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Abstract: Power generation in modern and industrial wind turbines can be improved by careful choice and analysis of operational control strategies. This paper considers the design of a new controller employing a fuzzy inference system during partial load operation. Fuzzy logic is used to obtain reference controller gains where the controller scheme uses the generator speed as a feedback signal and the pitch angle is fixed at its optimum value. Fuzzy rules were defined with respect to the response of the wind turbine to reference gains such that the output power tracks the ideal power curve as close as possible without any significant increase of stress on the main shaft and drive train. A variety of membership shape functions were considered to show the resulting effect on the extracted energy and the drive train stress. Simulation results showed an increase of total extracted energy from the wind turbine through the use of the fuzzy inference system controller. The fuzzy controller was evaluated based on a nonlinear model of the wind turbine using real wind speed applied to the model as a disturbance, to consider the practicality of the proposed controller.
Keywords: wind turbine, nonlinear model, partial load operation, fuzzy inference system.
1. INTRODUCTION

At the present time wind energy is proving to be the most competitive form of renewable energy. Over recent decades, the size and capacity of wind turbines have been increased dramatically. Meanwhile, the structural components have been made relatively lighter to keep down the costs. This has put higher demands on wind turbine control schemes, and implementation of advanced control systems should be considered as a promising way of increasing the extracted energy whilst the fatigue loads are kept at a reasonable level (Sloth et al., 2009).
In this paper a three-bladed horizontal-axis variable-speed variable-pitch wind turbine is considered, which works based upon the principle that wind acts on the blades making the rotor shaft rotate. The general dynamic behaviour of wind turbines are very nonlinear. The aerodynamic properties of the wind turbine are affected by the pitch angle of the blades, the speed of the rotor, and the effective wind speed. On this basis, an aerodynamic torque is applied to the rotor and the tower is affected by the resulting aerodynamic thrust. The aerodynamic torque is transferred to the generator through a drive train in order to increase the rotational speed of the rotor (Bianchi et al., 2006).
In Figure 1, a typical ideal power curve is shown in which 
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 is the ideal generated power and 
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 is the effective wind speed at the rotor plane. The ideal power curve is the reference curve that the wind turbine controller should track as close as possible (Bianchi et al., 2006). Cut-In wind speed,
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, represents the lowest practical operational wind speed and Cut-Out wind speed, 
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, is the highest wind speed for wind turbine operation and the wind turbine is shut down for wind speeds out of this range (Esbensen et al., 2008). In terms of control, the wind turbine works in two distinct regions. The partial load operation is the region between the Cut-In wind speed, where wind turbine starts to work, and the nominal wind speed, 
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, where the wind turbine produces its nominal power, 
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. The full load operation is the region between the nominal wind speed and the Cut-Out wind speed. In partial load operation, the control objective is to extract as much energy as possible from the wind. This region is called the power optimization region in the literature (Esbensen et al., 2008).
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Fig. 1. The ideal power curve

One of the simplest and therefore most applicable control schemes for wind turbines at partial load operation is to apply gain-scheduling between a large numbers of PID controllers which are designed for use in the proximity of a certain operating point (Esbensen et al., 2008; Hammerum, 2006; Laks et al., 2009). The disadvantages of this scheme is the resulting instability that occurs at transition steps between different controllers. The controllers are often designed based on linearized models which also decreases the controller efficiency on nonlinear wind turbine models (Lajouad et al., 2014).
The most commonly used controller, also known as the reference controller in previous research, is the standard control law that is obtained by excluding the wind speed in the aerodynamic torque equation (Johnson et al., 2006). In this paper the standard control law is chosen to be the reference controller for the wind turbine operation providing a reference for comparison of results obtained using the fuzzy control.
The use of fuzzy logic and fuzzy inference analysis in control continues to grow. Badihi et al (Badihi et al., 2014) designed an improved gain scheduled proportional integral (PI) control system based on the fuzzy gain scheduling (FGS) technique to study effects of faults on wind turbines. In similar research, Aissaoui et al (Aissaoui et al., 2013) tried to extract the maximum wind power by focusing on the electrical dynamics of the generator by using fuzzy PI control. Lakhal et al (Lakhal et al., 2015) used fuzzy logic control to track the maximum power coefficient by introducing the wind speed as an input to the fuzzy controller as well as the generator speed on the linearized model of the wind turbine. Bououden et al (Bououden et al., 2013) introduced a fuzzy model predictive control using linear matrix inequality to control the linearized wind turbine. 
F. Gao et al (Gao et al., 2008) focussed on controlling the blade pitch angle using a PI fuzzy controller. Also in similar research, X. Jian Jun et al (Jian-Jun et al., 2010) studied the effect of using variable blade pitch on the wind turbine with fuzzy logic. R. Ata, and Y. Kocyigit (Ata and Koçyigit, 2010) used an adaptive neuro-fuzzy inference system model to predict the tip speed ratio and the power factor of a wind turbine. Yishuang Qi et al (Qi and Meng, 2012) applied the theory of fuzzy inference system and PID control for blade pitch angle control based on a linear model of the wind turbine. Bedoud et al (Bedoud et al., 2015) used an adaptive fuzzy scheduling method to tune the PI controller gains to control the doubly fed induction generator based on a linearized model of the wind turbine. Shamshirband et al (Shamshirband et al., 2014) developed an intelligent optimization scheme based on the adaptive neuro-fuzzy inference system (ANFIS) in order to achieve the maximal net profit of a wind farm.

