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Abstract

:

A novel fuzzy rule is proposed to adopt a positive pitch strategy when the error between the measured and rated generator speed becomes large and continues to increase, and to adopt a negative pitch strategy when the error is small. The improved approach is introduced into the normal Fuzzy-Proportional-Integral (Fuzzy-PI) control strategy by dividing the fuzzy rules into four areas and analyzing the design method for each area. Furthermore, a low pass filter is used to reduce the ultimate loads of the pitch driver caused by the novel fuzzy rules. The modeling of the wind turbine load under turbulent wind conditions is conducted in GH Bladed, and MATLAB/Simulink is used to interact with the modeling to verify the novel Fuzzy-PI control. The results show that, compared with normal Fuzzy-PI control, the novel Fuzzy-PI control can greatly reduce the ultimate loads and fatigue loads of the pitch driver. The novel Fuzzy-PI control not only reduces the extremum of power deviation, but also decreases some ultimate loads and fatigue loads of the tower base and the blade root. It can reduce these loads by up to 21.53% under the normal turbulent wind condition and by up to 18.14% under the extreme turbulent wind condition.
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1. Introduction


Wind power has been developing rapidly worldwide due to fossil fuel energy depletion and environmental pollution. In recent years, the horizontal axis wind turbine (HAWT), especially on large-scale HAWT, has taken much of the wind energy market because of its high efficiency of harvesting wind energy. However, the growing need for higher power generation per turbine makes the size of HAWT, both in terms of the blade length and tower height, increase rapidly [1]. When facing complex atmospheric conditions, the elimination or mitigation of excessive loads for modern large-scale turbines is very necessary because it not only lessens the manufacture cost of turbines by reducing design requirements but also extends the life of wind turbine key components [2].



Challenges of the controller design in wind turbines are introduced by the large moment of inertia and nonlinearity of wind turbines [3], along with random natural wind speeds with wide variation ranges. Traditional pitch angle controllers were normally based on proportional integral derivative (PID) control. Although PID has a simple structure and high reliability, its parameters are fixed and cannot meet the multiple time-varying and nonlinear characteristics of wind turbines. However, fuzzy control technology is based on fuzzy reasoning and linguistic rules; hence, the influence of the nonlinear factors can be avoided [4]. Moreover, compared with the ordinary PID pitch angle controller, fuzzy logic control (FLC) can reduce the fluctuation of the torque and power of the drive system [5,6]. Han [5] and Civelek [7] combined FLC with individual pitch angle control to further reduce the loads of the tower base and the blade root. Fuzzy self-tuning PID (Fuzzy-PID) control [8,9] has been proposed to simultaneously exert better control on the FLC in nonlinear systems and higher reliability on the ordinary PID control. Compared with the ordinary PI control, Fuzzy-PID control can effectively reduce the overshoot of the pitch angle, increase system response speed, and stabilize the output power of the wind turbines [10,11]. In addition, compared with FLC, these advantages of Fuzzy-PI control will decrease slightly, but remain [12,13]. All in all, these literatures have verified the Fuzzy-PI control in wind turbine control. On the other hand, some statistical approaches have been used to promote the performance and efficiency of energy systems, for example in solar collector applications [14,15,16].



Little attention has been paid to the design method of fuzzy rules and the variation of wind turbine loads although it is critical for designing and estimating Fuzzy-PID control. This study compared normal and extreme turbulent wind conditions with odd wind conditions, such as step down and step up in wind speed, presenting better similarity to natural wind conditions and better validating performance on control algorithms. Moreover, the improved approach is introduced into the normal Fuzzy-PI control strategy by dividing the fuzzy rules into four areas and analyzing the design method for each area. Wind turbine performance under normal and extreme turbulent wind conditions was simulated in GH Bladed and MATLAB/Simulink interactive software, and the variation of wind turbine loads was analyzed.




