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Abstract

:

A few studies have been conducted recently in order to improve the aerodynamic performance of Darrieus vertical-axis wind turbines with straight blades (H-type VAWTs). The blade pitch angle control is proposed to enhance the performance of H-type VAWTs. This paper aims to investigate the performance of an H-type VAWT in terms of its power output and self-starting capability using an intelligent blade pitch control strategy based on a multi-layer perceptron artificial neural network (MLP-ANN) method. The performance of the proposed blade pitch controller is investigated by adding a conventional controller (PID) to the MLP-ANN controller (i.e., a hybrid controller). The dynamics of an H-type VAWT is mathematically modeled in a nonlinear state space for the stability analysis in the sense of Lyapunov. The effectiveness of the proposed pitch control system is validated by building an H-type VAWT prototype model that is extensively tested outdoors under different conditions for both fixed and variable pitch angle configurations. Results demonstrated that the blade-pitching technique enhanced the power output of an H-type VAWT by approximately   22 %  . The hybrid controller that used a high percentage of the MLP-ANN controller achieved a better control performance by reducing the overshoot of the control response at high rotor speeds.
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1. Introduction


Stand-alone power supply systems, such as wind turbines, are not only suitable solutions for producing the electricity needed for rural and remote areas, but also economical alternatives because they can contribute to a reduction in the cost of grid extensions [1]. For a number of years, two main types of wind turbines have been adopted for the extraction of power from wind: horizontal-axis wind turbines (HAWTs) and vertical-axis wind turbines (VAWTs). VAWTs offer a number of advantages over HAWTs: VAWTs can receive wind blowing from any direction (i.e., omni-directional) so that a yaw mechanism is unnecessary; the simplicity of the blade design means that the cost is relatively low [2]; and VAWT maintenance is comparatively quick and easy because the transmission equipment and generator are located at ground level [3]. VAWTs fall into two different categories: (1) the Savonius rotor, which is a drag-type device, and (2) the H-Darrieus rotor, which is a lift-type device in which the blades are straight and parallel to the axis of rotation with a fixed or variable pitch angle [3]. An important parameter associated with VAWT blades is the operating tip speed ratio (TSR),  λ . A key factor in the selection of the TSR is wind speed, as given in [4]:


  λ =    ω r  R   u ∞    ,  



(1)




where   ω r   is the angular velocity of the rotor,   u ∞   is the wind speed, and R is the rotor radius. The actual VAWT performance can be predicted based on a determination of the forces acting on each blade. Figure 1 illustrates the velocity and force vectors acting on a Darrieus turbine blade. The velocity   V →   is the tangential velocity vector of the rotor. The resultant velocity vector   W →   is the relative velocity, which consists of the induced velocity   U →   and   V →  . The angle of attack  α  is typically defined as the angle between the direction of the relative velocity,   W →  , and the chord line of the blade. The blade pitch angle is described in [5]:


  β = α − φ  ,  



(2)




where  φ  is the angle between the direction of   V →   and   W →  . Obviously, the angle of attack  α  varies during each cycle. The result is that the magnitude and orientation of both the lift and drag forces change depending on the azimuthal position of the blade  θ . Figure 1 also shows the main forces acting on a VAWT blade; namely, the lift, drag, normal N, and tangential T forces.



However, for VAWTs at low TSRs, a negative torque is often generated because of the large dynamic cyclic variations in the angle of attack  α . The angle of attack  α  for a VAWT with a fixed pitch angle (viz.,   β =  0 ∘   ) can be expressed as follows [6]:


  α =  tan  − 1      cos  θ   sin  θ + λ     .  



(3)







To improve the VAWT performance, a variable pitch technique is applied through the modification of the angle of attack  α . A variable pitch angle control system can be either of two main categories: passive or active [7]. In a passive variable pitch system, the blade is free to pitch about its axis near the leading edge. Theoretically, a passive pitch system can greatly improve the starting torque and performance of a VAWT. However, experimental analysis has shown that the maximum power value is less than a third of the predicted value [6]. In an active control system, pitch control mechanisms, such as pushrods, or cams have been designed to achieve continuous changes in the blade pitch amplitude [8].



At low TSRs, a large pitch amplitude is needed in order to reduce the angle of attack and, hence, to enhance the rotor performance. However, a large pitch amplitude can cause the VAWT performance to deteriorate at high TSRs. Conversely, while a small pitch amplitude is sufficient for producing good performance at high TSRs, it will lead to poor performance at low TSRs [6,9]. This effect gives rise to an important question: How should the pitch amplitude be varied in order to optimize the VAWT performance as the TSR changes? A suitable aerodynamic model for determining the optimum pitch angle and a control system that can approximate the optimal pitch angle of an H-type VAWT during rotation are therefore required.



Self-starting definition: Under a no-load condition and stationary blades, the Darrieus VAWT can generate a small amount of forward torque and, hence, can start to rotate slowly. As a result of negative torque, the extracted power per cycle is less than zero typically at low tip speed ratios depending on the blade airfoil [10]. Therefore, the Darrieus VAWT cannot accelerate up in order to generate any power output. As a result, an external power, such as a motor, is required to accelerate the rotor up, and, hence, to generate power [11]. Hill et al. [12] opined that there is no exact definition for the term self-starting. Many studies, however, suggest some criteria to define the term of self-starting, such as, for example, the ability of the rotor to accelerate from rest to its nominal operating speed without external power [13], which is used in this paper. Therefore, the small amount of power production by the H-type VAWT at low TSRs (i.e., an useful power) is defined as the self-starting capability.



