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Abstract. Percentage of wind energy in worldwide power generation increases year after year. 

At the present time, problems of increasing the energy efficiency of wind turbines (WT) and 

optimization of WT power output are of great importance due to instability of wind energy.  It 

stimulates the development, investigation and using of intelligent systems for controlling oper-

ating regimes of wind turbines. Such systems also involve those systems that are developed us-

ing algorithms based on fuzzy logic. This paper presents the results of investigations devoted to 

searching for optimal membership functions for fuzzy sets of input and output variables. These 

variables and membership functions are used in fuzzy algorithms developed for enhancing 

power output of wind turbines under the given operating conditions. After analyzing the ob-

tained results, it may be concluded that the use of symmetrical Gaussian membership functions 

gives the fastest convergence of the optimal power into the point. 

Keywords: wind energy; energy efficiency; artificial intelligence; wind turbine; fuzzy logic; 

fuzzy sets; membership function; Mamdani algorithm; linguistic variables; fuzzy controller. 

1. Introduction 

Now, wind power engineering is being widely developed in different countries. Main designs of wind 

turbine nacelles, other power equipment, converters and inverters for wind turbines (WT) have been 

already studied. Therefore, investigations in this field are now directed to increasing the efficiency of 

WT operation to reduce the cost of power from wind energy, thus making wind turbines a competitive 

source of power related to power plants and units using the traditional fuel (i.e. coal, gas, diesel).  

The most interesting way is the development of new intelligent control techniques that allow con-

trolling WT power output depending on different operating conditions[1-3]. These control techniques 

can be realized by controllers based on fuzzy logic that allow controlling various WT loops, such as 

turning the nacelle to the wind, changing the angle of attack of the blade, changing the rotor speed, 

changing the blade length [4-6]. These devices have shown the better application in comparison with 

standard PI- and PID-controllers, because of having a regulating characteristic being close to the de-

sired one [7-9]. 

A lot of publications are devoted to investigation and application of methods of artificial intelli-

gence in wind power engineering [10-12]. Many of them contributed to this study. 

 This paper presents the results of the search for optimal membership functions with the help of 

controllers for the change of the WT rotor speed using the software package 

FuzzyLogicToolbox/Simulink/Matlab.  

http://creativecommons.org/licenses/by/3.0
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2. Materials and Methods  

In any process, there are two main objectives of control – protection and optimization of opera-

tion. Being applied to wind turbines, the process of control is very important in different areas, be-

cause there is a problem of continually variable, intermittent and unpredictable nature of wind energy. 

Moreover, specific features of WT control systems differ depending on operating conditions (figure. 

1). 

 

 

Figure 1. Energy characteristic of a wind turbine. 

 

When a wind turbine is operated in Area 2, the change of the rotor speed is used as a control action 

for maximizing the useful wind energy to increase the WT energy efficiency. It is possible due to con-

tinuous acceleration or deceleration of generator rotation, thus achieving an optimal tip-speed ratio. At 

the nominal wind speed (Area 3), a control system limits a generator rotation speed. Therefore, gen-

erator control generally implies the optimization of wind energy conversion. In several cases, it means 

that generator torque is changing with the change of a wind speed that may result in additional me-

chanical loading on an actuator [13-15]. 

The present paper proposes determination of the most optimal membership functions of fuzzy sets 

of input and output variables that can be used in fuzzy logic algorithms of WT control loops for chang-

ing the rotor speed.  

At the present time, instruments of fuzzy logic are widely used for solving the problem of increas-

ing the energy efficiency of WT operating regimes [16-18]. Algorithms have shown good capability of 

maintaining the stability of network parameters and have increased the quality of energy output [19-

21]. By now, several fuzzy inference systems (algorithms) has been proposed. In the present paper, 

investigations have been carried out using the Mamdani algorithm, which general distinctions from 

other algorithms are given below: 

Activation is realized using the MIN-activation method; 

Accumulation for combination of fuzzy sets, corresponding to terms of subconclusions related to 

the same output linguistic variables, is calculated as [22]: 

 

𝜇𝐴𝐵(𝑥) = max(𝜇𝐴(𝑥), 𝜇𝐵(𝑥)). (1) 

 

Defuzzification of output parameters is performed using the center of gravity (CoG) method or the 

center of area (CoA) method [22]. Defuzzification by the COG method is performed in the following 

way: 
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𝑦 =
∑ 𝑥𝑖𝜇(𝑥𝑖)
𝑛
𝑖=1

∑ 𝜇(𝑥𝑖)
𝑛
𝑖=1

, (2) 

 

where y – result of defuzzification, x – variable corresponding to the output linguistic variable ω, μ(х) 

– membership function of the fuzzy set corresponding to the output variable ω after accumulation. 

The structure of a fuzzy controller is illustrated in figure 2. 

 

 

Figure 2. Structure of the algorithm for realization of generator speed 

control based on a fuzzy inference (ΔРо – the change of an output power, 

ΔLωr– a step for the change of a generator speed, Δωr – the change of an 

output generator speed). 

 

Figure 3 illustrates the variety of energy characteristics of a wind turbine depending on a WT wheel 

rotation speed and a wind speed. 

 

 

Figure 3. Dependence of output power on generator speed at various 

wind speeds. 

 

It should be noted that an operating point, where the output power is maximum, has a different po-

sition for each wind speed. The main objective of control is to force a wind turbine generator to oper-

ate at this point. The change of a membership function allows achieving the maximum possible power 

at each wind speed.  
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The algorithm based on fuzzy logic for maximization of WT power generation is proposed in [23]. 

