by using type-2 fuzzy logic since it offers better capabilities to handle linguistic uncertainties by modeling vagueness and unreliability of information. A new concept based on an interval type-2 fuzzy logic controller (IT-2 FLC) was developed because of its uncertainty management capabilities. Both these control strategies were designed and their performances compared for the purpose of showing the control most efficient in terms of reference tracking and robustness. We made a comparison between the performance of the type-1 fuzzy logic controller (T1-FLC) and interval type-2 fuzzy logic controller (IT2-FLC). The simulation results clearly manifest the height robustness of the interval type-2 fuzzy logic controller in comparison to the T1-FLC in terms of rise time, settling time, and overshoot value. The simulations were realized by MATLAB/Simulink software.
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1. Introduction


Recently, renewable energies have experienced strong progress in their development thanks to their significant contribution to minimizing polluting CO2 emissions and avoiding the high cost of energy production induced by the conventional energy sources [1]. Therefore, the use of renewable energies is the only way to reduce the dependence on fossil fuel energies (coal, oil, natural gas, etc.) that generate carbon dioxide (CO2) and other polluting gases. Among the renewable energy sources are solar energy, hydropower, and wind energy [2].



For its profitability, cleanliness, and inexhaustibility, wind power has become one of the most promising and important renewable energy technologies in the world. Indeed, this renewable energy respects the environment and helps to avoid or, in some cases, minimize using production sources that produce unwanted carbon dioxide (CO2) [3].



Recently, fixed speed wind turbines have been replaced by variable speed wind turbines. Indeed, operating at variable speed allows the wind turbine to extract the maximal power from wind. Four types of generators can be used with the variable speed wind turbines; there is the squirrel cage induction generator (SCIG), the dual field induction generator (DFIG), the permanent magnet synchronous generator (PMSG), and the wound field synchronous generator (WFSG) [4,5].



The DFIG has become widely used due to its efficiency, minimum power losses, robustness, ease of control, reduced cost, and ability to work at a speed that varies by ±33% around the synchronous speed. Moreover, this generator requires only slight maintenance [6]. The studied system is illustrated in Figure 1a.



The presence of wind does not ensure production of a high quality of wind energy without using an adequate control strategy. In fact, that motivated the researchers to propose and develop many control strategies able to obtaining a high quality of wind energy. In the literature, there are control strategies such as the vector control concept (voltage orientation or stator flux) combined with various controllers (such as proportional-integral controllers). Unfortunately, when the internal parameters of the machine change, this control strategy loses his robustness [6,7].



Conventional proportional-integral (PI) controllers are the most commonly used in the control strategy of wind energy conversion system due to their simple implementation and deliver a good performance under normal conditions. However, under challenging operating conditions such as parameter variations, and the wind disturbance effect, the control strategies based on the PI controller do not give a satisfactory performance in terms of accuracy [8].



However, to solve tracking trajectory and stabilization problems, and to adapt for parameter variations of the DFIG-based WECS, many controllers have been developed in nonlinear form, such as the sliding mode controller, the backstepping sliding mode controller (BSMC), and the fuzzy logic controller [9].



The sliding mode controller is most studied in the literature [9,10]. It is a robust nonlinear controller that can reject uncertainty and perturbation, but the major drawback of the sliding mode controller is the chattering phenomena. To solve this problem, many solutions are presented in the literature, such as the high order sliding mode, and the backstepping sliding mode controller (BSMC) that consists of two nonlinear controllers (backstepping and sliding mode). Despite the tracking performance of the BSMC controller, it remains complex to implement [10].



In recent years, many researchers focused on improvements of the control strategy based on fuzzy logic. The first fuzzy theory was proposed and discussed by Prof. Lotfi Aliasker Zadeh [9,11]. Thus, the classical fuzzy logic called today fuzzy logic type 1 has been generalized to a new fuzzy logic called fuzzy logic type 2. Now we are working with a new type of fuzzy logic controller called type 2. In this paper, we propose to use an interval type-2 fuzzy logic controller (IT2-FLC) in order to overcome the limitations of fuzzy logic type 1 previously developed.