Although VAWTs have been in existence for many years, very limited research has been conducted with respect to these systems, in comparison to the more extensive investigations devoted to HAWTs [14].



Numerous studies have suggested a variety of pitch angle control methods. The proportional-integral (PI) or proportional-integral-derivative (PID)-based pitch angle controllers have been used for power regulation. Unfortunately, these linear control methods offer only a limited performance, especially in the face of the uncertainties associated with the nonlinear dynamic properties of wind turbines [15]. A linear quadratic Gaussian (LQG) control method has also been applied for pitch angle control. Although it is a more robust method compared to the PID control method, its performance is also limited with respect to its applicability to a nonlinear system [15]. Sliding-mode control techniques have also been applied to pitch angle control. These techniques provide a robust performance, but require an observer to estimate the aerodynamic torque and rotor acceleration [16]. Intelligent control techniques that employ approaches such as neural networks and fuzzy logic have also been proposed for the modeling and control of nonlinear dynamical systems [17,18]. These methods are powerful when the system contains a high nonlinearity due to effects such as strong wind turbulence. However, all of the above research related to pitch control systems has been conducted for HAWTs.



Although an artificial intelligence strategy based on the ANN and fuzzy expert system (FES) method is used for VAWTs [19,20], these methods are used only for predicting the power output of VAWTs. To the best of the authors’ knowledge, the published literature contains no studies related to the intelligent control of the pitch angle for Darrieus VAWTs.



H-type VAWT models are nonlinear because the rotor efficiency, which is dependent on the rotor speed, the wind speed, and the blade pitch angle, is highly nonlinear. Therefore, linear control methods alone are not usually sufficient for ensuring the desired performance in terms of the power output and self-starting capability. Some studies [21,22] have attempted to combine neural networks with conventional controllers, such as PI or PID, to develop a stable and robust control system for handling nonlinear system dynamics.



The objective of the work presented herein is to systematically design an intelligent nonlinear individual active blade pitch control system for a small H-type VAWT.



In this paper, the three blades of the H-type VAWT are controlled individually using both global MLP-ANN and PID controllers (hybrid controller), which will be shown to improve the power generation performance of the VAWT.



If each blade can be controlled individually, it is possible to maximize the moment coefficient for all blades. The wind turbine performance can be optimized by predicting the optimum blade pitch angle in order to generate the highest value of torque. The authors in [23] analyzed a 1.7 m diameter 2D three-bladed H-type VAWT with a variable pitch angle and NACA 0018 airfoil numerically using computational fluid dynamics (CFD). This analysis was carried out for pitch angles of   β = −  6 ∘   ,   −  4 ∘   ,   0 ∘  ,   4 ∘  , and   6 ∘  ; TSRs of   λ = 1  ,   1.7  , 2,   2.5  , and   3.3  ; and, a mean wind speed of    u ∞  = 10   m/s. ANSYS-Fluent software was used to conduct a series of CFD simulations in order to estimate the moment coefficients   C m   at each rotor position for each blade. The power coefficient   C p  , which represents the efficiency of a wind turbine, is calculated for each individual blade as follows:


   C p  =  C m  λ  ,  



(4)







The maximum moment coefficient   C  m , max    was determined at each rotor position  θ  in order to define the optimum blade pitch angle   β opt  . These optimal pitch angles were utilized in the design of the proposed blade pitch control system in the numerical simulink model. To validate both CFD and MATLAB Simulink simulation results in [23], a H-type VAWT prototype is built to test the effectiveness of the proposed pitch control system that is presented in this paper.




2. An H-Type Vawt Modeling


Describing the dynamic wind turbine model mathematically for each component has been investigated in a number of studies [24,25,26,27]. The main components of an H-type VAWT are shown in Figure 2. The wind turbine characteristics that will be considered in this section are: aerodynamics, turbine mechanics, generator dynamics, and actuator dynamics.



2.1. Aerodynamic Block


The power extracted from the wind can be expressed as follows [28]:


   P W  =  1 2  ρ A  u ∞ 3   ,  



(5)




where  ρ  is the air density, and A is the area swept by the turbine (e.g., for the H-type Darrieus wind turbine,   A = 2 R H  , where H is the blade length). In fact, only a fraction of this power can be captured by the turbine, representing the mechanical power   P m   generated by the wind turbine rotor, which is determined as follows:


   P m  =  1 2  ρ A  u ∞ 3   C p   ( λ , β )   ,  



(6)







The amount of aerodynamic torque   τ r   generated by the rotor in N·m is given by


   τ r  =   P m   ω r    .  