The main contribution of the current paper in comparison to previous research is that a fuzzy inference system is used in this paper to adjust the gains of the reference controller that is implemented on a nonlinear wind turbine model for controlling the generated power to track the ideal power curve. The fuzzy inference system uses the generator speed and its rate to determine appropriate gains according to fuzzy laws. In addition, the overall stress on the drive train is considered as a control objective as well as the captured energy. On the other hand, the wind speed is considered to be a disturbance in the proposed controller scheme, as it is not possible to be measured accurately at the rotor plane and is known to have non-uniform transient characteristics across the rotor. Several fuzzy membership functions are considered to study their effect on the resulting extracted energy and for further analysis. The final proposed controller is tested with a real wind speed scenario to check its applicability.

The paper is organized as follows. In section 2, the wind turbine model is described in detail. The control strategies for both reference and fuzzy controller are considered and simulated in sections 3 and 4, respectively. The conclusions and final analysis are presented in section 5.

2. WIND TURBINE MODEL
A nonlinear model of a 4.8MW wind turbine is considered for the proposed control algorithm (Esbensen et al., 2008). The model parameters are available in the Appendix.
2.1. Aerodynamic Model
The rotor of the wind turbine transfers energy from the wind to the rotor shaft, rotating at the speed
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[image: image9.wmf]r

 and the swept area,
[image: image10.wmf]A

, power coefficient, 
[image: image11.wmf]((),())

P

Ctt

lb

 which itself depends on the pitch angle of the blades,
[image: image12.wmf]()

t

b

 and the ratio between the speed of the blade tip and the wind speed, i.e. tip-speed ratio, 
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(Esbensen et al., 2008). The rotor torque formulation is given by,

[image: image14.wmf]3

1

()((),())[]

2()

.

aP

r

r

TtAVCttNm

t

R

V

w

w

rlb

w

w

l

=

=

.                   (1)

where 
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are aerodynamic torque and wind speed, respectively. 
[image: image17.wmf]R

is the blade length. The coefficient 
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 describes the aerodynamic efficiency of the rotor by a nonlinear mapping as shown in (www.kkwindsolutions.com). An empirical formula for 
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 is often used to decrease computation time instead of a look up table that may not be generally available. An empirical formula for the power coefficient is given by (Heier, 1998),
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In Eq. 2 the constant coefficients are
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. The surface of Eq. 2 is shown in Figure 2. The maximum of 
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It should be noted that it is not possible to measure the wind speed at the rotor plane accurately because of spatial and temporal wind speed distributions (Esbensen et al., 2008). Therefore wind speed is considered as a disturbance on the proposed wind turbine model.