For certain values of a wind speed, an optimal generator speed is determined using the algorithm, until 

the system reaches the point of maximum power generation. For example, if generator speed is ωr1, 

then an output power is in point A at wind speed Vw4. Based on a fuzzy logic inference, a generator 

speed is changing, until it reaches speed ωr2, at which an output power has the maximum value (point 

B). If a wind speed increases up to Vw2, an output power will move to point C, then, according to the 

algorithm, an operating point will move to point D, thus changing a generator speed to ωr4. The strate-

gy for changing a wind speed is similar. If a wind speed decreases to Vw3, an output power will change 

and move to point E. A generator speed will decrease to the optimal value of ωr3 (point F), where an 

output power has the maximum value. 

Input variables, the change of an output power ΔРо and the following change of a generator speed 

Lωr, are firstly converted into corresponding fuzzy sets having human descriptive and intuitive values 

in the form of terms, such as “big”, “medium”, “small”, “zero”.  This is realized in the “fuzzification 

block”, where variables ΔРо (the change of an output power), Δωr (the change of a generator speed) 

and LΔωr (the following change of a generator speed) are described by corresponding membership 

functions. 

3. Results and Discussion 

Under the present study, the algorithm was investigated with the use of a piecewise linear function 

(figure 4), a sinusoidal function (figure 5) and a Gaussian function (figure 6) [22]. Rules of a logic 

inference are applied using the following principle: “if the last change of an output power ΔРо during 

the search for the maximum power is positive and big and the last change of the desired generator 

speed LΔωr is positive, then monitoring for the maximum power will be continued with the same posi-

tive direction with the big increase of Δωr”. Similar rules are included in the block “table of rules” and 

given in table 1.  

 

 

Figure 4. Piecewise linear (triangular) membership functions of input variables ΔP0, LΔwr and an 

output variable Δwr for the algorithm based on fuzzy logic, controlling the change of a rotor speed. 

 

To clarify the designations presented in Table 1, their definition should be done for the change of 

input and output variables: PVB – Positive Very Big, PBIG – Positive Big, PMED – Positive Medium, 

PSMA – Positive Small, ZE – Zero (no changes), NSMA – Negative Small,  NMED – Negative Me-

dium, NBIG – Negative Big, NVB – Negative Very Big, P – Positive, ZE – Zero (no changes), N – 

Negative change, respectively. 

As a result, output fuzzy sets demonstrating the change of a generator speed Δωr are transmitted in-

to the “defuzzification block” where they are converted into the real values [24]. It means that output 

variables, such as “BIG”, “MEDIUM”, “SMALL”, are converted into the numbers indicating measur-

able (normalized) values of a generator speed.  
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The choice of the optimal membership function is the fastest achievement of the operating point, at 

which the generated power has the maximum value. 

 

 

Figure 5. Sigmoid membership functions of input variables ΔP0, LΔwr and an output variable Δwr. 

 

 

Figure 6. Gaussian membership functions of input variables ΔP0, LΔwr and an output variable Δwr. 

 

Table 1. Rules for the algorithm based on fuzzy logic. 

Δwr                                                      ΔP0 P ZE N 

PVB PVB PVB NVB 

PBIG PBIG PVB NBIG 

PMED PMED PBIG NMED 

PSMA PSMA PMED NSMA 

ZE ZE ZE ZE 

NSMA NSMA NMED PSMA 

NMED NMED NBIG PMED 

NBIG NBIG NVB PBIG 

NVB NVB NVB PVB 

 

Experiments conducted in FuzzyLogicToolbox/Simulink/Matlab have shown that, assuming that 

input variables are equal, the most optimal change of an output generator speed Δωr is achieved by 
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using a symmetrical Gaussian membership function. This result shows that, if using this function, the 

system can move to the point of the maximum power output in the fastest way. 

The path to the fuzzy algorithms was registered from fuzzy controllers embedded in the control 

system of a wind turbine in a model built using Simulink/ Matlab (figure 7).This made it possible to 

evaluate their performance directly in the control system with specified constraints. The program uses 

a generator with a rated power of 1.5 MW [25]. 

 

 

Figure 7. General view of the wind turbine model in Simulink/Matlab. 

 

The unit for changing the rotor speed using an algorithm based on fuzzy inference is presented in 

figure 8. A fis-file is connected to the “Fuzzylogiccontrollerwr” block, which contains information 

about the corresponding control action. Input values are fed to the controller input: the last change of 

power and the last change of the rotor speed of the generator. In accordance with the characteristic of 

changes in power output of wind turbine depending on the rotor speed at various wind speeds, it is 

obvious that in order to reach the maximum power output: when the wind speed increases, an increase 

in the rotor speed should be observed and the rotor should slow down as the wind speed decreases. 

 

 

Figure 8. The control unit changes the speed of rotation of the rotor. 
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Table 2 shows the data of the generated energy for the same time interval under the condition of the 

same variability of the wind flow for different membership functions. 

 

Table 2. Energy generated by wind turbine for different 

membership functions of the rotor speed controller 

Membership function WWT, r.u. 

Triangular 201.357 

Sigmoid 202.986 

Gaussian 205.781 

 

For “Fuzzylogiccontrollerwr”, there is an increase in the energy output of the wind turbine when 

using the Gaussian membership function with all other conditions being equal. This result shows that 

when using this function, the system comes to the point of maximum power generation faster than us-

ing other functions. 

4. Conclusion 

Advantages of fuzzy control are evident. It provides the desired step size during the search that gives 

fast convergence. In addition, a controller can operate with inaccurate and distorted signals. Control-

lers based on fuzzy logic, which membership functions of fuzzy sets of input and output variables are 

defined by the Gaussian distribution, can provide the maximum energy efficiency of wind turbines due 

to the fast tracking of the maximum power point. 
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