A T1-FLC has successfully been applied to control a DFIG-based WECS. This controller presents a better performance compared with the previous controllers. However, the main inconvenience of T1-FLC is the limitation in the face of the significant uncertainties in the system parameters [12].



This limitation is due mainly to the use of simple membership functions (MFs) characterized by the T1-FLC controller. To manage the uncertainties, we used an IT2-FLC controller to control a DFIG-based WECS. This controller is characterized by using the other three-dimensional MFs for the purpose of ensuring an additional degree of freedom to manage the uncertainties.



Finally, the IT2-FLC controller is compared with the T1-FLC controller in order to show its tracking performance (rapidity and accuracy) and also to show its robustness against the rapid changes of the reference signal.



This work is structured as following. Section 2 discusses the modeling of the DFIG as well as the wind energy conversion system, the MPPT control strategy and the pitch control. Section 3 discusses the simulation results and demonstrates the performance and robustness of the proposed interval type-2 fuzzy controller (IT2-FLC) and also presents comparison between this controller and the conventional type-1 fuzzy controller (T1-FLC). The last section is devoted to the conclusion.




2. WEC System Model


2.1. Modeling of the Wind Turbine


The following equation describes the aerodynamic power that can be extracted from the wind [13].


   P w  = 0.5  C p    λ , β   ρ π  R 2   V w 3   



(1)




where ( ρ ) is the air density (1.225 kg/m3), ( R ) presents the turbine blades’ radius, ( λ ) is the speed ratio, (   V w   ) is the speed of wind (m/s), while (   C p   ) presents the power coefficient that depends on the pitch angle ( β ). The parameters  λ  and    C p    can be expressed as described in the following equations:


  λ =   R  Ω t     V w     



(2)






   C p    λ ,   β   =  C 1       C 2     λ i    −  C 3  β −  C 4    exp   −    C 5     λ i      +  C 6  λ  



(3)




with


    C 1  = 0.5176   ,    C 2  = 116   ,    C 3  = 0.4   ,    C 4  = 5   ,    C 5  = 21     and    C 6  = 0.0068   










   where     1   λ i    =  1  λ + 0.08 . β   −   0.035    β 3  + 1    



(4)







Figure 1b illustrates curves of the power coefficient   (  C p  )   as a function of ( λ ) obtained for various cases of pitch angle  β  and under variable speed. Here,    C  p m a x   = 0.48   presents the maximal value of    C p    λ ,   β     obtained for   β = 0   and    λ  o p t   = 8.1  .



In order to be able to produce power from wind energy, it is essential to adapt the wind turbine to the DFIG. For this reason, the gearbox (with a gear ratio  G ) is added in the studied system [14]. The mechanical speed and the generator torque can be expressed as described in Equations (5) and (6).


   Ω m  = G  Ω t   



(5)






   T  e m   =    T t   G   



(6)







Effectively, the MPPT control strategy is essential for extracting maximal power for an average and low wind speed. The main aim behind using this control strategy is to maximize the power captured by the turbine rotor. However, to achieve this objective, it is necessary to control the electromagnetic torque    T  e m     of the DFIG so as to fix the DFIG rotation speed at the rotation speed reference [14,15]. Indeed, this latter can be expressed as described in the following equation:


   Ω  t − o p t   =    V w   λ  o p t    R   



(7)







In this study, the maximal speed ratio is supposed equal to the optimal value    C  p m a x   = 0.48   which, as discussed previously, is obtained considering    λ  o p t   = 8.1   and assuming that  β  is equal to 0, which allows extracting the maximum of power. So, under these conditions, the maximum mechanical power that can be extracted from the wind is expressed as described in the following form:


   P  m e c   =   π ρ  R 5   C  p m a x    Ω  m e c  3    2  λ  o p t  3     



(8)







The reference torque    T  e m − r e f     is given by the following equation:


   T  e m − r e f   =   π ρ  R 5   C  p m a x    Ω  m e c  2    2  λ  o p t  3     



(9)







If the wind speed is too high, the turbine rotation speed has to be limited to a maximum value in order to avoid the possible damage in the turbine structure. For this, the system controller, which is the pitch control, is used. As a result, the electrical energy produced by the wind turbine can be kept constant and equal to the nominal value.