2.2. Drive Train Model
The drive train model consists of a low-speed shaft and a high-speed shaft having inertias 
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 respectively. The shafts are interconnected by a gear ratio,
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which results in a torsion angle of twist of the main shaft of
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Fig. 2. The power coefficient empirical equation surface

The drive train has efficiency 
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 and drives the loading torque from the generator,
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are viscous friction components of the rotor and generator shafts, respectively. The drive train model equations of motion are given as (Esbensen et al., 2008),
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2.3. Pitch System Model
The pitch system should track a reference value, 
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 and can be modelled as a first order system with time constant 
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 (Esbensen et al., 2008) and can be expressed as, 
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Eq. 6 explains the operation of the pitch actuator before it has reached its limit. However, the pitch actuator has both a limited slew rate and limited operational area. 
2.4. Generator and Converter Models
Electric power is generated by the generator, and to enable variable-speed operation, currents in the generator are controlled using power electronics. Therefore, an electronic power converter interfaces the wind turbine generator output with the utility grid and controls the currents in the generator (Sloth et al., 2011). The generator torque,
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[image: image50.wmf],

gref

T
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The electrical system in the wind turbine and the electrical system controllers respond much faster than the reference controller used in this work (Odgaard et al., 2013). The power produced by the generator,
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, can be approximated by (8), as a static relation, where 
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In addition to the delayed first order system, the generator subsystem is described by a minimum load, a maximum load, and a slew rate for the load torque.

2.5. Modelling Assumptions

The important assumptions used in the model generation are, (Wang et al., 2012; Hand et al., 2004),

· Empirical formula for power coefficient.

· Considering wind speed as a disturbance and no wind speed sensor.

· Two degree of freedom mass model of the drive train.

· First order system for pitch actuator and generator model with operational limitations for more realistic models with time constant and communication delay. 

· Ignoring the yaw mechanism and assuming that the wind is always perpendicular to rotor plane.

· Wind speed covers the entire area of the rotor plane uniformly.

2.5. Assembled Model
The block diagram of the wind turbine model is illustrated in Figure 3.
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Fig. 3. Block diagram of the wind turbine model

In Figure 3, the pitch system changes the pitch angle of blades based on the reference pitch angle which is applied to the turbine. This pitch angle as well as wind speed and angular velocity of the blades provides the aerodynamic torque for the subsystem. This torque is applied to the drive train where the generator torque is given. The generator provides the requested electrical torque and generator reference torque to the drive train and generates the overall turbine electrical power.

It should be noticed that available measurements are the generator torque, pitch angle, generator speed and rotor speed and the output power is evaluated as the product of the measurements of the generator speed and generator torque.
3. CONTROL STRATEGY
The control objective in the partial load region is to keep the generated power as close as possible to the ideal power curve, as shown in Figure 1. In partial load operation, the pitch angle is fixed at zero as the optimal value and the tip-speed ratio is held constant, i.e.   
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point. Indeed by changing the generator reference torque,
[image: image60.wmf],

()

gref

Tt
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(Bianchi et al., 2006).
In partial load operation, there are two general control criteria. The first criterion is 
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 that represents the total extracted energy. The second criteria is for the applied stress on the drive train, found by using the total torsion angle of twist of the drive train into account, that is
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 (Bianchi et al., 2006; Esbensen et al., 2008). Indeed, the control objective in partial load operation is to increase the total extracted energy with no significant increase in drive train stress (Esbensen et al., 2008). These criteria will be used to show the effectiveness of the proposed controller compared to the standard control law.

3.1. Standard Control Law (Reference Controller)
In partial load operation, to track the optimum point of the
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, the speed of the generator is controlled by regulating the electrical torque on the generator through the generator torque controller. The control law determines the appropriate generator torque by excluding the wind speed from aerodynamic torque, as follows (Esbensen et al., 2008),
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The function 
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 in equation (9) represents the constant gain of the standard control law. The wind turbine model with the standard control law is illustrated in Figure 4. This controller is simulated to evaluate the wind turbine behavior in section IV.
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Fig. 4. The constant gain controller during partial load operation

In this control law, the gain 
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is constant and there is no sense of wind variation in the control scheme. Indeed, it is obvious that the available power in the wind and consequently, the aerodynamic torque decreases when the wind speed decreases. The generator speed,
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, is high compared to the rotor speed which can be considered a slow dynamic system due to the large rotor inertia. For the control situation with decreasing wind speed and high
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, whereas the available wind power is decreasing and so the wind turbine will consequently operate at tip speed ratios other than the optimal value. Simulations show that reducing the magnitude of 
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 by 20% improves power capture for a wind turbine with large rotor inertia (Hand et al., 2004).

On the other hand, as noted earlier, it is not possible to measure the wind speed variation at the rotor plane accurately.