2. Wind Turbine Model


2.1. Aerodynamic Model


Wind turbines capture energy through rotating blades, and the captured energy is then transferred through the shaft to the generator in the form of torque to generate electricity. The relationship between power and wind speed can be expressed as follows [17]:


   P a  =  1 2   C p   (  λ , β  )  ρ  R 2  π  υ 3   



(1)






  λ =   ω R  υ   



(2)




where    P a    is the aerodynamic power captured by wind turbine’s rotor blades,    C p    is the rotor power coefficient,  ρ  is the density of air,  R  is the rotation radius of the blade,  υ  is the wind speed,  λ  is the tip-speed ratio, and  β  is the pitch angle of the blade. Generally, the rotor power coefficient    C p    can be approximately described as follows:


   C p   (  λ , β  )  = 0.5176  (    116    λ i    − 0.4 β − 5  )   e  −     21    λ i      + 0.0068 λ  



(3)






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



(4)








2.2. Drive Train Model


The drive system of wind turbines is mainly composed of a wind rotor, low speed shaft, gear box, high speed shaft, and generator rotor. In this paper, a common two-mass flexible axis model, the force diagram of which is illustrated in Figure 1, is selected. The model considers that the low-speed and high-speed shafts are flexible, which allows the rotor of the wind turbine and the generator to have their own rotational degrees of freedom. The acceleration of the rotor is determined by the imbalance between the aerodynamic torque and the braking torque of the low-speed shaft, and the acceleration of the generator rotor is determined by the imbalance between the high-speed shaft drive torque and the generator torque.



The rotor shaft equation can be derived as follows:


   J r    d  ω r    d t   =  T a  −  T  l s   −  B r   ω r   



(5)






   T  l s   =  K  l s    (   θ r  −  θ  l s    )  +  B  l s    (   ω r  −  ω  l s    )   



(6)




where  J  is the second moment of inertia,  B  is the damping coefficient,  K  is the spring constant,  T  is the torque,  θ  is the shaft angular displacement, and  ω  is the shaft angular speed. The subscripts  r ,   l s  , and  a  denote the rotor, low speed, and applied by blades, respectively. On the generator side, it is considered to be:


   J g    d  ω g    d t   =  T  h s   −  T g  −  B g   ω g   



(7)




where the subscripts   h s   and  g  denote high speed and the generator, respectively.



In this paper, the gearbox is considered ideal with no loss, as follows:


   N g  =    T  l s      T  h s     =    ω g     ω  l s      



(8)




where    N g    is the gearbox ratio.




2.3. Generator Model


Since the main focus of this paper is on designing pitch angle controller and for purpose of simplicity, a first-order model [18] for the generator is considered as follows:


    d  T g    d t   =  1   τ g     (   T  r e f   −  T g   )   



(9)




where    τ g    is the time constant of the generator, and    T  r e f     is the generator’s torque reference. The captured electrical power [19] is equal to:


   P g  =  η g  ·  ω g  ·  T g   



(10)




where    η g    is the generator efficiency.




2.4. Pitch Actuator Model


The pitch actuator provides the rotational movement of each blade of the wind turbine around its longitudinal axis. It is modeled as an underdamped hydraulic mechanism, which is more reliable with little backlash and larger stiffness than the electrical pitch actuator motor [20,21]. The hydraulic pitch actuator is thus described as a second order dynamic system as:


     d 2  β   d  t 2    = −  ω n 2  β − 2  ω n  ξ   d β   d t   +  ω n 2   β  r e f    



(11)




where,    ω n    and  ξ  are the natural frequency and damping ratio of the pitch actuator, respectively. Additionally,    β  r e f     is the reference pitch angle, commanded by the pitch controller and to be followed by blade pitch angle.



The speed of wind turbines has a rated value which is limited by the loads that the wind turbine material can bear. Due to the voltage and current resistance of power electronic components, the output power of wind turbines also has a rated value. Combined with (1)−(8), in order to limit the rising speed and power, the blade angle must be increased when the wind speed increases continuously. Wind turbine pitch actuators usually have two important limitations in amplitude and pitch angle rate of change. In this paper, the amplitude and rate limitation are considered between 0 °  up to 90 °  and −8  ° / s   up to +8  ° / s   [22], respectively.