(7)








2.2. Mechanical Block


This block is represented in wind turbine models using a two-mass drive-train model, as shown in Figure 3. By using a free-body diagram, the torque about a shaft can be determined from


  τ = J  θ ¨  + D  θ ˙  + K θ  ,  



(8)




where  θ  is the azimuth angle. By applying Equation (8) to all four rotating masses, the drive-train can be modeled as follows:


   J r    θ ¨  r  +  D  L S    (   θ ˙  r  −   θ ˙   L S   )  +  K  L S    (  θ r  −  θ  L S   )  +  D r    θ ˙  r  =  τ r   



(9)






   J g    θ ¨  g  +  D  H S    (   θ ˙  g  −   θ ˙   H S   )  +  K  H S    (  θ g  −  θ  H S   )  +  D g    θ ˙  g  = −  τ g   



(10)






   J r    θ ¨   L S   −  D  L S    (   θ ˙  r  −   θ ˙   L S   )  −  K  L S    (  θ r  −  θ  L S   )  = −  τ  L S    



(11)






   J g    θ ¨   H S   −  D  H S    (   θ ˙  g  −   θ ˙   H S   )  −  K  H S    (  θ g  −  θ  H S   )  =  τ  H S   ,  



(12)




where,   J r   and   J g   are, respectively, the moments of inertia of the wind turbine rotor and the generator in kg-m   2  ;   τ r   and   τ g   are, respectively, the wind turbine aerodynamic and generator electromagnetic torque in N·m;   θ r   and   θ g   refer to the angular position of the rotor and the generator in radians, respectively;    θ ˙  r   and    θ ˙  g   represent the wind turbine rotor and the generator speeds in rad/s, respectively; and    θ ¨  r   and    θ ¨  g   are their derivatives. Similarly, all of the above parameters are defined in terms of either the higher or lower shafts (HS and LS) of the wind turbine drive-train. Finally,   D  H S    and   K  L S    are the equivalent damping and stiffness coefficients for the higher and lower shafts in N·m·s/rad and N·m/rad, respectively.



Assumptions [25,26,27]:




	
The    θ ¨   L S    and    θ ¨   H S    terms are equal to zero because of their direct coupling inside the gear box;



	
The rotor and generator self-damping   D r   and   D g   are neglected.








Rearranging Equations (9)–(12), it can be seen that there are two state equations:


   J r    θ ¨  r  =  τ r  −  τ  L S    ,  



(13)






   J g    θ ¨  g  = −  τ g  +  τ  H S    



(14)







However,


  k =   τ  L S    τ  H S    =    θ ¨  g    θ ¨  r    ,  



(15)




where k is the gear ratio. Now, Equations (13) and (14) can be simplified using Equation (15) as follows:


   J r    θ ¨  r  + k  J g    θ ¨  g  =  τ r  − k  τ g  −  τ  L S   +  k  τ  H S     .  



(16)







Then, dividing this equation by    θ ¨  r   gives


     J r    θ ¨  r     θ ¨  r   + k  J g     θ ¨  g    θ ¨  r   =    τ r  − k  τ g     θ ¨  r    ,  



(17)






    J r  +  k 2   J g   =    τ r  − k  τ g     ω ˙  r    ,  



(18)




implying that


    ω ˙  r  =    τ r  − k  τ g    J  t o t     .  



(19)







The total equivalent moment of inertia of the drive system is


   J  t o t   =  J r  +  k 2   J g   .  



(20)








2.3. Pitch Actuators


The actuator is modeled as an integrator. The dynamic model of the pitch actuator can be described as [29]:


   β ˙  =  1  τ β    β c  −  1  τ β   β  ,  



(21)




where  β  and   β ˙   are the actual pitch angle and its temporal derivative, respectively. These quantities are modulated by the time constant   τ β  . It is assumed that   β c  , which is a control signal, is equal to  β , owing to the fact that the dynamics of the pitch system operates much faster than that of the mechanical system [15,30].




2.4. Nonlinear State-Space Representation of the System


The rotor angular velocity   ω r   is chosen for the system as the system state variable, and the pitch angle   β c   is the input control variable. A model of the H-type VAWT system can be described using Equations (19) and (21). The nonlinear affine model of the system is formulated as


  {      x ˙  = f  ( x )  + g  ( x )  u  ,       y = h ( x )  ,      



(22)




where x and u are the state and input vectors, respectively, with


  x =      ω r      β      ,  u =  β c   ,  g  ( x )  =     0     1           t β        ,  








and


  f  ( x )  =        τ r  − k  τ g    J  t o t         −  1  t β   β      =       1  2  ω r   J  t o t     ρ A  u ∞ 3   C p   ( λ , β )  −   k  τ g    J  t o t          −  1  t β   β       










  =       1  2  x 1   J  t o t     ρ A  u ∞ 3   C p   ( λ , β )  −   k  τ g    J  t o t          −  1  t β    x 2        .  













3. Stability Analysis of an H-Type VAWT


The stability of equilibrium points is usually characterized in the sense of Lyapunov (a Russian mathematician).



3.1. Lyapunov Stability


Consider a dynamical system that satisfies


   x ˙  = f  ( x )   .  



(23)







Now,    x ¯  ∈  R n    is an equilibrium point of Equation (23) if   f (  x ¯  ) ≡ 0   (i.e., the equilibrium point is a zero of   f ( x )  ). This equilibrium point is locally stable if all solutions that are initialized in the vicinity of   x ¯   remain in the vicinity of   x ¯   (implying that the solutions remain in a neighborhood of   x ¯  ); otherwise, it is unstable. The equilibrium point is locally asymptotically stable if all solutions starting at nearby points not only stay nearby, but also tend to the equilibrium point as time approaches infinity (viz., as   t → ∞  ).