So, in this paper it is proposed to change the controller gain based on the generator speed and its derivative using a fuzzy inference system. Figure 5 illustrates the fuzzy controlling system that is explained in the next section.
3.2. Controller with Fuzzy Inference System
Fuzzy inference system (FIS) is a nonlinear function that generates the logical output from some qualitative variables as inputs according to particular logical laws (Wang, 1999; Rebai et al., 2014; Wallam and Abbasi, 2014). This paper designs a fuzzy inference system to calculate the controller gain according to the appropriate rules, generator speed and its variation rate, as shown in Figure 5. In this proposed controller, the angular speed of the generator and its derivative are fed back to the fuzzy inference system where the controller gain is obtained based on appropriate fuzzy membership functions and fuzzy rules. Indeed, the angular speed of the generator and its derivative are used to make it possible to estimate the wind speed without the need for measuring the wind speed accurately.
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Fig. 5. The controller with fuzzy inference system (FIS)

An abrupt change in controller gains leads to similar changes in the reference torque and this can induce high stresses onto the drive train. So, the fuzzy membership functions of controller gain and generator speed are designed such that they change the controller gain smoothly by utilizing the Gaussian membership functions (Passino et al., 1998). These membership function are defined in Eq. 10 and are illustrated in Figures 6, 7 and 8, where 
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where
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are range of variable, shape parameter and centre of membership functions, respectively.

It should be noted that only the sign of the generator speed derivative,
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, is of interest to consider the generator speed variation. Therefore, the 
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membership functions are designed to be small to represent only the sign by selecting small 
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 in the Gaussian membership function (Passino et al., 1998), as shown in Figure 7. The inputs of FIS are 
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and its derivative and the output of FIS is the controller gain. The initial values are as given in Table 1.
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Fig. 6. The fuzzy membership functions of
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Fig. 7. The fuzzy membership functions of
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Fig. 8. The fuzzy membership functions of controller gain. The red, blue and green curves are named as low, medium and high membership functions for controller gain, respectively.
Table 1.  Initial values for fuzzy membership functions
	Initial Membership Functions of Generator Angular Velocity
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	Low
	30
	0

	Medium
	30
	100

	High
	30
	200

	Initial Membership Functions of Controller Gain
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	Low
	0.08
	0.9887

	Medium
	0.08
	1.1123

	High
	0.08
	1.2356

	Initial Membership Functions of Generator Angular Acceleration
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	Negative
	20
	-60

	Zero
	1
	0

	Positive
	20
	60


The fuzzy rules are defined with respect to the idea of adjusting the controller gains based on wind speed variation. This idea is obtained from the wind turbine behaviour as a high inertia mechanism. This behaviour can be summarized as: whenever the wind speed has an increasing high value, the 
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 will be positive and vice versa. On the other hand the sign of 
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 can be used to determine the behaviour of wind speed.

The controller gain can be tuned based on wind speed and its variation, as discussed earlier. In this paper it is proposed to use 
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instead of wind speed, because, irrespective of the wind speed, these two signals are measurable in wind turbines. Therefore whenever 
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 is positive, i.e. wind speed is an increasing high value, there is high power content and the wind turbine should extract as much power as possible. This can be done by increasing the controller gain that leads to increasing 
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Table 2.  Fuzzy rules
	
	
	Generator Angular Velocity 
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	Low
	Medium
	High

	Generator Angular Acceleration 
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	Negative
	Low Gain
	Low Gain
	Medium Gain

	
	Zero
	Low Gain
	Medium Gain
	High Gain

	
	Positive
	Medium Gain
	High Gain
	High Gain


The Mamdani inference engine is one of the most appropriate engines for control processes (Passino et al., 1998). Therefore this inference engine is used to complete the fuzzy inference system, shown as a curve in Figure 9.
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Fig. 9. The fuzzy inference system curve.

In Figure 9, all membership functions, Figure 6, 7 and 8, are combined according to fuzzy rules which are defined in Table 2. This curve shows the nonlinear mapping from 
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. This mapping calculates the appropriate controller gain for the proposed fuzzy controller.