2.2. Modeling of DFIG


The model of the DFIG is described in the (  d , q  ) reference frame [16] by the following set of equations.


         V  s d   =  R s   I  s d   +   d  φ  s d     d t   −  ω s   φ  s q          V  s q   =  R s   I  s q   +   d  φ  s q     d t   +  ω s   φ  s d          V  r d   =  R r   I  r d   +   d  φ  r d     d t   −  ω r   φ  r q          V  r q   =  R r   I  r q   +   d  φ  r q     d t   +  ω r   φ  r d          



(10)







The rotor and stator flux are expressed in the following forms:


         φ  s d   =  L s   I  s d   +  L m   I  r d          φ  s q   =  L s   I  s q   +  L m   I  r q            φ  r d   =  L r   I  r d   +  L m   I  s d          φ  r q   =  L r   I  r q   +  L m   I  s q          



(11)




where    V r    is rotor voltage,    V s    is stator voltage, is rotor current,    I s      is stator current,    R s   : is stator resistance,    R r    is rotor resistance,    L r    is rotor leakage inductance,    L s    is stator leakage inductance.    L m    is mutual inductance,    ω s    is stator pulsation.


   T  e m   = P  M   L s       I  r d    φ  s q   −  I  r q    φ  s d      



(12)







The system mechanical equation is:


  J   d  Ω m    d t   =  T m  −  T  e m   − f  Ω m   



(13)







Moreover, to be able to control the DFIG easily, we will achieve independent control of active and reactive power by the stator flux orientation. The principle is to align the stator flux along the d-axis of the rotating frame. For medium and high-power machines used in wind energy conversion systems, the stator resistance    R s    can be neglected; the electrical equations of the DFIG model are expressed as below:


   φ  s d   =  φ s     And     φ  s q   = 0  



(14)







In addition, the stator voltage equations are reduced to:


         V  s d   = 0        V  s q   =  V s  =  ω s   φ s         



(15)







The active and reactive powers at the stator side are written as


         P s  =  V  s d    I  s d   +  V  s q    I  s q   = −  V s     L m     L s     I  r q          Q s  =  V  s q    I  s d   −  V  s d    I  s d   =    V s 2     ω s   L s    −  V  s q      L m     L s     I  r d          



(16)







Thereafter, we establish the equations showing the relationship between the rotor voltages and rotor currents:


         V  r d   =  R r   i  r d   +  L r  σ   d  I  r d     d t   − g  L r  σ  ω s   I  r q          V  r q   =  R r   i  r d   +  L r  σ   d  I  r q     d t   + g  ω s   L r  σ  I  r d   +    L m   V s     L s           



(17)







With the leakage coefficient  σ  is given by:


  σ = 1 −    L m 2     L r   L s     



(18)







Figure 2 illustrates the global scheme of the proposed control strategy. As can be seen, the rotor side converter is controlled to regulate the active and reactive power to specific references. Effectively, there are two controllers for regulating the rotor currents to their reference values; the first one acts on the  D  axis while the second one acts on the  Q  axis. Additionally, two types of controller are investigated, the interval type-2 fuzzy logic (IT2-FLC) and the classic (T1-FLC).




2.3. Description of Fuzzy Logic SETs


To overcome the problems of the classical control method such as, these performances are assigned when the real machine parameters differ from those values used in the control system. We opted for using a fuzzy logic controller to control the behaviors of the DFIG wind turbine and mainly to regulate active and reactive power.