3.2. Lyapunov’s Direct Method


Lyapunov’s direct method provides a number of theorems for establishing the local or global stability of a system. In order to proceed, the concept of a Lyapunov function will need to be considered [31].



Definition 1

(Lyapunov function). Let   B ϵ   be a ball of size ϵ around the origin. If, in a ball   B ϵ  , the function   V ( x )   is positive definite and has continuous partial derivatives, and if its time derivative along any state trajectory of the system    x ˙  = f  ( x )    is negative semi-definite, then   V ( x )   is said to be a Lyapunov function for the system.





Theorem 1

(Local stability). An equilibrium state exhibits local stability if:




	
  V ( x )   is positive definite locally in   B ϵ  ;



	
   V ˙   ( x )    is negative semidefinite locally in   B ϵ  .










The equilibrium is asymptotically stable if    V ˙   ( x )    is negative definite.



Theorem 2

(Global stability). For the equilibrium state to be globally (asymptotically) stable, the ball   B ϵ   must include the whole state-space. Furthermore,   V ( x )   must be radially unbounded. In other words,




	
  V ( x )   is positive definite;



	
   V ˙   ( x )    is negative definite;



	
  V ( x )  →∞ as   | | x | |  →∞.










The above theorems provide a conceptually simple method for analyzing a system for stability. However, the drawback with this approach is that there is generally no systematic method for finding a Lyapunov function   V ( x )  . Furthermore, the theorems do not provide any information about the instability of an equilibrium point [32].



In fact, there are no general procedures for selecting a suitable Lyapunov function for a given dynamical system. However, the stability property of the system can be predicted by using the actual energy function of the system. In particular, the Lyapunov function can be found by replacing the energy-like function with the actual energy function in the stability analysis of a dynamical system [32].



In this paper, the stability of equilibrium points of the closed-loop system [cf. Equation (22)], is addressed for a variable pitch angle H-type VAWT by using the Lyapunov stability theory.



In the next section, the equilibria points for the closed-loop system with a constant pitch angle (  β =  0 ∘   ) will be obtained. Subsequently, the stability for the variable pitch angle case will be analyzed.




3.3. Constant Pitch Angle Model


For HAWTs, the stability of the system was examined in [25,26,27]. These references used a standard control strategy for the generator torque control as follows:


  k  τ g  =  k t   ω r 2  ,     k t  > 0  .  



(24)







The control gain parameter   k t   is given by:


   k t  =  1 2  ρ A  R 3    C p   λ 3    .  



(25)







For the optimum case (viz., at the maximum   C p   value),


   k t  =  1 2  ρ A  R 3    C  p , o p t    λ  o p t  3    .  



(26)







These investigations also demonstrated that if the curve


   C  p , c u b i c   =   2  k t    ρ A  R 3     λ 3   



(27)




intersects the    C p  − λ   curve at points   λ 1   and   λ 2  , as shown in Figure 4, then the equilibrium point (  C  p , e q   ,   λ 2  ), with    C  p , e q   =   2  k t    ρ A  R 3     λ 2 3   , is asymptotically stable with a domain of attraction   λ ∈ (  λ 1  , ∞ )  . However,   k t   is used in a specific range to guarantee the stability of the equilibrium point (  C  p , e q   ,   λ 2  ). Figure 4 also shows that the upper bound of   k t   occurs when Equation (25) is tangential to the    C p  − λ   curve. With respect to this limiting equilibrium point, (  C  p , e q   ,   λ 2  ) is stable if the slope of the    C p  − λ   curve at that point satisfies the following constraint [26]:


    ∂  C p    ∂ λ    |  (  C  p , e q   ,  λ 2  )   <   3  C  p , e q     λ 2    .  



(28)








3.4. Variable Pitch Angle Model


The primary control objective of this study is to maximize the power output using blade pitching. The torque control law can be formulated as follows [24,26,27]:


   τ g  =   P ref   k  ω r     ,  



(29)




where   P ref   is a constant rated power. From Equation (19), the closed-loop equation is


   J  t o t      ω ˙  r  =  τ r  −   P ref   ω r    .  



(30)







For a constant wind speed operation, using the Equation (1) derivative and inserting Equation (7) into Equation (30) yields


   J  t o t      λ ˙   u ∞   R  =   P m   ω r   −   P ref   ω r    ,  



(31)




from which, it follows that


   λ ˙  =   R   u ∞ 2     J  t o t     ω r      1 2  ρ A  C p   ( λ , β )  −   P ref   u ∞ 3     .  



(32)







Assumption 1



In order to examine the stability of an operation for a variable pitch angle H-type VAWT, it is assumed that the equilibria satisfy [26]:


    ∂  C p    ∂ λ   < 0 ,  








and


    ∂  C p    ∂ β   < 0  for  β ≥  β 0   and   β 0  =  0 ∘   .  











For each blade, the nonlinear pitch control (hybrid control) law for an H-type VAWT is given by


  β =  β  ( M L P − A N N )   +  β  P I D    .  



