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Abstract- In this paper, we introduce two new controllers based on adaptive fuzzy systems. The 
first controller in known as the Maximum Power Point Tracking (MPPT) controller and works up 
to the rated wind speed and controls the wind turbine generator torque. The second is the pitch 
controller that kicks on above the rated wind speed and regulates power at rated levels while 
mitigating fatigue loading on the turbine structure. Both are fuzzy-logic-based controllers that have 
the capability to adaptively tune their rule bases online. The change in the fuzzy rule base is done 
using a variable structure direct adaptive control algorithm to achieve the pre-defined control 
objectives. The adaptive nature of the proposed controller significantly reduces the rule base size 
and improves its performance. The previous statement is verified through three levels of testing. 
The first level is Model-In-the-Loop (MIL) MATLAB/SIMULINK extensive simulations, with the 
performance results get compared to that of a carefully tuned Proportional-Integral-Differential 
(PID) controller. The second level of testing is through Software-In-the-Loop (SIL) testing using the 
same use cases. The last level is the Processor-In-the-Loop (PIL) experimental tests using a Texas 
Instruments TMS320F28335 digital signal processing board. 

Keywords: Wind Turbine; Fuzzy-Logic Control; Pitch Control; Maximum Power Point 

Tracking; Adaptive Control. 

1. INTRODUCTION 

The use of wind power is increasing rapidly. At the same time, the need for better cost 

effectiveness of wind power plants has stimulated growth in wind turbines’ size and power. 

A typical wind turbine consists of three main components: (1) the nacelle which contains the 

key components of the wind turbine, including the gearbox and the electrical generator; (2) 

the tower which carries the nacelle; and (3) the rotor and its blades which capture the wind 

energy and transfer its power to the rotor hub and then to the electrical generator. 

There are three main active actuation systems used for wind turbine control: yaw drive to 

align the nacelle with wind direction, pitch control to change the aerodynamic loading on the 

blades, and generator torque control to govern the speed of the generator to maximize the 

captured power from the wind as in Fig. 1. 

In above-rated wind conditions, the goals for turbine operation change from the control of 

generator torque for MPPT to those of regulating power at rated levels with mitigating fatigue 

loading on the turbine structure. An ordinary PI pitch controller regulates the generator speed 

without taking into consideration the unstructured dynamics of the blades, the drivetrain, or 

the tower. The nonlinear variation of rotor torque with wind speed and the pitch angle are 

typically not considered in the design. Further, the pitch actuator also has restricted limits on 

pitch angle and pitch rate [1-5]. Other challenging problems are the presence of nonlinearities 

in the system dynamics, and the continuous change of the operating points during operation 
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[1-2]. All previous reasons motivate the need for adaptive pitch controller that provides an 

accepted performance, and disturbance rejection at different operating points within the 

allowed actuator constraints. In this paper, an adaptive variable structure fuzzy-logic pitch 

controller will be designed for generator speed regulation. 

 

 
Figure 1. Wind Turbine Control Scopes. 

 

Due to wind energy and turbine features, optimum wind energy extraction can be achieved 

by operating the wind turbine in a variable speed mode [6]. At a given wind speed, the 

efficiency is drastically affected by the turbine’s tip speed ratio (TSR), which is defined as 

the ratio between the rotor speed of the tip of a blade and the actual wind velocity. There is 

an optimum TSR at which the maximum energy conversion efficiency is achieved [7-10]. A 

typical power coefficient versus TSR curve is shown in Fig. 2. 

An MPPT algorithm increases the power conversion efficiency by regulating the turbine 

rotor speed according to actual wind speeds. Therefore, an effective and low implementation 

cost MPPT algorithm is essential to enhance the efficiency and economics of wind energy 

conversion systems (WECS). Basically, there are four types of MPPT algorithms [6], namely, 

TSR control, optimum torque control (OTC), power speed feedback (PSF) and hill-climbing 

searching control (HCS). 

TSR control directly regulates the turbine speed to keep the TSR at an optimal value by 

measuring wind speed and turbine speed [11-14]. The control strategy is straight forward. In 

[11], a fuzzy-logic controller is used instead of a regular proportional integral differential 

controller to control the optimum rotor speed. No detailed mathematical model or 

linearization about an operating point is needed and it is insensitive to system parameter 

variation. In [12], turbine pitch angle is regulated according to the measured wind speed. 

Neural network and fuzzy-logic control are employed to improve the performance. Due to 

the turbine and other system element aging, the value of optimum TSR may vary. An adaptive 

strategy is shown to improve the performance [13] and its stability is discussed in [14]. 