2.3.1. Overview of Type-1 Fuzzy Logic Sets (T1-FLS)


A type-1 fuzzy set in the universe  X  is characterized by a membership function    μ A   x    taking values on the interval     0,1     and can be represented as a set of ordered pairs of an element. The membership degree of an element to the set is defined by the following Equation (19):


  A =   x ,  μ A   x    | ∀ x ∈ X  



(19)






   where                                                                                         μ A  : X →   0,1    











In this definition,    μ A   x    represents the membership degree of the element   x ∈ X   to the set  A . In this work we are going the use the following notation:


  A  x  =  μ A   x                                                 For   all                              x ∈ X  












2.3.2. Basic Concepts of Interval Type-2 Fuzzy Logic Sets (IT2-FLS)


According to the definition of Zadeh, A type-2 fuzzy sets are the generalized forms of type-1 fuzzy sets [17,18]. An interval type-2 fuzzy set denoted as     A ˜     is characterized by a type-2 membership function    μ  A ˜     x , u     and can be described as:


   A ˜  =     x , u   ,  μ  A ˜     x , u     | ∀ x ∈ X , ∀ u ∈  J x u  ⊆   0,1    



(20)




in which


  x ∈ X     ,   u ∈  J x  ⊆   0,1                        And                  0 ≤  μ  A ˜     x , u   ≤ 1  











      A ˜     can be also expressed as


   A ˜  =   ∫   x ∈ X     ∫   u ∈  J x     μ  A ˜     x , u   /   x , u   ,  J x  ⊆   0,1    



(21)




where     ∫   x ∈ X     ∫   u ∈  J x      denote union over all admissible input variables  x  and  u .



Here,  X  is the primary domain of the input variable,    x   is the value of the input variable,  u  is the primary grade of a type-2 fuzzy set, and    J x    is called the primary membership of a type-2 fuzzy set of  x  and    μ  A ˜     x , u     is the secondary membership function equal to  1 .



Another expression for     A ˜     is


   A ˜  =   ∫   x ∈ X     ∫   u ∈  J x    1 /  μ  A ˜     x , u   ,  J x  ⊆   0,1    



(22)






   A ˜  : X →     a , b   : 0 ≤ a ≤ b ≤ 1                            











The union of all the primary memberships represents the uncertainty about     A ˜    , which is called the footprint of uncertainty     F o u     of     A ˜     as shown in Figure 3, i.e., [19].


  F o u   A ˜   =   ∪   ∀ ∈ X      J x  =     x , u   : u ∈  J x  ⊆   0,1      



(23)







The     F o u     of     A ˜     is bounded by two type-1 MFs called upper membership function (UMF) and lower membership function (LMF) as shown in Figure 3. The LMF and UMF are denoted as    μ  A ˜    x    and     μ ¯   A ˜    x   , respectively, and are defined as follows:


    μ _   A ˜    x  =   F o u   A ˜    _  , ∀ x ∈ X  



(24)






    μ ¯   A ˜    x  =   F o u   A ˜    ¯  , ∀ x ∈ X  



(25)







Note that    J x    is an interval set; i.e.,


   J x  =     x , u   : u ∈     μ ¯   A ˜    x  ,   μ _   A ˜    x       



(26)







An embedded fuzzy set       A ˜  e      for a continuous universe of discourse  x  and  u  is described as


      A ˜  e    =   ∫   x ∈ X         1 / u    x    , u ∈  J x   



(27)







The set       A ˜  e      is embedded in     A ˜     in such a way that the secondary membership functions (MFs) are always one at each value of  x . A large number of such embedded type-1 fuzzy sets (T1-FSs) are combined to form the type-2 fuzzy set (T2-FS), which enables the detailed description of the analytical control surface; the addition of the extra levels of classification gives a much smoother control surface and response. The T2-FS can be considered as a combination of many different type-1 fuzzy sets where each (T1-FS) is embedded to form the     F o u     [20].