4. SIMULATION RESULTS
The wind speed for designing the fuzzy controller is shown in Figure 10 (Bianchi et al., 2006), and accordingly, the simulation results are investigated in Matlab/Simulink for both reference controller and fuzzy controller.
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Fig. 10. Wind speed signal.
4.1. Reference Controller Results
The tip speed ratio and power coefficient are shown in Figures 11 and 12, respectively. It is obvious that the constant controller gain, after the transient response, is trying to keep the tip speed ratio and power coefficient at their optimal values.

[image: image118.png]12

10

200

400

600

800 1000
Time (s)

1200

1400

1600

1800




Fig. 11. Comparison of tip speed ratio of reference controller (red line) with optimal value (blue line)

It is obvious from Figure 10 that whenever the wind speed changes abruptly, the tip speed ratio and power coefficient, Figures 11 and 12, deviates from optimal values. The generated power of the wind turbine with the reference controller is shown in Figure 13.
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Fig. 12. Comparison of power coefficient of reference controller (red line) with optimal value (blue line)
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Fig. 13. Comparison of power of reference controller (red line) with optimal value (blue line)

The ideal power tracking ability, as the main controller objective, is obvious in Figure 13. The two control criteria that have been described previously, are used to quantify controller tasks and compared with the fuzzy controller response to evaluate the effectiveness of proposed controller. The values of the two control criteria for reference, are given in Table 3.
Table 3.  Values of two control criteria for reference controller
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4.2. Fuzzy Inference System Controller Results
Firstly, the procedure for designing the proposed fuzzy controller and membership functions are considered and then after comparison between various memberships shape functions, the ones that produce the most energy are selected. It should be noted that changing the controller gain abruptly makes the drive train to increase or decrease velocity very fast and consequently, the stress on the drive train will be increased. Therefore, to change the controller gains smoothly the Gaussian membership functions are chosen.

The Gaussian membership functions, Eq. 10, depend on 
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,
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and 
[image: image127.wmf]c

that are range of variable, shape parameter and centre of membership functions, respectively. A range of values were considered as fuzzy inputs and outputs and in order to reduce the simulation time, three membership functions for each variable were selected so that their  centres were located at the beginning, the middle and at the end of their range. Accordingly, the shape and operation of the fuzzy controller depends on the 
[image: image128.wmf]s

of each membership function.

Some initial values of 
[image: image129.wmf]s

for each membership function were selected as given in Table 1, and then the extracted energy and corresponding stress on the drive train were calculated as shown in Table 4.

Table 4. Values of two control criteria for the fuzzy controller with initial values for membership functions
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Even with the initial membership function, comparison of the results in Tables 2 and 3 shows that the extracted energy was increased by 0.52 % while the drive train stress was decreased. Indeed, the captured power using the fuzzy controller is closer to the ideal power curve compared to the reference controller. High drive train stress results in unpredictable maintenance procedures and increases the shutdown period of the wind turbine and consequently, increases the operational and lifetime costs. The proposed fuzzy controller has increased the total extracted energy with no considerable increase in drive train stress. Therefore the overall energy cost can be decreased.
The tip speed ratio, power coefficient and generated power when using the fuzzy controller with initial values are shown in Figures 14, 15 and 16.
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Fig. 14. Comparison of tip speed ratio of fuzzy controller with initial values (red line) with optimal value (blue line)
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Fig. 15. Comparison of power coefficient of fuzzy controller with initial values (red line) with optimal value (blue line)
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Fig. 16. Comparison of power of fuzzy controller (red line) with optimal value (blue line)

By changing the values of 
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for each membership function, the effect of membership functions on the extracted energy and control criteria can be studied and the membership functions that generate the most energy can be chosen. 

Firstly, the membership functions of 
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are considered. It should be noted that the centre of membership functions of 
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 are fixed on 0, 100 and 200 for Low, Medium and High membership functions, respectively. Due to the high nonlinearity of the wind turbine model and the fuzzy inference system itself, it was not possible to find the best 
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of membership functions automatically via simulation, because in each step the designed fuzzy controller should be updated and implemented in the wind turbine model. Thus a step by step trial and error procedure was used to find the best fuzzy controller.
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It is obvious that when 
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 is 26.875, the most energy is extracted.
Table 5. Values of two control criteria for fuzzy controller, 
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 of
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membership functions are changed in same manner and all other
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are fixed at initial values.
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Now, because it is necessary to increase controller gain at high 
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are changed and  
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 was fixed at 26.875 to check if it was possible to increase the extracted energy compared to the previous step. The results are summarized in Table 6. 
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was again changed as shown in Table 7.