(33)







The following assumptions are made in order to facilitate the stability analysis of the proposed H-type VAWT:




	
The error e for both the PID and MLP-ANN controllers are similar with


  error = e =  ω r 2  −  ω  r , ref  2   ;  



(34)







	
A single-input single-output (SISO) MLP-ANN with one hidden layer is proposed for the stability analysis of an H-type VAWT. The control law for the MLP-ANN controller is given by


   β  ( M L P − A N N )   = ϕ  ( e )  = ϕ   ω r 2  −  ω  r , ref  2    ,  



(35)




where  ϕ  is the nonlinear transformation of the error (signal) e (input of the SISO MLP-ANN) provided by the neural network.








Furthermore, the PID control law is given by


   β  P I D   =  k p    ω r 2  −  ω  r , ref  2   +  k d   ∂  ∂ t     ω r 2  −  ω  r , ref  2    



(36)






  +   k i   ∫   t 0   t    ω r 2  −  ω  r , ref  2    d t  .  











The linear control will be simplified to a PI controller because the derivative of the error in Equation (36) is very small, so


   β  P I D   =  β  P I   =  k p   (  ω r 2  −  ω  r , ref  2  )  +  k i   ∫   t 0   t   (  ω r 2  −  ω  r , ref  2  )   d t  .  



(37)







By substituting Equations (35) and (37) into Equation (33), the pitch control law for each blade becomes


  β = ϕ   ω r 2  −  ω  r , ref  2   +  k p    ω r 2  −  ω  r , ref  2    



(38)






  +   k i   ∫   t 0   t    ω r 2  −  ω  r , ref  2    d t  .  











For two steady wind speeds   u  ∞ , 1    and   u  ∞ , 2   , the resulting equilibrium points A and B occur at the intersections of the    C p   ( λ , β )    curve with the cubic curve    C  p , c u b i c   =   2  k t    ρ A  R 3     λ 3   , as shown in Figure 5. Now,


  γ =   λ 2  2  ⇒  γ ˙  = λ  λ ˙   .  



(39)







Substituting Equations (1) and (32) in Equation (39) leads to


   γ ˙  =     ω r  R   u ∞       R  u ∞ 2     J  t o t    ω r      1 2  ρ A  C p   ( λ , β )  −   P ref   u ∞ 3      = K L ,  



(40)




where


  K =     R 2   u ∞    J  t o t     ,   L =   1 2  ρ A  C p   ( λ , β )  −   P ref   u ∞ 3     .  











The dynamics of the error variable   γ ˜   can be defined as follows [26,27]:


   γ ˜  = γ −  γ eq   ,  



(41)




where    γ eq  =   λ eq 2  2    and   λ eq   could be equal to either   λ  E , 1    or   λ  E , 2    (cf. Figure 5). Then,


   γ ˜  =   λ 2  2  −   λ  eq  2  2  ⇒   γ ˜  ˙  = λ  λ ˙  = K L  .  



(42)







The stability of the equilibrium at    γ ˜  = 0   needs to be investigated. The error in Equation (34) needs to be quantified at the equilibrium point. To this purpose, if we take the time derivative of  β  in Equation (38) and let    ω  r , ref   =  ω  r , eq    , and, using Equation (1), we obtain


   β ˙  = 2  ϕ ′   ω r    ω ˙  r  + 2  k p   ω r    ω ˙  r  +  k i   (  ω r 2  −  ω  r , eq  2  )   ,  



(43)




where    ϕ ′  ≡ d ϕ / d e  . Now, observe that


   β ˙  = 2  ϕ ′      u ∞  R   2  λ  λ ˙  + 2  k p      u ∞  R   2  λ  λ ˙  + 2  k i      u ∞  R   2   γ ˜   .  



(44)







Now, substituting for   λ  λ ˙    from Equation (42) gives


   β ˙  = 2  ϕ ′      u ∞  R   2    γ ˜  ˙  + 2  k p      u ∞  R   2    γ ˜  ˙  + 2  k i      u ∞  R   2   γ ˜   .  



(45)







Furthermore, taking the time derivative of Equation (42) yields


    γ ˜  ¨  = K   ∂ L   ∂ λ    λ ˙  + K   ∂ L   ∂ β    β ˙   










  = K   ∂ L   ∂ λ      γ ˜  ˙  λ  + K   ∂ L   ∂ β   ( 2  ϕ ′      u ∞  R   2    γ ˜  ˙  + 2  k p      u ∞  R   2    γ ˜  ˙   










  +  2  k i      u ∞  R   2   γ ˜  )  .  











This can be further recast to give


    γ ˜  ¨  =  K   ∂ L   ∂ λ    1 λ  + K   ∂ L   ∂ β    2  ϕ ′      u ∞  R   2  + 2  k p      u ∞  R   2       γ ˜  ˙   










  + 2  k i  K   ∂ L   ∂ β       u ∞  R   2   γ ˜   










  ⇒   γ ˜  ¨  + f  ( λ , β )    γ ˜  ˙  + g  ( λ , β )   γ ˜  = 0  ,  



(46)




where


  f  ( λ , β )  = − ( K   ∂ L   ∂ λ    1 λ  + K   ∂ L   ∂ β   ( 2  ϕ ′      u ∞  R   2   










  + 2  k p      u ∞  R   2   ) )  








and


   g  ( λ , β )  = − 2  k i  K   ∂ L   ∂ β       u ∞  R   2   .  