In summary, the advantage of the TSR method is a fast determination of an optimum point 

and an easy implementation. On the other hand, the disadvantages are that they are 

customized for a particular turbine and that the atmospheric changes in air density cannot be 

taken into account as in all its calculations the TSR method assumes a certain fixed value for 
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the air density. However, as an example, the wind velocity and density close to the turbine 

are different from that of the free stream velocity/density [15]. Accordingly, extra processing 

of wind speed measurements must be incorporated during wind gusts and turbulences. 

 

 
Figure 2. Typical Wind Turbine Power Coefficient Curve. 

 

OTC control is based on the selected turbine characteristics. The relationship between the 

optimum generator torque and the generator speed is calculated, and then the behavior of the 

maximum torque control is determined by this relationship [16-17]. The generator torque 

balances the mechanical torque so that they will be equivalent at the optimum operating point 

for any particular wind speed. The advantage of this method is that it does not need a wind 

speed measurement. The disadvantage is that to select the proportional constant that describes 

the relationship between the generator torque and speed which is again based on the turbine 

characteristics. 

PSF control is based on searches for the peak power by changing the speed reference in an 

appropriate direction. The speed reference is modified towards it optimal operating point 

depending on the magnitude and direction of change in active power [8]. The peak power 

points are identified on the power versus generator shaft speed curve where its derivative is 

equal to zero. A disadvantage of this algorithm is that it uses the turbine characteristics 

(power coefficient, torque, power curves) to determine the amount of change in the reference 

speed with respect to change in power. 

HCS control is based on continuously searching for the maximum power of the wind 

turbine. It can overcome some of the common problems that are normally associated with the 

other methods. The tracking algorithm depends on the relation between the changes in power 

and speed, the location of the operating point, and computes the desired optimum signal in 

order to drive the system to the point of peak power [17-18]. The authors in [19] discussed 

the critical control parameters in HCS control. Classical fuzzy-logic control is used in [20] 

and [21] for efficiency optimization and performance enhancement. It provides fast 

convergence and accepts noisy and inaccurate signals. However, the mentioned classical 

methods used in HCS control suffer from some common drawbacks. The response to wind 

speed change is extremely slow, especially for large inertia wind turbines [22]. Rapidly 

fluctuating character of wind supply makes the situation even worse. Oscillation around the 

optimum point is also inevitable. All these drawbacks can significantly lower MPPT 

efficiency and may even cause oscillation in the system and make most HCS controllers are 

only implemented in small-scale WECSs. Therefore, in this paper, we propose an adaptive 

MPPT controller based on variable structure fuzzy-logic approach that overcomes the 

previously mentioned drawbacks and makes it suitable large wind turbines. 
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In Section 2, a general overview of both pitch and generator control is presented.  The case 

study used in this paper is fully described in Section 3. The proposed control algorithm is 

presented in Section 4. The detailed testing and simulation as well as verification, are 

explained in Sections 5 and 6. Discussion of the results and future work are presented in 

Section 7. 

2. WIND TURBINE CONTROL 

The energy derived from the wind by the wind turbine is expressed as [7] 

�� =  
�

�
��	
(�, �)��(������)�                                                                             (1) 

where Pw is the turbine harvested power in Watts, ρ is the density of air in Kg/m3, Cp is the 

rotor power coefficient which is a function of β (the pitch angle in °) and λ (the blade tip-

speed ratio), R is the rotor radius (~ blade length) in meters, Vw is the wind velocity in 

meter/sec, and ψ is the yaw error angle. 

2.1 Pitch control  

When the wind speed is above the rated speed, the generator must be protected as it will 

not be able to operate at a speed above its designated speed, so the mechanical power captured 

by the blades must be limited. This is done by varying the pitch angle of the blades [1-5].  

Two main types of pitch control are used: stall pitch control and active pitch control [7]. 

Stall pitch control depends on the aerodynamic design of the blades to stall when the wind 

speed is above rated speed. Active pitch control is done by controlling Pitch angle β of the 

blades using actuators, Pitch angle β is kept constant at zero as long as the turbine speed is 

below rated speed. When the turbine speed exceeds the rated speed pitch angle controller 

must generate pitch angle command to the actuator to change Pitch angle β and limit the 

generated power as well. The difference in performance between stall pitch control and active 

pitch control is noticeable at high wind speeds, active pitch control maintain the generated 

power constant at the rated value until the cut-out speed -- the speed at which the turbine 

must stop generating power to protect itself from being damaged by very high wind speeds-

, while stall pitch makes the generated power decrease below its rated speed. In this paper, 

we are concerned only with active pitch control. 