Table 6. Values of two control criteria for fuzzy controller, 
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	10
	26.875
	10
	2.324e9
	1.021e-8

	30
	26.875
	30
	2.328e9
	0.989e-8

	40
	26.875
	40
	2.329e9
	1.010e-8

	50
	26.875
	50
	2.329e9
	1.022e-8

	60
	26.875
	60
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	1.032e-8

	65
	26.875
	65
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	67.5
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Table 7. Values of two control criteria for fuzzy controller, 
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	70
	1
	70
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	20
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	1.068e-8

	70
	40
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	2.327e9
	1.003e-8


It can be concluded that when 
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Table 8. Values of two control criteria for fuzzy controller, 
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	0.0015
	0.0015
	0.0015
	2.337e9

(2337408691.3984)
	1.116e-8
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were further changed as shown in Table 9 to increase the extracted energy.
Table 9. Values of two control criteria for fuzzy controller, 
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When 
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Table 10. Values of two control criteria for fuzzy controller, 
[image: image240.wmf]L

s

 and 
[image: image241.wmf]H

s

of
[image: image242.wmf]K

membership functions are fixed at 0.00025, 
[image: image243.wmf]M

s

 is changed, 
[image: image244.wmf]s

of 
[image: image245.wmf]g

w

membership functions are fixed at highlighted ones in Table 7 and 
[image: image246.wmf]s

of 
[image: image247.wmf]g

w

&

 are fixed at initial values.

	
[image: image248.wmf]L

s


	
[image: image249.wmf]M

s


	
[image: image250.wmf]H

s


	Energy
	Stress

	0.00025
	0.0005
	0.00025
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	0.00025
	0.0015
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	1.137e-8

	0.00025
	0.004
	0.00025
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Firstly, 
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Table 11. Values of two control criteria for fuzzy controller, 
[image: image258.wmf]N

s

 and 
[image: image259.wmf]P

s

of
[image: image260.wmf]g

w

&

membership functions changed in same manner, 
[image: image261.wmf]Z

s

 is fixed at initial value, 
[image: image262.wmf]s

of 
[image: image263.wmf]g

w

membership functions are fixed at highlighted ones in Table 6 and 
[image: image264.wmf]s

of 
[image: image265.wmf]K

membership functions are fixed at highlighted ones in Table 10.

	
[image: image266.wmf]N

s


	
[image: image267.wmf]Z

s


	
[image: image268.wmf]P

s


	Energy
	Stress

	2
	1
	2
	2.339e9

(2339866196.7744)
	1.147e-8

	5
	1
	5
	2.339e9

(2339866196.7744)
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	1
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	1
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	1.147e-8

	40
	1
	40
	2.335e9
	1.099e-8


When 
[image: image269.wmf]N

s

and
[image: image270.wmf]P

s

are 5 and 
[image: image271.wmf]Z

s

 is 1, the most energy was extracted. Consequently, keeping the value of 5 for 
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are 5, 10 and 5, respectively, the most energy was extracted. Finally, all membership functions that generate the most energy and the corresponding extracted energy and the estimated stress are summarized in Table 13 and 14, respectively. 

Table 12. Values of two control criteria for fuzzy controller, 
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	5
	0.5
	5
	2.336e9
	1.149e-8

	5
	3
	5
	2.340e9

(2339993521.5462)
	1.151e-8
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	5
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	1.151e-8
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	15
	5
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	1.151e-8


Table 13. Best values for fuzzy membership functions

	Best Membership Functions of Generator Angular Velocity
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	Low
	70
	0

	Medium
	1.25
	100

	High
	70
	200

	Best Membership Functions of Controller Gain
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	Low
	0.00025
	0.9887

	Medium
	0.0005
	1.1123

	High
	0.00025
	1.2356

	Best Membership Functions of Generator Angular Acceleration
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	Negative
	5
	-60

	Zero
	10
	0

	Positive
	5
	60


Table 14. Comparison of two control criteria values for all controllers
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	Reference (Constant Gain) Controller
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	Fuzzy Controller with initial values for membership functions
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	Fuzzy Controller with best values for membership functions