2.3.3. Control of Doubly Fed Induction Generator Using IT2-FL


The type-2 fuzzy logic controller (IT2-FLC) is very useful in circumstances where we need to take into consideration the different uncertainties as the real machine parameters change, and as the controller for a variable speed wind turbine-based on DFIG is used mainly to regulate active and reactive power exchanged with an electrical network. To control a DFIG-based wind energy conversion system easily, we used the independent control of active and reactive power using the stator flux orientation. In the control diagram, the classical rotor currents controllers were replaced by an IT 2-FLC [21].



The DFIG-based WEC system model was simulated first using a conventional T1-FLC and then an IT2-FLC. The rule base was the same for both type-1 and type-2 fuzzy logic controllers. The fuzzy control strategy is based on a human operator experience to interpret a situation and initiate its control action. The global scheme of the control of the DFIG-based WEC system using an IT2-FLC and T1-FLC is presented in Figure 2.



The core of the type-2 fuzzy logic controller (IT2-FLC) was the type-1 fuzzy logic controller (T1-FLC), as Figure 4 shows. The IT2-FLC was constituted of four functional blocks, the three blocks of type-1 fuzzy and a fourth functional block that ensured the type reducer transformed a type-2 fuzzy set into a type-1 fuzzy set [22]. The structures of IT2-FLS and T1-FLS are shown in Figure 4a,b, respectively.



	-

	
The fuzzifier stage is used to translate inputs (real values) to fuzzy values.




	-

	
The inference (reasoning) stage consists of two blocks, the rules base and the inference engine; it works the same way as for type-1 fuzzy systems, except the antecedents’ fuzzy sets and the consequent are represented by type-2 fuzzy sets.




	-

	
The process consists of combining the rules base to produce a mapping from input to the output type-2 fuzzy set [23]. It is necessary to calculate the intersection, union and composition of type-2 relations in order to realize this mapping.




	-

	
The type reducer is used to convert all type-2 fuzzy sets into a type-1 fuzzy set on the output. There are several methods to calculate the reduced set, such as joint center, center of sums, height, and center joint, among others [24].




	-

	
The defuzzification stage translates an output into precise values.







A comparison between a T1-FLC and an IT2-FLC is given in the following.



In this paper, seven triangular membership functions were chosen for the IT2-FLC and T1-FLC, because these membership functions are easier to implement in practical hardware, used as the inputs and outputs, which are also shown in Figure 5 and Figure 6, respectively. The maximum and minimum values of the universe of discourse for all inputs and output were −1 to +1 [25].



The controller inputs are error (e) and its derivative (de). The only output of the controller is the control signal (u). Each input and output contains seven membership functions, two trapezoidal and five triangular [26]. Input and output membership functions (MFs) of the T1-FLC and IT2-FLC are demonstrated in Figure 5 and Figure 6, respectively.



For the optimal performance of the controllers, a 49-rule base was designed for the IT2-FLC and T1-FLC, as shown in Table 1. Referring to this table,   NL   defines the negative large.   NM   and   NS   are the negative medium and the negative small, respectively.   ZR   is zero while   PL  ,   PM ,   and   PS   are the positive large, positive medium, and the positive small, respectively. The rule base is the core part of the IT2-FLC and T1-FLC design which is based on process dynamics, experts’ knowledge, and experience.



The IT2-FLC was modeled on the MATLAB environment as depicted in Figure 7 and the parameters of the type-2 fuzzy (   k 1   ,    k 2   ,    k 3   ) were determined by the trial-and-error method [27].






3. Simulation Results


The control strategy proposed in this study was evaluated and compared in order to test its tracking performances under MATLAB software. The system parameters are listed in Table 2 and Table 3.



3.1. Reference Tracking


This part investigates the control strategies proposed and tracking performance when the DFIG was working in ideal conditions without perturbations and variations of the parameters.



Figure 8a shows the wind speed profile of the DFIG-based WECS. The wind speed varied around the rated wind speed, which is    V n  = 12   m / s  . The variation of the wind speed provoked the change of functioning in the system, as follows:



	-

	
Case 1: The wind turbine operated in the MPPT operating mode when the speed of wind was lower than the rated speed    V n  = 12   m / s  , therefore the wind turbine could generate the maximum power according to the specific wind speed.




