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Abstract

:

Operating wind turbines together as a wind farm can be more advantageous and economical. As a result, onshore and offshore wind farms are being built at a rapid pace around the world. Wake effects, which have a negative impact on overall wind farm electricity generation, are one of the key concerns in wind farms. This work concentrates on the maximization of power output from wind farms by ameliorating the wake effect. This work introduces a dynamic wind farm controller that adjusts turbines’ yaw angles or axial induction factors following the flow field conditions to maximize the overall power output of the wind farm. This research examines a real-life offshore wind farm in South Korea and the wind farm controller is evaluated in Wind Farm Simulator (WFSim), a control-oriented dynamic wind farm model environment built by Delft University of Technology. The main contribution of this work includes investigating the impact of wind farm control methods on the power production of a wind farm model that simulates a real-life wind farm.
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1. Introduction


Wind energy is a foremost inexhaustible eco-friendly energy resource that can be considered a major power generating source in the future. The development of the wind energy industry accounts for a significant portion of the reduction in carbon emissions. Wind energy industries have the potential to provide a wide range of job opportunities in the future, including wind turbine manufacture, structural development, logistics, maintenance, and research and development.



Operating wind turbines collectively as a wind farm is more beneficial and economical. However, the utmost pertaining concern in wind farms is the wake effect. When the wind turbine is in operation, it extracts energy from the wind, and a wake is thus developed behind the turbine that reduces the wind speed downstream. More specifically, it results in a reduction of the wind speed, an increase in turbulence, and finally a reduction in the overall wind farm power production [1]. This is illustrated in Figure 1.



The wake developed throughout the wind farm can be characterised by its strength and direction. The downstream turbines’ power generation may be hampered by the wake behind the upstream turbines, which results in reduced wind speed and turbulent wind flow [1,2]. As a result, the overall power output is lowered, while the fatigue loading on the downstream turbines is increased [3,4]. The flow field across the wind farm can be modified by managing the wake behind individual turbines, potentially boosting the wind farm’s total energy generation [5].



Research on wind farm control for reducing the impact of the wake is attaining importance. The review [6] on wind farm control strategies deals with the following three main concepts: Power derating [7,8,9], yaw misalignment-based wake steering [10,11,12,13] and turbine re-positioning [14,15]. It is noted that the concept of power derating, wake redirection control (WRC), and turbine re-positioning [16] could result in a remarkable rise in power output.



Power derating, also known as axial induction control (AIC) [17,18] is used to improve the efficiency of the downstream turbines by minimizing the strength of the wake by power derating the upstream turbines. This technique utilizes control of generator torque, pitch control of turbine blades, or turbine tilting to change the axial induction factor,   a n  . The turbine blade pitch control of upstream turbines reduces their power output, but the enhanced performance of downstream turbines could potentially improve the overall wind farm power output. When the axial induction method is used, some studies show significant power improvement [19,20], while other studies [17,18] do not demonstrate notable improvement in power production.



When the WRC method [21,22] is used, the upstream wind turbine is steered away from the upcoming wind to redirect the wake. The upstream turbine’s power output is reduced due to its steering, but the overall power output could be greatly improved by improving downstream turbine performance. Various studies [23,24] have found improvements and associated advantages of this method. Previous research on an optimization based wake steering approach evaluated on an operational wind farm found a power increase of 7–13% for site average wind speed and 28–47% for low wind speed, respectively [16]. The work carried out in [18] shows a 3.3% increase in the wind farm power production when the AIC is incorporated into the upstream turbines in a real-life wind farm in the UK. The preliminary investigation performed in [25] demonstrates further improvement when the WRC is incorporated into the turbines in a real-life wind farm in China.



In this work, the Wind Farm Simulator (WFSim) is used for simulation studies. It is a dynamic wind farm control model developed by Delft University of Technology [26]. WFSim is implemented in MATLAB and it has two control variables, yaw angle and axial induction factor. It takes into account wind farm flow field features, and includes a power production optimizer [27] based on the gradient method to help maximize wind farm power production. The power production optimizer is employed to bring up the overall wind farm power output by optimizing the yaw angle or the axial induction factor or even both. How the WFSim can be used to test various active wind farm control algorithms for maximizing the wind farm power production is discussed in [26,28].