3. Fuzzy-PID Control Algorithm


3.1. Fuzzy Logic Control Algorithm


The work of fuzzy control is mainly divided into three processes: fuzzification, fuzzy logic reasoning, and defuzzification [23,24]. In the process of fuzzification, the exact input is converted into the form of a fuzzy set and a membership function for fuzzy reasoning. In general, the fuzzy variables are divided into the following: {negative large, negative medium, negative small, zero, positive small, positive middle, and positive large}, the shorthand representations of which are {NL, NM, NS, ZO, PS, PM, and PL}. Fuzzy logic reasoning is the core component of FLC, which is responsible for the output of fuzzification according to the knowledge of the rules and databases. The process of defuzzification transforms the fuzzy variables obtained from fuzzy logic reasoning into precision output parameters applied to the controlled equipment. According to the existing literature [25], the central average method is the best method. The output control value fed into the system is calculated by the following formula:


  y =   ∑  j   δ j   μ j  /   ∑  j   μ j   



(12)




where  δ  is the center of the fuzzy output set,  μ  is the height of the fuzzy output set, and  y  is the output of the control. The subscript  j  denotes the  j -th time.




3.2. Fuzzy-PID Control Algorithm


As sampling control, computer control calculates the controlled value according to the deviation value of the sampling time. The assumption is that the sampling interval is  T , and the error and the derivative of the error are, respectively, denoted as  e  and    e ′   . The input deviation and PID output [26] at the  k -th time sampling are:


  e  ( k )  =  y  r e f    ( k )  − y  ( k )   



(13)






   e ′   ( k )  =   e  ( k )  − e  (  k − 1  )   T   



(14)






  y  ( k )  = P  ( k )  + I  ( k )  + D  ( k )   



(15)






  P  ( k )  =  k p  · e  ( k )   



(16)






  I  ( k )  =  k i  ·   ∑   j = 0  k   [  e  ( j )  · T  ]   



(17)






  D  ( k )  =  k d  ·  e ′   ( k )   



(18)




where    y  r e f     is the set value,  y  is the actual output value,    k p    is the proportional gain,    k i    is the integral gain,    k d    is the differential gain,    P   is the proportional output item,  I  is the integral output item, and  D  is the differential output item.



According to the input value, the Fuzzy-PID control strategy modifies the proportional, integral, and differential gain coefficients in real time to achieve a better control effect. The block diagram of the Fuzzy-PID control strategy system based on two-dimensional FLC theory is illustrated in Figure 2.





4. Design of Simulation Platform and Fuzzy Rules


4.1. Design of GH Bladed and MATLAB/Simulink Interactive Software


The design of GH Bladed and MATLAB/Simulink interactive software was supported by MATLAB Engine technology [27] and Named Pipes technology [28]. MATLAB Engine technology is one of the interface programs provided by MATLAB, whose technology supports C/C++ and other types of programming. Through this, users are able to apply a single script to call all functions supported by MATLAB to achieve the data interaction between software and MATLAB. The data interaction between interactive software and DLL files can be realized by using the Named Pipes technology, which can interact the data between different processes of the same computer. The flow of interactive software data (arrow direction) is shown in Figure 3.




4.2. Improvement of Fuzzy Rules


The PI control is generally adopted in industry, and (15), (16), and (17), respectively, become (19), (20), and (21). Based on the GH Bladed and MATLAB/Simulink interactive software, the Fuzzy-PI model was constructed in this work in Simulink, as shown in Figure 4.


  y  ( k )  = P  ( k )  + I  ( k )   



(19)






  P  ( k )  =  (   k  p 0   + Δ  k p   )  · e  ( k )   



(20)






  I  ( k )  = I  (  k − 1  )  +  (   k  i 0   + Δ  k i   )  · e  ( k )   



(21)




where    k  p 0     is the initial proportional gain,    k  i 0     is the initial integral gain,   Δ  k p    is the variability of the proportional gain of the FLC output, and   Δ  k i    is the variability of the integral gain of the FLC output.



The linearized model of wind turbines at rated wind speed is determined by using the linearized module of GH Bladed, while the parameters of PI control (   k  p 0   = − 0.05  ,     k  i 0   = − 0.035  ) are found using the 4:1 attenuation curve method [29]. Considering the nonlinearity of wind turbines, the proportional and integral gains are adjusted in real time according to the pitch angle [26]. The fuzzy rules according to the existing literature [12,13] are listed in Table 1.