2.1 Generator control  

Wind turbines can be classified according to the range of wind speed at which electrical 

power can be generated. The two main types of wind turbines are fixed-speed and variable-

speed [9-10]. Power can be generated from variable speed wind turbines at a wider range of 

wind speeds while fixed speed wind turbine generates power at only one fixed speed. The 

key distinguishing element between these two types is the generator type. A fixed speed wind 

turbine uses squirrel cage induction generator while variable speed wind turbine uses either 

full converter wound-rotor induction generator or doubly-fed induction generator (DFIG) [7]. 

The latter is adopted in this paper and its construction is shown in Fig. 3. 

It is a wound rotor induction generator with its stator connected directly to the grid. The 

rotor is also connected to the grid through a back-to-back converter system. The main 

advantage of DFIG is that both active and reactive power can be controlled be controlling the 

rotor current. Another advantage is that the rating of the converter is 30% of the full stator 

power as the rotor current is only a fraction of the stator current based on the allowable slip 

in speed. Control of the DFIG now has a big share in wind energy control research due to its 

promising performance. 
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Figure 3. DFIG System Architecture. 

2.2 Power-speed curve of wind turbines  

The control objective in wind turbines differs according to the wind speed. The power-

speed curve [23] shown in Fig. 4 shows three regions of control. In “Region II” the wind 

speed is between the cut-in speed and rated speed, so two control techniques are available; 

MPPT by governing the optimum rotor speed, and yaw control to align the nacelle in the 

direction of the wind to minimize yaw error. In “Region III” the wind speed is between rated 

speed and cut-out speed; so the objective there will be to maintain the rated power using pitch 

control. When the wind speed is above the cut-out speed the most important is to protect the 

turbine from being damaged using yaw control and braking systems. 

 
Figure 4. Wind Turbine Control Regions. 

 

3. THE WIND TURBINE CASE STUDY 

3.1 Wind farm model  

In this work, we used SimPowerSystemTM package [24] from MATLAB® to study the 

proposed controller. SimPowerSystemsTM provides component libraries and analysis tools 

for modeling and simulating electrical power systems. The Wind Farm (DFIG Phasor Model) 

[25] shown in Fig. 5 is adopted here to be our test bed. It is a 9-MW wind farm consisting of 

six 1.5 MW wind turbines connected to a 25-kV distribution system exports power to a 120-

kV grid through a 30-km, 25-kV feeder. A 2300V, 2-MVA plant consisting of a motor load 

(1.68 MW induction motor at 0.93 PF) and of a 200-kW resistive load is connected to the 

same feeder at bus B25. Both the wind turbine and the motor load have a protection system 
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monitoring voltage, current and machine speed. The DC link voltage of the DFIG is also 

monitored. 

 
Figure 5. Wind Farm (DFIG Phasor Model). 

 

Wind turbines use a DFIG consisting of a wound rotor induction generator and an 

AC/DC/AC IGBT-based PWM converter. The stator winding is connected directly to the 60 

Hz grid while the rotor is fed at variable frequency through the AC/DC/AC converter. The 

DFIG technology allows extracting maximum energy from the wind for low wind speeds by 

optimizing the turbine speed while minimizing mechanical stresses on the turbine during 

gusts of wind. The optimum turbine speed producing maximum mechanical energy for a 

given wind speed is proportional to the wind speed. For wind speeds lower than 10 m/s the 

rotor is running at sub-synchronous speed. At high wind speed, it is running at hyper-

synchronous speed. 

Active pitch control is used in this model by acting on the error between the rotor speed 

(ωr) and Speed_D as shown in Fig. 6. The pitch angle β is fixed at zero degrees as long as the 

rotor speed (ωr) is lower than Speed_D, where Speed_D is 1.21 of the generator synchronous 

speed that is defined in the turbine power speed characteristics shown in Fig.7. 

 

 
Figure 6. Pitch Angle Control. 

 

The MPPT controller is applied for turbine speeds below the rated speed. It consists of two 

stages as shown in Fig. 8. The first stage is responsible for calculating the optimum reference 

power when the turbine speed is given. In the second stage, the controller is responsible for 

generating the Q-axis reference rotor current component which produces the reference 

voltage control signal for the rotor side converter. The latter is responsible for generating the 

electromagnetic torque and the optimum output power. This paper is concerned with 

designing the second stage controller using our proposed variable structure fuzzy-logic 

control approach. 
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Figure 7. The 1.5 MW Turbine Power Speed Characteristics. 