	-

	
Case 2: In high wind speeds, the pitch control started operating. Therefore, the pitch angle was increased in order to limit the captured wind energy to its nominal value.







The Figure 8b shows the coefficient of power, which is   (  C p  )   equal to   0.48   for the MPPT mode and inferior to   0.48   for the pitch control mode.



Figure 9a shows the tip speed ratio    λ    was maintained at its optimal value    λ  o p t   = 8.1   by the MPPT control and degraded if pitch control mode was activated when the wind speed exceeded the nominal speed. Figure 9b represents the pitch angle controller response for variable wind speed  β , which was equal to  0  in MPPT mode, and varied according to the wind speed in pitch control mode to keep the output power at the rated value.



Figure 10a shows the high tracking performance of mechanical speed response ( Ω ) of the proposed controller under a variable turbine speed. It should be noted that the reference speed is given by the MPPT control strategy and the mechanical speed response was stable and tracked the reference value and the shape was similar to the wind variation.



The mechanical turbine power illustrated in Figure 10b changed according to the wind speed variation; also it was maintained in a nominal state when the pitch angle controller was activated.



Figure 11a shows the active power response that tracked the trajectory of wind speed evolution. When the pitch control was activated, the DFIG speed was kept at the nominal values, which implies that the extracted power was maximal. The nominal power (  3   MW  ) was obtained at the rated wind speed    V n  = 12   m / s   and a speed of    N m   =  1950   rpm  . Effectively, as can be seen in this figure, the active power had a negative sign, which means that the DFIG produced and distributed energy to the grid. In Figure 11b, the reactive power response was regulated to zero during the time intervals       0   s ,   11.6   s     to get the unity power factor operation. Afterward, it tracked accurately and rapidly the reference power, so it can be noted that the power response was identical to the reference value.



Figure 12a,b illustrates the rotor current responses    I  q r     and    I  d r     under normal conditions (the perturbations and the variations of the parameters of the DFIG do not apply). It can be noted that the rotor currents tracked the reference trajectories without overshooting.



Figure 13a shows that the rotor currents    I  r − a b c    , of the DFIG are three-phase and in sinusoidal form. While Figure 13b presents the voltage and current    I  s a    ,    V  s a     of a phase of the grid. It can be seen in Figure 13b that the voltage and the current were in phase opposition which means that the active power was injected into the grid and that the power factor was unitary.




3.2. Robustness


This part investigates and tests the proposed controllers’ robustness and the performance under unfavorable variations of the control system parameters and wind speed perturbations.



In the aim to test the robustness of the proposed controller, the parameter values of the DFIG were changed as follows: the rotor resistance    R r    was increased by   50 %   of its nominal value. In addition, the inductors of stator and rotor (   L s   ,    L r   ) were varied by   30 %   of their nominal values, and    L m    was decreased by   60 %   of the initial value.



Figure 14a,b, shows the result of the comparison between the two controllers, which were the type-1 fuzzy logic controller (T1-FLC), and the proposed interval type-2 fuzzy controller (IT2-FLC). The aim was to test the effectiveness and the robustness of the proposed controller in the case of parametric uncertainties and disturbances. We note that the T1-FLC regulator made small overshooting errors during small intervals of time, then tracked the reference signal, whereas the proposed controller (IT2-FLC) was accurate and did not make any overshooting errors, which proved its robustness against rapid changes of the reference signal, and in the case of disturbances and internal variations in system parameters.



Thus, it can be concluded from simulation results that the proposed controller (IT2-FLC) proved to be a better choice in the case of variations of the parameters and the uncertainties of disturbances of the system.





4. Conclusions


In this paper, we have applied a new control strategy based on an interval type-2 fuzzy logic controller and a doubly fed induction generator (DFIG). First a mathematical model of the DFIG and wind turbine model were presented. Then, two control strategies, pitch control and MPPT mode, were presented; the profile of the wind speed used made it possible to observe the operation of the wind turbine in the two modes according to the value of the wind speed: MPPT mode and pitch control mode.