To facilitate the analysis and design of the fuzzy rules, this paper divides the rules into four areas, as shown in Figure 5. Taking a measured generator speed that is greater than the rated speed as an example ( e  is negative), the design ideas of areas 1, 2, 3, and 4 in the upper parts of the fuzzy rules table are described below. In area 1, at this time, the speed deviation  e  and its derivative    e ′    are both less than zero, which indicates that the speed of the wind turbines will further increase. To control the deterioration of the speed, an actively variable pitch strategy is adopted to restrain the ultimate loads of the wind turbines. Due to this, the fuzzy rules of area 1 were set as presented in Table 1.



Some of the goals of the control algorithms of wind turbines are the speed and accuracy of calculations. However, the strong nonlinearity of wind turbines makes it impossible to establish an accurate model [30], so the control algorithms cannot obtain accurate results. In addition, the rapid changes of wind speed and the tower vibration [31] make a very high demand on the computation speed. Moreover, the pitch actuator’s mechanical delay of hundreds of milliseconds [32] prevents the controller’s signal from being executed immediately. These problems result in inevitable overshoot. Equation (21) indicates that, in this case ( e  is negative), if overshoot occurs in the integral output, a positive deviation  e  is needed to correct the overshoot. In addition, the demand is opposite to the truth and the rotor speed will be faster which is obviously not conducive to the stability of wind turbines. However, according to (5)–(8), if the pitch angle overturns,    e ′    will become positive. Considering the influence of factors such as the actuator’s mechanical delay and tower vibration, the values of    k p    and    k i    are increased to avoid overturns in area 3, which is different from Table 1.



In area 2, the pitch angle is too large, and the rotor speed of the wind turbines decreases rapidly. As the output of Fuzzy-PI control is determined by both proportional and integral output items, the value of    k i    is increased (approaching 0) at this time to maintain the integral output item, and the value of    k p    is increased to reduce the proportional output; this solves the problem of overshoot of the pitch angle. Equation (21) indicates that if overshoot occurs in the integral output, a positive deviation  e  is needed to correct the overshoot. The values of   Δ  k i    in area 2 were set to be larger than those in Table 1 to avoid this condition. Meanwhile, referring to (1)–(8) and (19)–(21), the rapid increase in the values of   Δ  k p    may result in a further increase in rotor speed and pitch rate, which will lead to large ultimate loads of the pitch driver. Therefore, the values of   Δ  k p    in area 2 were set as smaller than those in Table 1.



As mentioned previously, the strong nonlinearity of the wind turbine, the rapid changes of wind speed, the tower vibration, and the actuator’s mechanical delay make it impossible to achieve an accurate pitch angle. In industry, the deviation rate of the speed and output power is allowed to fluctuate within the range of 5% [33], which corresponds to area 4 in the fuzzy rules table. For this area, this paper adopts a negative control strategy of variable pitch, which can not only ensure the speed deviation and output power of wind turbines within a reasonable range, but also effectively reduces the fatigue loads of the pitch driver. According to (21), to reduce the change of the integral output item, only the value of    k i    needs to be appropriately increased. However, according to (20), the proportional output item can mutate. Therefore, the variable    k  p 2     was creatively introduced in this work, and determines the proportional output item by judging the size of    k  p 2    . Equation (20) thus becomes (22).


  P  ( k )  =  {                                      P  (  k − 1  )  ,  k  p 2   < 0        (   k  p 0   + Δ  k p   )  · e  ( k )  ,  k  p 2   ≥ 0        



(22)







However, according to (22), when the wind turbine state transfers from area 4 to other areas, the proportional output term may change abruptly, which will greatly increase the ultimate loads of the pitch driver. Therefore, a low pass filter is added after the proportional output item to achieve smooth transition. So far, the fuzzy rules achieve the following: when the rotation speed deviation is large and will continue to increase, an actively variable pitch strategy is adopted to restrain the ultimate loads of wind turbines; when the speed deviation is relatively small, the fatigue loads of the pitch driver are reduced by adopting a negatively variable strategy under the condition that the rotation speed deviation is within the limited range. This design idea is also applicable when the measured generator speed is smaller than the rated speed ( e  is positive), and all the novel fuzzy rules are presented in Table 2.