 

 

 

 
Figure 8. The two stages of the MPPT Algorithm. 

 

 

Fig. 9 shows the relation between output power and turbine speed at different wind speeds. 

It is noticeable that for each wind speed there is an optimum turbine speed at which the 

extracted wind power at the shaft reaches its maximum. The red curve represents the tracking 

characteristic that the turbine speed must follow for every wind speed to achieve maximum 

power tracking. 

 

Fig. 9. The 1.5 MW Turbine Power Tracking Characteristics. 
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3.1 Pitch control using PID  

A PID controller has been developed using SIMULINK to control the blades pitch motion 

as shown in Fig. 10. The wind farm model described in Section 2.4 has been used. Extensive 

trial and error iterations based on guess-and-check are carried out and using Integral of Time-

weighted Absolute Error (ITAE) criterion [26] as a performance index measure. In this 

method, the proportional action is the main control, while the integral and derivative actions 

refine it. The controller gain, Kp, is adjusted while the Ki and Kd held at selected minimum 

values (could be zeros) until the desired output (rise time) is obtained. Then tuning Ki for 

best transient response (overdamped “no overshoot” in our case) while maintaining KP and 

Kd at their pre-selected values. Next, tuning up Kd for zero steady state error while keeping 

Kp and Ki at their pre-selected values. 

 
Figure 10. PID Pitch Control Block Diagram. 

The previous steps have been iterated several times till the overall desired system 

performance is reached. After thorough tuning, the values of the gains that are used to achieve 

the most appropriate results are Kp = 500, Ki = 0.1, and Kd = 0.0. 

 

3.2 MPPT control using PID  

In the 9 MW wind farm model, a PID controller for the DFIGs is used as the power 

regulator. It controls the error signal between the maximum electrical power reference and 

the measured electrical power. The maximum electrical power reference is obtained from the 

current turbine speed and the power speed tracking characteristics shown in Fig. 9. The output 

of the PID controller is the reference q-axis rotor current component which is the key factor 

in the generated electrical power. The structure of the PI controller is shown in Fig. 11. After 

careful tuning using the ITAE criterion [26], the attained gains are Kp=1, Ki=100, and Kd=0.0. 

 
 

Figure 11. PID MPPT Control Block Diagram. 

 

3.3 Standard fuzzy-logic controller 

It is well known that the common drawback of non-adaptive control techniques such as 

PID and classical fuzzy control is that it is designed and tuned for a specific operating point 

which in our case is the wind speed. The parameters of these controllers are static and don’t 

adjust to the change of this operating point. Therefore, we propose a variable-structure 

adaptive fuzzy-logic controller that has the capability to adaptively tune its rule base online 

[27-28]. 
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A typical classical fuzzy-logic controller structure is illustrated in Fig. 12. It is composed 

of four parts: the fuzzifier, the knowledge base, the inference engine and the defuzzifier. The 

fuzzifier maps the input values into fuzzy variables using normalized membership functions 

and input gains. The fuzzy-logic inference engine deduces the proper control action based on 

the available rule base. The fuzzy-control action is translated to the proper crisp value through 

the defuzzifier using normalized membership functions and output gains [29-34].  

Each of the controller input and output fuzzy variables is assigned several linguistic values; 

for example say seven; varying from Negative Big (NB) to Positive Big (PB). Each linguistic 

value is associated with a membership function to form a set of seven normalized and 

symmetrical membership functions for each fuzzy variable as shown in Fig. 11. 

A symmetrical fuzzy rule set usually is used to describe the fuzzy controller behavior as 

shown in Table 1 [29]. Each entity in the table represents a rule of the form ‘‘if antecedent 

then consequence’’, e.g. the shaded rule in Table 1 is: 

If X1 is NS and X2 is PM then Xout is PS 

 

Figure 12. The basic structure of the fuzzy controller. 

 

Figure 13. Fuzzy variable, Xi, seven membership functions. 

Table 1. Fuzzy-Logic Controller IF-Then Rules. 
X2    
X1 

NB NM NS Z PS PM PB 

NB NB NB NB NB NM NS Z 

NM NB NB NB NM NS Z PS 

NS NB NB NM NS Z PS PM 

Z NB NM NS Z PS PM PB 

PS NM NS Z PS PM PB PB 

PM NS Z PS PM PB PB PB 

PB Z PS PM PB PB PB PB 

 

The activation of the ith rule consequent is a scalar value (ωi) which is equal to the product 

of the two antecedent conjunction values. Using the center of gravity defuzzification method 
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the appropriate crisp control is then generated [29-34]. Let Ө1 …, ӨM represent the centroids 

of M membership functions that are assigned to the output Xout: Thus, for M rules, the output 

of the controller is: 

���� =
∑ ����

�
� !