In order to show the effectiveness of the proposed control strategy, the system was controlled using both the T1-FLC and IT2-FLC. Then, the system was tested in two different cases: in the case of very high wind speed disturbances, and in the case of parameter variations in the system. The results were obtained with both the T1-FLC and IT2-FLC.



Results showed that the interval type-2 fuzzy logic controller had better performance and outperformed the type-1 fuzzy logic controller (T1-FLC), especially in the case of disturbances, also the IT2-FLC had lower overshoot and fast rise time, making its performance more superior to that of the T1-FLC.



Future work will focus on the use of other types of robust controllers. We are currently designing and implementing an intelligent hybrid controller based on interval type-2 fuzzy logic, and a second-order sliding-mode controller proposed to control a variable speed wind turbine based on a doubly fed induction generator (DFIG).
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Figure 1. (a) Wind energy conversion system (WECS) based on a direct drive dual field induction generator (DFIG); (b) curves of the power coefficient   (  C p  )   as a function of  λ  and  β . 
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Figure 2. The schematic of the control of the DFIG-based WECS using the IT2-FLC. 
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Figure 3. Type-2 fuzzy logic sets with footprint of uncertainty (FOU) and embedded fuzzy set (FS). 
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Figure 4. Structures of fuzzy logic control: (a) type-1 fuzzy logic controller (T1-FLC); (b) interval type-2 fuzzy logic controller (IT2-FLC). 
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Figure 5. Type-1 fuzzy membership functions (MFs): (a) MFs for input variable ‘e’ and ‘de’ of the T1-FLC; (b) MFs for output variable ‘u’ of the T1-FLC. 






Figure 5. Type-1 fuzzy membership functions (MFs): (a) MFs for input variable ‘e’ and ‘de’ of the T1-FLC; (b) MFs for output variable ‘u’ of the T1-FLC.



[image: Inventions 06 00021 g005]







[image: Inventions 06 00021 g006 550] 





Figure 6. Type-2 fuzzy membership functions (MFs): (a) MFs for input variable ‘e’ and ‘de’ of the IT2-FLC; (b) MFs for output variable ‘u’ of the IT2-FLC. 
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Figure 7. Schematic model of the interval type-2 fuzzy controller (IT2-FLC). 
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Figure 8. (a) Wind speed (   V w   ) profile; (b) power coefficient (   C p    ). 
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Figure 9. (a) Tip speed ratio ( λ ); (b) pitch angle variations (β). 
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Figure 10. (a) Rotor speed ( Ω ); (b) mechanical power (   P r    ) of the DFIG. 
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Figure 11. (a) Active power (   P s   ) comparison under normal conditions; (b) reactive power (   Q s    ) comparison under normal conditions. 
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Figure 12. Rotor current response comparison under normal conditions; (a) rotor current (   I  q r    ); (b) rotor current (   I  d r     ). 
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Figure 13. (a) Rotor currents    I  r a    ,    I  r b    , and    I  r c    ; (b) Stator currents    I  s a     and stator voltage    V  s a    . 
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Figure 14. (a) Active power tracking comparison under parameters variation; (b) reactive power tracking comparison under parameters variation. 
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Table 1. Fuzzy logic control rule base tables.
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Table 2. Wind turbine parameters.
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	Parameters
	Values





	Radius of the blades
	   45   m   



	Gear ratio
	   100   



	Total Inertia
	   254   Kg .  m 2    



	Friction coefficient
	   0.24   
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Table 3. Doubly fed induction generator parameters.
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	Parameters
	Values





	Rated power
	   3 MW   



	Frequency
	   50 Hz   



	Stator voltage
	   690 V   



	Stator inductance
	   12.241    mH    



	Stator resistance
	   2.97    m  Ω   



	Rotor resistance
	   3.82    m  Ω   



	Rotor inductance
	   12.177    mH    



	Mutual inductance
	   12.12    mH    



	Number of pole pairs
	  2  
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