5. Simulation and Loads Analysis


5.1. Information of Wind Turbine, Wind Model, and Loads


Some parameters of the 2 MW medium-speed permanent magnet wind turbine used for simulation are listed in Table 3.



GH Bladed provides two wind models, namely the von Karman [34] and the Kaimal models [35]. Both models are generally accepted as good representations of real atmospheric turbulence, although they use slightly different forms for the auto-spectral and cross-spectral density functions. The Kaimal model was selected for the simulations in the present study. A three-component Kaimal model has been introduced for compatibility with the IEC-61400-1 [36]. The auto-spectral density for the longitudinal (  i = u  ), lateral (  i = v  ), and vertical (  i = w  ) components of turbulence, according to the Kaimal model, is:


    n ·  S  i i    ( n )     σ i 2    =   4  n i       (  1 + 6  n i   )    5 / 3        (  i = u , v , w  )   



(23)




where    S  i i     is the auto-spectrum of wind speed variation,  n  is the frequency of variation,    σ i    is the standard deviation of wind speed variation, and    n i    is a nondimensional frequency parameter [35].



The external conditions to be considered for design are dependent on the intended site or site type for a wind turbine installation. Wind turbine classes are defined in terms of wind speed and turbulence parameters. The values of wind speed and turbulence parameters are intended to represent many different sites, and do not give a precise representation of any specific site. The wind turbine classification offers a range of robustness clearly defined in terms of the wind speed and turbulence parameters [36]. The class of the wind turbine used for simulation is IIB, which means that the expected value of hub-height turbulence intensity at a 10 min average wind speed of 15 m/s (   I  r e f    ) is 0.14, and the reference wind speed of the hub height (   V  r e f    ) is 42.5 m/s. The standard deviation of longitudinal variation in normal and extreme turbulent wind conditions for hub height (   σ u   ) are provided by (24) and (25):


   σ u  =  I  r e f    (  0.75  V  h u b   + 5.6  )   



(24)






   σ u  = 2  I  r e f    (  0.072  (    0.2  V  r e f    2  + 3  )   (     V  h u b    2  − 4  )  + 10  )   



(25)




where    V  h u b     is the average wind speed of the hub height.



The standard deviations of lateral variation and vertical variation are given by (26) and (27).


   σ v  = 0.7  σ u   



(26)






   σ w  = 0.5  σ u   



(27)







Referring to (1)–(8), to study the influence of the pitch angle controller based on novel Fuzzy-PI control on wind turbine loads and power, the simulation wind speed was set as greater than the rated wind speed, and the torque was set to the rating to eliminate its interference. The average wind speed of the hub height was set as 18 m·s−1, and the GH Bladed software was used to generate the wind data of normal and extreme turbulent wind conditions, which are presented in Figure 6. According to International Standard IEC 61400-1, the expected value of the turbulence intensity at the reference wind speed 15 m/s is 0.14, and the turbulence intensity is 13.22%.



In this study, more attention is paid to the loads of the tower base and blade root. The coordinate system for tower loads analysis is a right-handed Cartesian system in which the XTYT plane is horizontal with the XT-axis pointing to the south, the YT-axis pointing to the east, and the ZT-axis pointing vertically upwards. The origin of the coordinate system lies where the tower center line intersects the XTYT plane. Analogously, the coordinate system for blade root loads analysis is a right-handed Cartesian system in which the ZB-axis points to the tip along the axis of the blade, the XB-axis is perpendicular to the ZB-axis and points downward, and the YB-axis is perpendicular to the ZBXB plane. The origin of the coordinate system lies in the center of the blade root. Both coordinate systems are depicted in Figure 7.



In Figure 7,    M  i j     is the moment of  j  in the  i -axis direction, and    F  i j     is the force of  j  in the  i -axis direction. When  i  is X (Y, Z), it refers to the X (Y, Z)-axis. When  j  is T (B), it refers to the tower (blade root).