∑ ��
�
� !

                                                                                                      (2) 

Or  

Xout = ӨTζ                                                                                                               (3) 

 

where  ζ = [ζ1 … ζi … ζM]T,     "# =
��

∑ �$
�
$ !

      and  ӨT = [Ө 1 … Ө i … Ө M]. 

The strength of the ith rule is ωi. It is calculated based on interpreting the ‘and’ conjunction 

as a product of the membership values corresponding to the measured values of X1 and X2. 

For example, the rule strength of the shaded rule in Table 1 is given by 

ωi = µNS(X1) * µPM(X2)                                                                                          (4) 

 

where µNS and µPM are the membership functions corresponding to the fuzzy sets NS and 

PM, respectively. 

In standard fuzzy systems, the values Ө1 …, ӨM are set once and kept fixed afterward. One 

of the main contributions of this paper is to suggest a computationally efficient algorithm to 

tune Ө1 …, ӨM online so that the pitch and MPPT controllers will have improved 

performances and smaller rule-bases. 

 

4. THE PROPOSED CONTROL ALGORITHMS 

 

4.1 Variable structure fuzzy-logic pitch controller  

Fig. 14 illustrates the structure of the proposed Variable Structure Fuzzy-Logic Pitch 

Controller (VS-FLPC). Our VS-FLPC is implemented based on Equations (1) and (2) where 

Ө1 …, ӨM are tuned on-line using an adaptive algorithm.  

The vector Ө represents the centroids of the membership functions of the controller output. 

Tuning Өi changes all rules that use the output fuzzy set having the centroid Өi. This dynamic 

adjustment of the rules allows the proposed VS-FLPC to use less number of rules than the 

standard fuzzy-logic controller. 

The implementation of the proposed controller is straight forward. First, the centroids Ө1 

…, ӨM are initialized with values Өo1 …, ӨoM. Then, Equation (3) is applied to calculate the 

crisp controller output Xout, which (in our case) is the pitch angle β as shown in Fig. 6. The 

turbine speed error is calculated as follows: 

ek = ωrk – Speed_Dk                                                                                             (5) 

∆ek = ek – ek-1                                                                                                       (6) 

 

where ωrk is the current rotor speed reference at sample k, and Speed_Dk is the wind turbine 

D-point characteristic speed at sample k, ek is the rotor speed error value at sample k and ∆ek 

is the change in rotor speed error between samples k and k-1. 

The centroids of the output β is then updated each sample according to the adaptation 

equation [27]: 

% # = &# ∗ �()(*+�,) + % �#                                                                                  (7) 
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where Өi is the center of the ith membership function of the pitch angle (controller output) β 

with the initial value Өoi, and &# is a constant set by the designer to specify the possible range 

of variation of Өi around Өoi. The error vector e is given by eT = [ek   ∆ek], while Pn is a 

vector that represents the solution of the algebraic Lyapunov equation [35] where n = 2 in 

our case, which means we use only the second column of the matrix. 

 

 
Figure 14. The structure of the variable structure fuzzy controller. 

In our VS-FLPC, we have selected M = 5, which means that both inputs “e” and “∆e” are 

assigned 5 membership functions which results in 25 control rules. The controller output is 

also assigned 5 membership functions and their centroids are initialized as (NB) Өo1 = -1, 

(NS) Өo2 = -0.5, (Z) Өo3 = 0, (PS) Өo4 = 0.5, (PB) Өo5 = 1. Table 2 presents the controller rule 

base with the initialized centroids. 

Using the wind farm model shown in Fig. 5, extensive simulations for the proposed VS-

FLPC have been carried out, and after careful tuning, the normalization gain factors found to 

be: Ke = 70, K∆e = 0.1, Kβ = 1. 

Table 2. VS-FLPC IF-Then Rules. 
   