In order to proceed further with the stability analysis, we need an explicit form for  ϕ . To this purpose, the simplest architecture for a SISO MLP-ANN controller consists of a single hidden neural unit with a sigmoidal (logistic) activation function   σ ( z ) ≡ 1 / ( 1 + exp ( − z ) )  . Assuming that the activation function for the output neural unit is linear, the nonlinear transformation of the input error signal e for this SISO MLP-ANN controller is   ϕ  ( e )  =  w  ( 2 )   σ  (  w  ( 1 )   e )   , where   w  ( 1 )    and   w  ( 2 )    are the weights from the input neuron to the hidden neuron and from the hidden neuron to the output neuron, respectively. It is assumed that these weights (gains) are positive. From this, it follows that


   ϕ ′   ( e )  =  w  ( 1 )    w  ( 2 )   σ  (  w  ( 1 )   e )   1 − σ (  w  ( 1 )   e )   .  



(47)







From Equations (39), (46) and (47), Assumption 1, and the definitions of L,   f ( λ , β )  , and   g ( λ , β )  , the nonlinear model for a variable pitch angle H-type VAWT system can be characterized as follows:


  f  ( λ , β )  = − κ [ K   ∂  C p   ( λ , β )    ∂ λ    1 λ   










  + K   ∂  C p   ( λ , β )    ∂ β    2  w  ( 1 )    w  ( 2 )   σ  ( 1 − σ )      u ∞  R   2  + 2  k p      u ∞  R   2    ] > 0  ;  








and,


  g  ( λ , β )  = − 2 κ  k i  K   ∂  C p   ( λ , β )    ∂ β       u ∞  R   2  > 0  ,  








where   κ ≡  1 2  ρ A  .



Now, the Lyapunov function candidate (viz., the energy-like function) can be defined as follows [26,32,33]:


  V =  1 2     γ ˜  ˙  2  +  ∫  0   γ ˜   g  ( λ , β )   γ ˜   d  γ ˜   .  



(48)







Note that V is positive definite. The derivative of V along the system trajectories of Equation (48) is:


   V ˙  =   γ ˜  ˙    γ ˜  ¨  + g  ( λ , β )   γ ˜    γ ˜  ˙  = − f  ( λ , β )     γ ˜  ˙  2  ≤ 0  .  



(49)







It can be seen that   V ˙   is semi-negative definite. Based on Theorem 1, it can be concluded that    γ ˜  = 0   is locally stable at   λ eq  . Although the stability of the control law in Equation (33) is proven in the sense of Lyapunov, the asymptotic stability for the equilibrium point still needs to be established. In order to investigate the asymptotic stability condition, LaSalle’s invariance principle is utilized. The theorem states that if there are no system trajectories that can stay forever at points where    V ˙  = 0  , except at the origin (equilibrium point), then the origin is asymptotically stable [31].



Let   S = { x ∈ D |  V ˙   ( x )  = 0 }  , and suppose that no solution can stay forever in S, other than the trivial solution. Then, the origin is asymptotically stable. To characterize the set S for Equation (49), note that


   V ˙  = 0 ⇒ − f  ( λ , β )     γ ˜  ˙  2  = 0 ⇒  γ ˜  = 0   (  i.e.  ,  λ =  λ eq  )  .  











Therefore, the only solution that can stay in S for all t is the trivial solution. Thus, the origin   (  γ ˜  = 0 ,   γ ˜  ˙  = 0 )   is asymptotically stable (or, equivalently, the equilibrium point   λ eq   is asymptotically stable).





4. Experimental Validation


The effect of blade pitching on an H-type VAWT in terms of both the power output and self-starting capability has been numerically investigated [23]. The results showed that the power output and self-starting capability are increased by 25% and 12%, respectively. In order to validate these results, a full-scale H-type VAWT with a blade pitching capability was constructed to examine the performance of the proposed hybrid pitch control system. The manufacturing and assembly phase consisted of five key stages: blade fabrication (NACA 0018), blade hub and linkage manufacturing, main shaft and bearing setup, generator and main shaft coupling, and, finally, the overall assembly of all these components, as shown in Figure 6.



Design and Implementation of the Proposed Blade Pitch Control System


Figure 7 shows a diagram of the overall experimental setup of the H-type VAWT used for validating the effectiveness of the proposed blade pitch control system.



The hybrid controller proposed in this work consists of MLP-ANN and PID controller combinations, as shown in Figure 7. The MLP-ANN and PID controllers used the pitch angle error e as an input signal produced by a comparison between the reference obtained from the CFD results and the actual pitch angle. A multiple-input single-output (MISO) MLP-ANN is proposed for designing an active intelligent blade pitch control system for an H-type VAWT. The error e, its derivative   e ˙  , the reference pitch angle   β ref  , and the azimuth angle  θ  are used as inputs to the proposed MLP-ANN controller, whereas the output consists of the pitch angle additive command to supplement the linear control command for each blade, as shown in Figure 8.



MLP-ANN structure [23]: For each blade, the intelligent pitch angle control system consists of a fully connected three-layer feedforward MLP-ANN. The numbers of nodes in the hidden and output layers are 20 and 1, respectively. The sigmoid function is used as the activation function for neurons in the hidden layer. The Levenberg–Marquardt (LM) backpropagation algorithm is used to “learn” the weights of the MLP-ANN controller [34]. This training process consists of executing the LM algorithm for 1000 epochs over the data set.