Simulation studies are conducted for two wind farm layouts. In the first case, a virtual two-turbine wind farm is considered to investigate the impact of varying the distances between turbines on the power production and to analyze the outcome of using the WRC strategy on the maximization of power. A real-life wind farm configuration of an offshore wind farm is analyzed in the second scenario, which consists of 20 turbines with a spacing between them of roughly 800 m. In this situation, a steady-state optimized power production controller is used to maximize the power output by controlling the yaw angle or axial induction factor of wind farm turbines, or a combination of both. The main contribution of this paper is a preliminary investigation of the impact of WRC and AIC on the power production of a virtual wind farm model of two turbines and a wind farm model of 20 turbines, which simulate a real-life wind farm in the WFSim. Simulations carried out in this study using the WFSim provide dynamic responses in contrast to the work reported in [26,28] that focuses on the steady state responses.



The paper is organized as follows. Section 2 discusses wind farms modeled in WFSim, including details of the two wind farm layouts. In Section 3, wind farm control strategies, i.e., AIC and WRC, are described. In Section 4, the wind farm control strategies are applied to the wind farm layouts, with the simulation results presented. Section 5 draws conclusions and discusses future work.




2. Wind Farm Modeling


This section gives an overview of the dynamic wind farm modeling tool, WFSim, and the two wind farm cases modeled, i.e., a two-turbine wind farm and a real-life 20-turbine wind farm. In general, wind farm control research focuses on steady-state control with set parameters, and the dynamic behavior is frequently overlooked. WFSim, on the other hand, considers wake dynamics over time as well as changing atmospheric conditions.



2.1. Wind Farm Simulator


WFSim developed by Delft University of Technology is a dynamic medium fidelity wind farm modeling tool. Navier-Stokes equations used to model flow field form the fundamental lead in developing the WFSim [26]. WFSim’s computational complexity is reduced by simplifying the three-dimensional flow equation to two-dimensional equation by disregarding flow features in the z-direction, where it solves the Navier–Stokes equation to get flow velocities at hub height. The WFSim is a control-oriented, medium-fidelity modeling tool that can be used to build and test various control techniques with tuning parameters. It employs flow velocities to determine the total power output [29]. It allows wind farms to be designed flexibly, and control methods based on actuator disk theory and actuator line model can be applied to the models.



A schematic representation of WFSim is shown in Figure 2. It consists of two modules, i.e., a flow model and a rotor model, as shown in the diagram. The flow model defines the behavior of the flow field by taking into account the atmospheric conditions, force on the flow field by the wind turbines, wind velocities, pressure, wind directions, and so on. The inputs to the flow model are the atmospheric condition qatm and the force f applied by the turbines on the flow field. The output from the flow model are state variables q = [u v p]   T   that comprise velocities u and v in the x and y directions, respectively, and air pressure p. The rotor model calculates the force exerted on the flow field by the turbines and is linked to the power generated by the turbines. The inputs to the rotor model include q in addition to the control input  ω , which influences force f, fed to the flow model and is a function of power P. Prandtl’s mixing length model [26] is the turbulence model used in WFSim, and wind farm turbines in wind farm are modeled as non-rotating actuator disk models.



Mathematically, f in Figure 3 applied by the turbine to the flow field is expressed in terms of hub-height flow velocity   U n  , yaw angle   γ   n   , and inflow angle  ϕ  as follows:


  f =  ∑  n = 1   N T   f   n   



(1)






   f n  =   c f  2   C  T n    ′     [  U n  cos  (  γ n  )  ]  2     cos (   γ n  + ϕ  )   sin (   γ n  + ϕ  )    × H  [  D 2  − ‖ s −  t n  ‖   2  ]  δ  [  ( s −  t n  )  .  e  ⊥ , n   ]   



(2)




where   c f   is a tuning parameter,   N T   denotes the number of turbines and, H and  δ  are Heaviside and Dirac delta functions, respectively [26]. For the   n  t h    turbine, the disk-based thrust coefficient   C  T n    ′   [30] is a function of axial induction factor   a n   and classical thrust coefficient   C    T n     as follows:


   C  T n    ′   =   C    T n      ( 1 −  a n  )  2    



(3)







The power P generated by the wind farm is function of air density  δ , swept area A, wind flow velocity   U n  , and yaw angle   γ   n    as follows:


  P =  ∑  n = 1   N T    1 2  ρ A  C  P n     [  U n  cos  γ n  ]  3   



(4)




where    C  P n   =  C P    C ′     T n      is the loss factor, which is the function of   C P  , a tuning variable. The control variables in the WFSim model are yaw angle   γ   n    and    C ′     T n    , which relates to   a n  . These control variables are regulated to maximize the energy production and enhance the wind farm performance.




2.2. Two-Turbine Wind Farm


A two-turbine virtual test case is developed to investigate the effect of wake on the overall wind farm power production. The rotor diameter of the turbine is 126.4 m [26]. When the WRC technique is employed, the effect of altering the spacing between the turbines on the overall power production is evaluated in Section 4.1.




2.3. Real-Life Offshore Wind Farm


A 20-turbine offshore wind farm is considered. The distance between the turbines, whose rotor diameter is 134 m, is approximately 800 m, with 20 turbines arranged as depicted in Figure 4, which shows a Google Maps view of this real-life offshore wind farm project, and Figure 5 shows the mean wind speed at the site obtained from Global Wind Atlas [31]. This offshore wind farm is located at 35°28′55.6″ latitude and 126°18′31.8″ longitude. The depth at the site is around 10 m, while the distance from the southwest shore is approximately 12 km. Figure 6 shows the wind speed rose at the location, and gives details about wind speed at various directions.



The wind farm capacity is around 60 MW, each turbine being a 3 MW machine. The annual mean wind speed is 6.85 m/s at 100 m hub height at this location. The hourly wind speed index is around one most of the time, and it is shown in the wind speed variability curve in Figure 7a, obtained from the Global Wind Atlas. The monthly wind speed variability curve is shown in Figure 7b.





3. Wind Farm Controller


Aerodynamic interactions due to the wake effect make controlling wind farms a difficult task. The upstream turbine’s wake increases turbulence intensity while decreasing wind velocity. The downstream turbine power production is reduced as wind velocity slows, and turbine structural loading may increase as turbulence intensity rises [29]. Thus, wind farm controllers are designed to maximize the total wind farm power output by bringing down or redirecting the wake. WFSim allows the incorporation of wind farm control with a power production optimizer that permits the yaw angle and axial induction factor to be adjusted to optimize the output by ameliorating the wake effect.



The flowchart of the implementation of a dynamic wind farm controller is shown in Figure 8. In addition to ambient flow conditions and control mechanisms, the Wind Farm Layout block contains information on turbine position, turbine type, and so on. The details regarding wind direction, speed, and turbulence intensity are included in the Ambient Flow Condition block. The block Control Methods allows the wind farm control method, i.e., WRC, AIC, or a combination of the two, to be selected. Wake sub-models, wind direction probability information and an optimizer that optimizes the yaw angle, axial induction factor, or both are included in the Power Production Optimizer block. These optimized values are then forwarded to WFSim.



In Section 3.1, wake control strategies, i.e., AIC and WRC, are discussed. Section 3.2 discusses the power production optimizer, which optimizes the yaw misalignment angle or the axial induction factor in order to maximize the power production.



3.1. Wake Control Strategy


In wind farms, owing to the economic, logistic, and space limitation, it is not feasible to place turbines far enough from each other and this results in the various interactions between turbines. These interactions have a significant impact on downstream turbines in the wake, which affects the entire performance of the turbines, including their efficiency and structural loading. These wake interactions cause a velocity deficit, resulting in a drop in the downstream turbine power production.



The power loss is associated with spacing between turbines in the wind farm and some studies show a power reduction of up to 23% [32]. The power loss is more severe concerning the first downstream turbine that immediately follows the upstream turbine. Nearly the same effect can be observed for the remaining downstream turbines, but this effect is gradually reduced downstream [33]. This can be observed in Figure 9, which shows the normalized power along the rows of the Horns Rev wind farm in Denmark [34] as an example.