Rain flow counting methods, which are used in GH Bladed software, process the simulated load time series over all turbine components to determine the damage equivalent loads [37,38], which are thus defined as:


   S  e q   =    (   ∑     n i   S i m     N  e q      )    1 / m    



(28)




where    n i    is the number of cycles at a load/stress of    S i   ,  m  is the S–N curve slope of the component material,    S  e q     is the damage equivalent loads, and    N  e q     is the characteristic number of cumulative cycles in 20 years of operation assuming a Rayleigh annual mean wind speed distribution.



The ultimate loads calculation, which is often required for certification calculations, is simple in concept; the results of a load case simulation are analyzed to find the times at which each of a number of specified loads reaches its maximum and minimum values.



According to (28), the number of cycles at load plays a vital role in the calculation of fatigue loads. Normal turbulent wind conditions are one of the most general wind conditions, and fatigue loads should be calculated in these conditions. In addition, ultimate loads are bound to show up in extreme wind conditions, such as extreme turbulent wind conditions. Like wind turbine loads analysis, the frequency of electrical energy fluctuation was analyzed under normal turbulent wind conditions, and the amplitude of electrical energy fluctuation was analyzed under extreme turbulent wind conditions.




5.2. Analysis of Simulation Results under Normal Turbulent Wind Conditions


Figure 8 presents the power and pitch rate under the normal turbulent wind conditions obtained via simulation. According to (29), Table 4 lists the values and percentage reduction of the standard deviation (SD) of power and pitch rate.


  σ  ( x )  =    1 N    ∑   i = 1  N     (   x i  −  x ¯   )   2     



(29)




where   σ  ( x )    is the SD of data  x ,  N  is the quantity of data  x ,   x ¯   is the average value of data  x , and    x i    is the value of the  i -th number in data  x .



These obtained values can be interpreted as follows. By means of the Fuzzy-PI control, compared with PI control, a variation of −16.96% in the SD of power and a variation of +57.00% in the SD of pitch rate were recorded. These changing amounts in the SDs of power and pitch rate testify that the Fuzzy-PI control can reduce the SD of power, which will reduce the frequency of electrical energy fluctuation. However, it can greatly increase the SD of pitch rate, which will severely increase the fatigue loads of the pitch driver. In addition, compared with PI control, a variation of +8.92% in the SD of power and a variation of −2.00% in the SD of pitch rate were recorded via the novel Fuzzy-PI control. These changes in the SD of power and pitch rate indicate that the novel Fuzzy-PI control will increase the SD of power, which will increase the frequency of electrical energy fluctuation. However, it can greatly reduce the SD of pitch rate, which effectively solves the problem of large fatigue loads of the pitch driver.



Figure 9 presents the SD values of the moments of the tower base and blade root under the normal turbulent wind conditions obtained via simulation. The percentage improvements of fatigue loads are listed in Table 5. These obtained values could be interpreted as follows. By means of novel Fuzzy-PI control, compared with PI control in terms of fatigue loads of the tower base, improvements of 9.76% in    M  X T    , 21.53% in    M  Y T    , and 17.66% in    M  X Y T     were made; by means of Fuzzy-PI control, these values are 2.78%, 15.64%, and 12.98%, respectively. These improvement percentages in the fatigue loads of the tower base    M  X T    ,    M  Y T    , and    M  X Y T     demonstrate that, compared with PI control, Fuzzy-PI control can effectively reduce these fatigue loads, while the novel Fuzzy-PI control can perform even better. In addition, compared with these loads, there was no significant change in the fatigue loads of the blade root and other fatigue loads of the tower base.




5.3. Analysis of Simulation Results under Extreme Turbulent Wind Conditions


Figure 10 presents the power and pitch rate under extreme turbulent wind conditions obtained via simulation. According to (30), Table 6 lists the values and percentage variation of the maximum of absolute value (MOAV) of power deviation compared with the rated power and pitch rate.


  MOAV  ( x )  =   max   1 ≤ i ≤ N    (   |   x i   |   )   



(30)




where   MOAV  ( x )    is the maximum of the absolute value of data  x ,  N  is the quantity of data  x , and    x i    is the value of the  i -th number in data  x .