Table 1 shows the parameters for the PID controller for each blade, which are tuned manually. The output of the MLP-ANN is then combined with the output of the PID to provide the final control command to each blade.



The reference pitch angle variations are sometimes small, with the result that the controller is unable to track them. Therefore, these small changes are adjusted to be greater than or equal to   4 ∘  . In addition, the sharp edges due to the pitch angle changes are also smoothed for each blade. Figure 9 shows a comparison between the original and the new adjusted reference pitch angles.



For each blade, the pitch angle is controlled by a closed loop hybrid controller, which sets a reference angle for each blade according to the instantaneous rotor angle  θ . Then, the hybrid controller tries to set the actual blade pitch angle, measured by the blade encoder, in order to track the reference signal (i.e., reference pitch angle) with minimal error. Each blade angle is controlled independently using a four-bar linkage actuated by a DC motor.



Figure 10 shows the DC motor aluminum housing, stopper, and two limit switches, which are placed at both sides of the stoppers to limit the measured pitch angles to be between   −  6 ∘    and   6 ∘  . These switches are mounted under the lower linkage for each blade. The blade encoder (potentiometer) is mounted at the end of the effector-blade and is used as a position feedback sensor.



The H-type VAWT prototype is equipped with a data acquisition system (DAQ) for data logging and interfacing the hardware to software, which uses a virtual instrument (VI) developed using LabVIEW software. Some parameters, such as the wind speed, the rotor speed (RPM), the actual pitch angles, and the PMSG current and voltage, are measured by using specific sensors that are interfaced with the DAQ system.





5. Experimental Results


The H-type VAWT, including the pitch control system, is extensively tested outdoors for both fixed and variable blade pitch configurations. The outdoor trials are divided into three main experimental tests based on the purpose of the test. A preliminary test is conducted to examine the mechanical structure of the H-type VAWT prototype. In the first test, the power output, the self-starting capability, and the proposed control effectiveness of the H-Type VAWT prototype are investigated. To confirm the findings, the second test is performed by repeating the first test under different conditions. The operational reliability of the H-type VAWT is monitored in the preliminary test, which showed that the H-type VAWT mechanical structure is stable at different rotor speeds, ranging from 18 to 48 RPM, corresponding to a high aerodynamic disturbance condition. In this paper, the results and analysis of the first test are presented.



5.1. Power Curve


The measured power output for wind turbines at different wind speeds is encapsulated by a power curve that characterizes the efficiency of the wind turbine. For both fixed and variable pitch angle configurations, the power generation in pu (per unit) versus the wind speed in m/s for the H-type VAWT is shown in Figure 11.



For a variable pitch angle, the H-type VAWT produces a higher power output at wind speeds greater than 10 m/s compared to the fixed pitch angle case. Furthermore, a small amount of power output at wind speeds ranging from 4 m/s to 7 m/s is produced by the H-type VAWT. This implies that both the power output and the self-starting capability is enhanced by using the proposed blade pitching technique. The measured power output is fitted using the MATLAB Curve Fitting tool to generate the nonlinear curves (black curves) for both cases, as shown in Figure 11.



Figure 12 shows the filtered power generation curve for the fixed and variable pitch angle configurations. For data filtering, a moving-average filter is used here to reduce the power fluctuations (which consisted of determining running averages along all of the data streams for all of the cases). Moreover, any instantaneous power output less than or equal to zero is rejected. The areas below all of the power curves displayed in Figure 12 represent the total gross energy harnessed by the H-type VAWT for the fixed and variable pitch cases. Numerical integration using the trapezoidal rule is performed to calculate the total gross energy. The results showed that the total energy is increased by 22% by using the proposed blade-pitching technique. The power consumed by the control system, which was around 9 W, is subtracted when calculating the improvement in the total energy resulting from the use of the blade-pitching control system.




5.2. Pitch Angle Control System Effectiveness


While conducting the indoor tests, the pulley system was not attached. Therefore, the hybrid pitch control system was extensively tested indoors by using different user-specified percentages of the PID and MLP-ANN output signals.



For each blade, the response of the hybrid controller for three revolutions at different RPMs is compared to the reference pitch angles, as shown in Figure 13. Although the ability of obtaining a good set point tracking performance with the hybrid controller is challenging because of the small change in pitch angles, it can be seen that using a large percentage of a PID output signal (80%) resulted in a reasonable pitch angle response for only low RPMs. Overshoots are observed at the higher RPMs. However, the nonlinear dynamics of the H-type VAWT is evident at the higher RPMs. The control of these dynamics is improved by using a large percentage of the MLP-ANN output signal (i.e.,   80 %   MLP-ANN) in order to achieve a desirable blade pitch control performance.



The differences between the reference pitch signal and the measured pitch signal are determined by calculating the root mean square error (RMSE). At high RPMs, RMSEs in Table 2 show that the hybrid controller that uses 80% of the MLP-ANN output signal has a good ability to track the set point in comparison to the hybrid controller that uses 80% of the PID output signals for all blades. However, the hybrid controller that uses 80% of the PID output signals can reasonably minimize the errors at low RPMs. Furthermore, lower RMSEs of the hybrid controller can be demonstrated for the second blade, which can be attributed to the simple shape of the reference signal for this blade compared to the first and third blades.