∆e  

e
 NB NS Z PS PB 

NB -1 -1 -0.5 -0.5 0 

NS -1 -0.5 -0.5 0 0.5 

Z -0.5 -0.5 0 0.5 0.5 

PS -0.5 0 0.5 0.5 1 

PB 0 0.5 0.5 0.5 1 

 

4.2 Variable structure fuzzy-logic MPPT controller  

In the 9 MW DFIG wind farm, a variable structure fuzzy-logic MPPT (VSFL-MPPT) 

controller is used in the power regulator to control the error signal between the maximum 

electrical-power reference obtained; given the current turbine speed and the power speed 

tracking characteristics shown in Fig. 9; and the measured electrical power. The output of the 

VSFL-MPPT controller is the reference q-axis rotor current component which is the key 

element in the generated electrical power. The structure of the VSFL-MPPT controller is 

shown in Fig. 15. All data concerning VSFL-MPPT controller is the same as in VS-FLPC 

controller in the previous section except for the normalizing factors which after careful tuning 

found to be Ke = 0.005, Kie = 0.5 and KIq = 1. Additionally, the inputs are the error and the 

integral of error, not the derivative. 
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Figure 15. The structure of the VSFL-MPPT controller. 

 

5. TESTING AND SIMULATION RESULTS 

Pitch control objective is to change the angle of attack of wind turbine blades, which results 

in controlling the captured mechanical power by the shaft of the generator. For wind turbine 

speeds below rated speed, the pitch angle is kept constant at zero degrees so as to maximize 

the captured power; for wind turbine speeds above predetermined speed from the turbine 

power-speed curve (Speed_D in Fig. 7) the pitch control increases the pitch angle β to keep 

the generated power constant at the rated value.  

MPPT is done for turbine speeds below rated speed; it consists of two stages. The first 

stage is responsible for calculating the optimum reference power given the turbine speed; the 

second stage is the controller responsible for generating the Q-axis reference rotor current 

component which produces the reference voltage control signal for the rotor side converter, 

which is responsible for generating the electromagnetic torque, and so the optimum output 

power. 

Three wind speed profiles are presented here to test the proposed VS-FLPC and VSFL-

MPPT controllers described in Sections 2.8 and 2.9 respectively, by comparing their 

performances against that of the PID ones.  

Wind Profile 1 (WP#1) is shown in Fig. 16, and several indicative measurements such as 

the turbine speed, the pitch angle, and the electrically generated power have been depicted in 

Fig. 17, Fig. 18 and Fig. 19 respectively showing the performance of both VSFLC and PID 

controllers.  

 
Figure 16. Wind Profile 1 (WP#1). 

 
Figure 17. Turbine-speed measurements (WP#1). 
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Figure 18. Pitch-angle measurements (WP#1). 

 

Wind Profile 2 (WP#2) is shown in Fig. 20, and several indicative measurements such as 

the turbine speed, the pitch angle, and the electrically generated power have been depicted in 

Fig. 21, Fig. 22 and Fig. 23 respectively showing the performance of both VSFLC and PID 

controllers. 

 

 
Figure 19. Electrical power measurements (WP#1). 

 

 
 

 
Figure 20. Wind Profile 2 (WP#2). 
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Figure 21. Turbine-speed measurements (WP#2). 

 

Wind Profile 3 (WP#3) is shown in Fig. 24, and several indicative measurements such as 

the turbine speed, the pitch angle, and the electrically generated power have been depicted in 

Fig. 25, Fig. 26 and Fig. 27 respectively showing the performance of both VSFLC and PID 

controllers. 

 
Figure 22. Pitch-angle measurements (WP#2). 

 

 
Figure 23. Electrical power measurements (WP#2). 
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Figure 24. Wind Profile 3 (WP#3). 

 
Figure 25 Turbine-speed measurements (WP#3). 

 
Figure 26. Pitch-angle measurements (WP#3). 

 
Figure 27. Electrical power measurements (WP#3). 

 

 

6. IN-THE-LOOP VERIFICATION TECHNIQUES 
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To best validate a specific controller design and development, four levels of advanced 

testing should be carried out to ensure the performance and the quality of the implementation. 

These levels are described as follows [36]: 

1. Model In the Loop (MIL): The controller model is being developed (using SIMULINK 

in our case) and gets integrated within the developed plant model (the wind turbine in our 

case), then extensive simulations are carried out to prove the effectiveness of the 

controller design. This level is already presented in this paper is Section 3. 

2. Software In the Loop (SIL): The controller is coded using any high-level language (e.g. 

C). Then, this test evaluates the specified functions of this code. The controller code can 

be generated either manually (written) or auto generated (using embedded coder in case 

of MATLAB/SIMULINK). The generated code will still run on a PC and interfaced with 

the plant model to perform the testing. Some interface software modules need to be 

developed for the integration of the code and the plant model. 

3. Processor In the Loop (PIL): In this test level, the developed or the generated controller 

code will run on an embedded system (a microcontroller or a digital signal processor). 