It is obvious that the extracted energy is increased by 1.03 % with proposed fuzzy controller whilst there was a 16 % increase in total stress. 
Now to consider the applicability of the proposed controller, a real measured wind speed (Odgaard and Stoustrup, 2015), shown in Figure 17, is used as a disturbance on the nonlinear model of the wind turbine. The results are summarized in Table 15.
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Fig. 17. Real Wind speed signal, (Odgaard and Stoustrup, 2015).
Table 15. Comparison of two control criteria values for all controllers with real wind speed
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	Reference (Constant Gain) Controller
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	Fuzzy Controller with initial values for membership functions
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	Fuzzy Controller with best values for membership functions


It is obvious that with the proposed fuzzy controller, for the real wind speed, the extracted energy is increased about 1.13 % with a consequential 6 % increase in total drive train stress. These results show the effectiveness of using the nonlinear fuzzy logic controller to model the extracted energy and drive train stress in partial load operation. Tuning of the controller shows the important ability to maximize extracted energy while modelling the resulting changes of drive train stress.

5. CONCLUSION
This paper presents an analysis of the potential improvement of the operation of a 4.8 MW wind turbine by tracking of the ideal power curve in partial load region using a fuzzy inference system. With the use of the standard reference controller, the extracted power was obtained to study the behaviour of the wind turbine. In partial load operation, the fuzzy control strategy aims to stay at the maximum power coefficient. This goal was achieved by keeping the pitch angle and tip speed ratio at their optimal values. Thus, by defining fuzzy rules with control of generator speed, the modified controller gain was obtained. It was shown that using an appropriate fuzzy inference system the total energy was increased by 1.13%. This value for an industrial wind turbine is a desirable improvement. It should be noted that the total energy was increased with a 6 % increase to the drive train stress. This improvement in extracted energy can reduce the cost of generated power provided it does not significantly affect the system reliability.

Additionally, the fuzzy inference controller was implemented on the nonlinear model and the wind turbine model was not linearized. The proposed fuzzy controller should be practical for real wind turbines where all available fuzzy membership functions can be implemented to provide the choice of controller to extract the most energy from the wind turbine. The applicability and generality of the proposed controller was tested with a real wind speed signal that was modelled as a disturbance input.
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APPENDIX
Tables A1-A4 show the value of parameters used in wind turbine modelling (Esbensen et al., 2008).
Table A1. Aerodynamic
	Swept Area (
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)
	Air Density (
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)
	Blade Length (
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)
	Parameter

	Value
	57.5 [
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]
	1.225 [
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	10387 [
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Table A2. Generator Model

	Parameter
	Value

	Time Constant Of The First Order System (
[image: image321.wmf]g

t

)
	20 [
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]

	Communication Delay Of The Converter (
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)
	10 [
[image: image324.wmf]ms

]

	Minimum Change Rate Of Generator Torque (
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)
	-50 [
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	Maximum Change Rate Of Generator Torque (
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	50 [
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	Minimum Generator Torque (
[image: image329.wmf],min

g

T

)
	0 [
[image: image330.wmf]Nm

]

	Maximum Generator Torque (
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	3500 [
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	Minimum Generator Power (
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	Maximum Generator Power (
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Table A3. Pitch Actuator
	Parameter
	Value

	Time Constant Of The First Order System (
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)
	50 [
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]

	communication delay of the pitch actuator  (
[image: image339.wmf]d

t

)
	10 [
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	Minimum Change Rate Of pitch angle (
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	Maximum Change Rate Of pitch angle (
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	Minimum pitch angle (
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	Maximum pitch angle (
[image: image347.wmf]max

b

)
	40 [
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Table A4. Drive Train Model
	Parameter
	Value

	Torsion Damp Coefficient Of The Drive Train (
[image: image349.wmf]dt

B

)
	9.45 [
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]

	Viscous Friction Of The High Speed Shaft (
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	3.034 [
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	Viscous Friction Of The Low Speed Shaft  (
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	27.8 [
[image: image354.wmf]/(/)

KNmrads

]

	Moment Of Inertia Of The High Speed Shaft (
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)
	390 [
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	Moment Of Inertia Of The Low Speed Shaft  (
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)
	55 [
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	Torsion Stiffness Of The Drive Train  (
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)
	2.7 [
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	Drive Train Gear Ratio  (
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)
	95

	Efficiency Of The Drive Train  (
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)
	0.97
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