For one rotor revolution, the green and yellow areas shown in Figure 13 represent the upstream and downstream regions for the rotor, respectively. These regions are used to investigate the effectiveness of the pitch control system. This can be accomplished by determining the peak of the pitch control response for all blades. In general, it can be seen that the overshoot occurs in the downstream region for the first and second blades. For the third blade, the overshoot only occurs in the upstream region for the first revolution, in contrast to the downstream region, where the overshoot is seen to occur in the second and third revolutions.



In fact, the downstream region is subject to the aerodynamic influence of the vortex shedding that is produced from the upstream blade. This may be the cause of the overshoot by the hybrid controller in the downstream region. The percentage overshoot (PO) of the hybrid controller response in the downstream region is summarized in Table 3. For all blades, POs for the hybrid controller that uses 80% MLP-ANN at high RPMs are less than those for the other two controllers that use 80% of PID output signals at both low and high RPMs.



Although the derivative parameter   k D   of the PID controller has been added (Table 1) in order to decrease the overshoot by the hybrid controller, it is seen that the controller that uses   80 %   of the PID output signal had a limited ability to reduce the overshoot at high RPMs. The percentage decrease is calculated between the POs for both cases of the hybrid controller at high RPMs (i.e.,   80 %   PID and   80 %   MLP-ANN), and the results showed that the hybrid controller that uses   80 %   MLP-ANN is able to reduce the overshoot by   20 %  ,   15.901 %  , and   15 %   for each blade in comparison to the controller that uses   80 %   of the PID command.



The POs for the first blade are generally lower than those in the second and third blades, owing to the fact that the gains of the PID controller for the first blade are greater than those for the other two blades, as shown in Table 1.



The proposed hybrid controller needs more enhancement. However, the results showed that this controller provided a significant improvement in terms of the power output from the H-type VAWT, with a small change in the pitch angles. Finally, the controller presented a good response at high RPMs, a regime of turbine operation that is associated with significant nonlinear dynamics.





6. Conclusions


The proposed hybrid controller, which consists of a nonlinear controller based on a neural network (MLP-ANN) and a conventional PID controller, has been developed for controlling the pitch angle of each blade of a Darrieus H-type VAWT individually. To investigate the stability of the proposed controller, a stability analysis is conducted using Lyapunov theory. For validation purposes, an H-type VAWT prototype is built, including the proposed controller implementation. The self-starting capability was improved by using the blade pitching technique. The results also reveal that, compared to the fixed pitch angle operation, the blade pitch control system clearly increases the power output of the H-type VAWT, with a percentage improvement that exceeded 22%. Finally, the hybrid controller that uses a high percentage of the MLP-ANN command is able to reduce the overshoot of the setpoint value at high rotor RPMs.
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Figure 1. Forces and velocities acting on the blade of a Darrieus turbine. 
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Figure 2. Main components of an H-type VAWT model. 
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Figure 3. Wind turbine drive-train model based on a two-mass model. 
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Figure 4.    C p  − λ   curve and equilibrium points of a wind turbine. 
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Figure 5. Equilibrium points for a variable pitch angle wind turbine [26]. 
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Figure 6. Final assembly of the H-type VAWT. 
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Figure 7. Blade pitch control system and data logging. 
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Figure 8. A block diagram of the blade pitch control system for one blade. 
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Figure 9. Original and adjusted reference pitch angles. 
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Figure 10. Pitch control system experimental setup. 
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Figure 11. H-type VAWT power generation for the first test: (a) fixed pitch angle (b) variable pitch angle. 






Figure 11. H-type VAWT power generation for the first test: (a) fixed pitch angle (b) variable pitch angle.



[image: Energies 15 00235 g011]







[image: Energies 15 00235 g012 550] 





Figure 12. Filtered power generation curves for the first test, and in both fixed and variable pitch angle configurations. 
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Figure 13. Response of hybrid controller for (a) blade 1, (b) blade 2 and (c) blade 3 at different RPMs. 
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Table 1. PID gains for each blade.
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	    k P    
	    k I    
	    k D    





	Blade 1
	0.12
	100
	0.043



	Blade 2
	0.088
	100
	0.009



	Blade 3
	0.1
	100
	0.01
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Table 2. RMSE of hybrid controller for different weights.
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	RMSE
	80% PID and 20%

MLP-ANN at

Low RPM
	80% PID and 20%

MLP-ANN at

High RPM
	80% MLP-ANN

and 20% PID at

High RPM





	Blade 1
	3.2181
	3.2741
	1.7961



	Blade 2
	1.6629
	2.8732
	1.8962



	Blade 3
	2.6248
	3.0238
	2.4718
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Table 3. Percentage overshoot of the hybrid controller for the first revolution.
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	PO

(Ref.)

Pitch =    10 ∘   
	80% PID and 20%

MLP-ANN at

Low RPM, (%)
	80% PID and 20%

MLP-ANN at

High RPM, (%)
	80% MLP-ANN

and 20% PID at

High RPM, (%)





	Blade 1
	10.4
	27
	1.7



	Blade 2
	25
	31.5
	11.7



	Blade 3
	13.3
	28
	9
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