The code will be also interfaced to the plant model that runs on a PC as shown in Fig. 28. 

In this case, extra hardware is needed as well as some software modules to facilitate the 

communication between the embedded system board and the PC. 

4. Hardware In the Loop (HIL): In this test, the plant model is coded using a high-level 

language (e.g. C) and runs on a dedicated embedded system board with I/O modules [36]. 

This board is interfaced with the embedded controller board as well. Using this 

configuration, the real-time behavior is comprehensively tested for the controller 

implementation. This test is beyond the scope of this paper. 

 

6.1 Processor in the loop testing  

The eZdspTM F28335 development kit [35] from Texas Instruments is used in this work 

to perform the PIL testing. The kit includes the powerful TMS320F28335 Digital Signal 

Processor (DSP) with 150 MHz clock. The DSP is connected to the PC using a serial 

communication cable in order to exchange the data between the two devices. The proposed 

VS-FLPC and VSFL-MPPT SIMULINK models are converted to C code using Embedded 

Coder® [35] and then downloaded to the DSP board using the Code Composer StudioTM 

Software [36]. 

Both the DSP board that executes VS-FLPC & VSFL-MPPT codes and the PC that 

executes the wind turbine SIMULINK model are running simultaneously and exchanging 

data (as shown in Fig. 28) to verify the controller performance and evaluate the quality of its 

implementation in real time. Three SIMULINK blocks are used to enable the serial 

communication between the DSP board and the turbine model, which are the Serial 

Communications Interface (SCI) signals SCI setup, SCI send, and SCI receive [40]. 

Selecting the sampling time (Ts) at the whole emulation system is running proved to be a 

tricky and critical issue as well. To determine the most appropriate Ts, we have started from 

very small value Ts = 0.00001 sec and incremented it in fixed steps; while monitoring and 

comparing the simulation results. Ts represents the smallest step at which the controller can 

take an action. Therefore, the smaller Ts the more precise the control action and the better 

and stable simulation results, but the longer the simulation processing time. Consequently, a 

compromise has been taken to set Ts = 0.0002 seconds in all our simulation studies.   
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6.2 Processor in the loop testing  

The set-up of Fig. 29 is used to test the proposed VS-FLPC & VSFL-MPPT using the 9 

MW wind farm model. As the wind farm model shown in Fig. 5 is a continuous one, it has 

been discretized to communicate digitally with the controller code on the DSP board. 

The three test wind profile (WP#1, WP#2 and WP#3) are used here to compare MIL and 

PIL results for both VS-FLPC & VSFL-MPPT controllers. We suffice here by presenting the 

results of the generated electrical power simulations (Fig. 30, 31 and 32) as they aggregate 

the actions of both controllers. 

 

 
Figure 28. Exchange data between the Model and the Controller. 

 

 
Figure 29. VS-FLYC Verification System Using PIL technique. 

 

 

7. DISCUSSION 

In all the presented simulations, the first 10 seconds are ignored as it is the time for model 

initialization. The overshoot of the PID controller response shown in Fig.  18, 19, 22, 23, 26 

and 27 has been overcome by the VSFLC controllers.  Moreover, the VSFLC controllers are 

consistently maintaining higher generated power under several wind profiles as shown in Fig. 

19, 23 and 27. Additionally, they have better turbine-speed regulation as shown in Fig. 17, 

21 and 25. 

The average turbine speed is higher when using VSFLC controllers as the tracking 

algorithm generated higher electrical power reference. Consequently, the error between the 

measured electrical power and the reference power is higher. As a result, the reference q-axis 

rotor component is higher, which results in higher generated electrical power. 

The work of the pitch controllers is pretty obvious in Fig. 19 (WP#1) where they were able 

to maintain the power at rated value between t=10 and t=20 even though the turbine speed is 

hovering above 1.21pu during the same period as shown in Fig. 17. The same obvious work 

is shown in Fig. 23 (WP#2) in the period from t=27 till t=50 where the turbine speed is 

hovering why above 1.21pu as shown in Fig. 21. Additionally, Fig. 27 and 25 (WP#3) prove 

the same thing between t= 27 and t=50 as well. 
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Figure 30. Electrical power measurements by MIL & PIL (WP#1). 