These obtained values can be interpreted as follows. By means of the Fuzzy-PI control, compared with PI control, variations of −23.26% in the MOAV of power deviation and +126.30% in the MOAV of pitch rate were recorded. In addition, compared with PI control, variations of −33.86% in the MOAV of power deviation and +8.33% in the MOAV of pitch rate were recorded by the novel Fuzzy-PI control. These changes under Fuzzy-PI control demonstrate that it can reduce the MOAV of power deviation, which will reduce the amplitude of electric energy fluctuation, and will greatly increase the MOAV of pitch rate, which will severely increase the ultimate loads of the pitch driver. However, these changes under the novel Fuzzy-PI control indicate that it not only effectively solves the problem of the increasing of the ultimate loads of the pitch driver, but also better reduces the MOAV of power deviation.



Figure 11 presents the MOAV of the moments of the tower base and blade root under extreme turbulent wind conditions obtained via simulation. The percentage improvement of ultimate loads is indicated in Table 7. These obtained values can be interpreted as follows. By means of novel Fuzzy-PI control, compared with PI control in terms of ultimate loads of tower base and blade root, improvements of 18.14% in    M  Y T    , 18.04% in    M  X Y T    , 10.11% in    M  Y B    , and 6.21% in    M  X Y B     were recorded; by means of Fuzzy-PI control, these values are 13.22%, 13.88%, 3.87%, and 2.80%, respectively. These improvement percentages in the ultimate loads of the tower base    M  Y T     and    M  X Y T    , and of the blade root    M  Y B     and    M  X Y B    , demonstrate that, compared with PI control, Fuzzy-PI control can effectively reduce these ultimate loads, while the novel Fuzzy-PI control can perform even better. In addition, compared with these loads, there was no significant change in the other ultimate loads of the tower base and blade root.




5.4. Discussion


Under the normal and extreme turbulent wind conditions, both of the normal Fuzzy-PI control and the novel Fuzzy-PI control have obvious advantages in load reduction of the tower base and the blade root. In particular, the novel Fuzzy-PI control can reduce these loads by up to 21.53% under the normal turbulent wind condition and by up to 18.14% under the extreme turbulent wind condition. However, the normal Fuzzy-PI control greatly increases the SD of pitch rate, which will severely increase the fatigue loads of the pitch driver. Aiming at the shortcomings of the normal Fuzzy-PI control, a low pass filter is introduced in the novel Fuzzy-PI control after the proportional output item to achieve smooth transition, and then the novel Fuzzy-PI control can effectively reduce the fatigue and ultimate loads of the pitch driver.





6. Conclusions


An improved approach was introduced into the normal Fuzzy-PI control strategy by dividing the fuzzy rules into four areas and analyzing the design method for each area. The study demonstrated that the novel Fuzzy-PI control provided reduced amplitudes of electrical energy fluctuations compared to the normal PI control, while providing slightly higher frequency of these fluctuations. Moreover, the novel Fuzzy-PI control can effectively reduce the fatigue and ultimate loads of the pitch driver, which are introduced by the normal Fuzzy-PI control, through presenting the well-controlled variations of the SD (+57% to −2%) and the MOAV (+126% to +8%) of the pitch rates using the novel Fuzzy-PI control. Furthermore, the study showed that, under the normal turbulent wind condition, the normal Fuzzy-PI control can reduce the fatigue and ultimate loads of the tower base by up to 15.64% while the novel Fuzzy-PI control can further reduce these loads by up to 21.53%; under the extreme turbulent wind condition, the normal Fuzzy-PI control can reduce the fatigue and ultimate loads of the tower base by up to 13.88% while the novel Fuzzy-PI control can further reduce these loads by up to 18.14%. This novel Fuzzy-PI control approach will offer valuable references to the design of the fuzzy rules and the applications in the wind industry.