 

The work of the MPPT controllers is pretty obvious as well in Fig. 19 (WP#1) between 

t=20 and t=37 (the turbine speed drops below 1.21pu in Fig. 17) where the VSFL-MPPT 

clearly outperforms that of the PID and generates an average of ~ 7.8% more power during 

the mentioned period. The same obvious work is shown in Fig. 23 (WP#2) in the period from 

t=37 till t=49 (the turbine speed drops just below 1.21pu in Fig. 21) where the VSFL-MPPT 

clearly outperforms that of the PID and generates an average of ~ 13.5% more power during 

the mentioned period. Additionally, Fig. 27 and 25 (WP#3) prove the same thing between t= 

39 and t=43 as well where the VSFL-MPPT is producing ~ 4.5% more power. 

The proposed VS-FLPC & VSFL-MPPT are then converted into discrete form and tested 

on processor on the loop (PIL) test bench, and the results of the digital controller are very 

much close to that of the continuous ones (Fig. 30, 31 and 32) with average root mean square 

error (RMSE) not exceeding 0.8% in any of the presented three wind profiles. 

Compared to the classical fuzzy-logic controller, the extra tuning effort in the proposed 

VSFLC controllers is limited to the choice of &# and Pn in (7). The choice of Pn (n = 2) is 

done by extensive simulation (trial and error) studies such that P > 0 and the algebraic 

Lyapunov equation [27, 31] is satisfied. P2 is calculated off-line and found to be 

 

P2 = [0.225    10]T                                                                                                    (8) 
 

 
Figure 31. Electrical power measurements by MIL & PIL (WP#2). 
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Figure 32. Electrical power measurements by MIL & PIL (WP#3). 

  

&# is a design parameter that decides the range of variation of the corresponding rule 

consequent. Consequently, the rules of both the VS-FLPC and VSFL-MPPT are adapted 

based on the variable structure estimator 

A % # = 15 ∗ �()(*+[0.225    10]+) + % �#                                                                    (9) 

 

where Өoi is initialized as Өo1 = -1, Өo2 = -0.5, Өo3 = 0, Өo4 = 0.5, Өo5 = 1. 

 

We summarize the benefits of the proposed VS-FLC as follows: 

1. It provides an automated rule generation mechanism as well as on-line rule adaptation 

and correction. 

2. It reduces the number of fuzzy rules, which results in a reduction of the code size of the 

low-level implementation on microcontrollers. Consequently, more efficient execution 

and lower price are attainable as a valuable commercial benefit. 

3. The variable structure feature of the controller significantly reduces the computational 

effort as compared to other adaptive schemes. 

4. Tuning a conventional FLC is very tedious in the various wind profiles scenarios. The 

adaptive feature of the proposed controller makes tuning much more feasible in extreme 

wind profiles cases. 

Finally, the presented results advocate the use of adaptive fuzzy-logic techniques to cope 

the unlimited scenarios of wind profiles, which is not straight forward to cope with using 

classical techniques. 

 

8. CONCLUSION 

For multi-MW wind turbines, both pitch and MPPT controls are crucial for maximizing 

the energy harvest, lowering the turbine maintenance cost and protecting both the turbine and 

the grid against excessive power. 

Accordingly, in this paper, variable structure adaptive fuzzy-logic pitch and MPPT 

controllers have been proposed and implemented. For comparison purposes, a carefully tuned 

PID controller has been designed as well and extensively simulated with the results of three 

wind profiles scenarios have been illustrated. The proposed VS-FLPC & VSFL-MPPT 

controllers with twenty-five rules each, three scaling factors and adaptive output membership 

functions’ centroids have been designed and validated as well using the same wind profiles 

scenarios.  
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Moreover, The VS-FLPC & VSFL-MPPT controllers are implemented on a digital signal 

processing board from Texas Instruments and interfaced to the 9MW SimPowerSystemTM 

wind farm model running on a PC to form a processor in the loop (PIL) testing set up. The 

idea is to verify the controller performance on real-time, improving the implementation 

quality and reducing testing cost.  

The evaluations and the comparative studies showed that both the VS-FLPC & VSFL-

MPPT controllers have outperformed the PID ones in every aspect. Moreover, the PIL testing 

shows extremely close results to the MIL ones, which proves their convenience and 

applicability in this domain. Further investigation on applying hardware in the loop (HIL) 

testing, as well as a prototype wind turbine, are encouraged to be performed in future research 

work. Furthermore, empowering the adaptation capabilities of the VS-FLC controllers with 

data-driven approaches to further improve the performance is a very promising research 

endeavor.  

Finally, the presented study and the thorough analysis showed the carefully designed and 

fine-tuned variable structure fuzzy-logic controllers are an excellent choice for the pitch and 

MPPT control; considering its simple adaptation rule, cost effectiveness and performance.  
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