Due to the adverse offshore wind condition, Ultimate loads of offshore wind turbines are larger while the proposed novel Fuzzy-PI control performs well in reducing ultimate loads. Therefore, in the future works, this novel Fuzzy-PI control can be used to solve this problem while how to set the vital parameters according to the complex offshore wind conditions needs further study, and the study on the application of some statistical approaches can also be carried out.
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Figure 1. Two-mass flexible shaft drive train model. 
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Figure 2. Block diagram of Fuzzy-PID control strategy system. 
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Figure 3. Data flow diagram of interactive software. 
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Figure 4. Block diagram of Fuzzy-PI control Simulink. 
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Figure 5. Partition diagram of fuzzy rules. 
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Figure 6. Longitudinal wind speed. 
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Figure 7. Coordinate systems for wind turbine loads analysis. 
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Figure 8. The simulation results under normal turbulent wind conditions. 
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Figure 9. Moments under normal turbulent wind conditions. 
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Figure 10. The simulation results under extreme turbulent wind conditions. 
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Figure 11. Moments under extreme turbulent wind conditions. 
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Table 1. Fuzzy rules.
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Table 2. Novel fuzzy rules.
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Table 3. Wind turbine parameters.
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	Parameter
	Value





	Rated power (KW)
	2000



	Rated speed of wind rotor (r·min−1)
	11.81



	Diameter of wind rotor (m)
	130.62



	Power regulation mode
	Variable speed and variable blade



	Variable drive mode
	Hydraulic drive



	Cut-in speed (m·s−1)
	3



	Cut-out speed (m·s−1)
	19



	Rated speed (m·s−1)
	8.4
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Table 4. Analysis of simulation results under normal turbulent wind conditions.
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Control Algorithm

	
SD of Power

	
SD of Pitch Rate




	
Value (KW)

	
Variation Compared with PI Control (%)

	
Value (deg·s-1)

	
Variation Compared with PI Control (%)






	
PI

	
26.00

	
0.00

	
1.00

	
0.00




	
Fuzzy-PI

	
21.59

	
−16.96

	
1.57

	
+57.00




	
Novel Fuzzy-PI

	
28.32

	
+8.92

	
0.98

	
−2.00
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Table 5. Analysis of fatigue loads under normal turbulent wind conditions.
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Location

	
Category

	
Improvement Compared with PI Control (%)




	
Using Novel Fuzzy-PI Control

	
Using Fuzzy-PI Control






	
Fatigue loads of tower base

	
    M  X T     

	
9.76

	
2.78




	
    M  Y T     

	
21.53

	
15.64




	
    M  X Y T     

	
17.66

	
12.98




	
    M  Z T     

	
0.69

	
0.59




	
Fatigue loads of blade root

	
    M  X B     

	
0.00

	
0.00




	
    M  Y B     

	
2.05

	
0.22




	
    M  X Y B     

	
1.09

	
0.36




	
    M  Z B     

	
0.65

	
0.16
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Table 6. Analysis of simulation results under extreme turbulent wind conditions.
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Control Algorithm

	
MOAV of Power Deviation Compared with Rated Power

	
MOAV of Pitch Rate




	
Value (KW)

	
Variation Compared with PI Control (%)

	
Value (deg·s−1)

	
Variation Compared with PI Control (%)






	
PI

	
112.27

	
0.00

	
5.40

	
0.00




	
Fuzzy-PI

	
86.16

	
−23.26

	
12.22

	
+126.30




	
Novel Fuzzy-PI

	
74.26

	
−33.86

	
5.85

	
+8.33
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Table 7. Analysis of ultimate loads under extreme turbulent wind conditions.
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Location

	
Category

	
Improvement Compared with PI Control (%)




	
Using Novel Fuzzy-PI Control

	
Using Fuzzy-PI Control






	
Ultimate loads of tower base

	
    M  X T     

	
1.02

	
0.37




	
    M  Y T     

	
18.14

	
13.22




	
    M  X Y T     

	
18.04

	
13.88




	
    M  Z T     

	
3.98

	
2.11




	
Ultimate loads of blade root

	
    M  X B     

	
0.49

	
0.04




	
    M  Y B     

	
10.11

	
3.87




	
    M  X Y B     

	
6.21

	
2.80




	
    M  Z B     

	
2.11

	
0.35
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