The wake also increases the fatigue loading on the downstream turbines, thereby potentially reducing the lifespan of the turbines [3]. To mitigate these effects to some degree, the following wind farm control strategies are employed: (i) AIC and (ii) WRC [18].



3.1.1. Axial Induction Control


The main purpose of AIC is to derate the turbine by pitching, tilting, or both [10]. This directly results in changes in the power production and a wake velocity deficit. The fractional reduction in wind speed between inflow and rotor is known as the axial induction factor [17]. When AIC is in use, the power generated by the upstream turbines can be reduced by modifying the axial induction factor   a n  , thereby increasing the power produced by the downstream turbine. In this research, the axial induction factor is controlled by varying the pitch and generator torque demand. Mathematically, thrust force [17] applied on the flow field f, is expressed as follows:


  f =  1 2  ρ A  C T   ( β , λ )   U 2   



(5)




where A is the swept area,  ρ  is the air density,   C T   is the thrust coefficient,  λ  is the tip speed ratio,  β  is the blade pitch, and U is the flow velocity. Assuming there is no wake recovery, the flow velocity in the wake is given by [17]:


   U  w a k e   = U  ( 1 − 2  a n  )   



(6)




where   a n   is linked to thrust coefficient   C T   through the following relationship:


   a n  =  1 2   ( 1 −   1 −  C T    )   



(7)







Figure 10 represents a schematic overview of the AIC strategy [18]. Wind turbines under normal operating conditions, i.e., without any wind farm control action, are shown in Figure 10a. The length of the arrows represents the magnitude of the wind speed, and it is demonstrated that the upstream turbine operates to extract the most power from the wind, causing the wind speed experienced by the downstream turbine to be weakened, as indicated by the small arrows. When AIC is activated, as shown in Figure 10b, the upstream turbine is derated, increasing the speed of the wind approaching the downstream turbine in comparison to normal operation. As a result, even though the power produced by the upstream turbine is reduced, the overall wind farm power production may increase.




3.1.2. Wake Redirection Control


The objective of the WRC strategy is to redirect the wake away from the downstream turbine. In the intentional yaw misalignment method, the transverse force created with the incoming wind redirects the wake away from the downstream turbine [10]. As a result, the downstream turbine may generate more power, and the overall power output of the wind farm could be raised.



Figure 11 illustrates a typical WRC strategy for a wind farm of two turbines [6]. The upstream turbine has a yaw offset such that the wake from the downstream turbine is redirected. The length of the arrow corresponds to the wind speed magnitude. The wake is redirected toward the yaw offset direction of the upstream turbine, affecting a portion of the downstream rotor. As depicted in the figure, the portion of the downstream turbine outside the wake experiences higher wind speed.





3.2. Power Production Optimizer


The power production optimizer uses the probability of occurrence of the wind direction by considering the wind direction range and standard deviation in the wind direction. The optimization algorithm considers wind speed, wind direction, turbulence intensity, velocity deficit, and dynamic atmospheric situations to improve the power output. When a wind farm is under greedy control strategy [6], i.e., under normal operating conditions, all the turbines operate to produce the maximum power, but this can result in a strong wake behind the upstream turbines. This wake eventually reduces the power production of the downstream turbine. An optimal selection of yaw angle or axial induction factor or both can boost the production of the downstream turbine. It is assumed that the overall wind farm power output is the sum of each turbine’s power output for wind farm production maximization, through optimization of the yaw angle or the axial induction factor. The objective function corresponding to the conventional optimization method that finds the optimal value of yaw misalignment or axial induction factor for maximizing wind farm power for a specified wind direction is given by the following equation [4]:


   X  o p t    ( θ )  =  argmax X   ∑  n = 1   N T    P n   (  x 1  ,  x 2  , . . . . . . ,  x n  , θ )   



(8)




where   P n   is the power developed by each turbines and  θ  denotes the wind direction.



Owing to the unreliability of the wind direction measurement, another robust yaw angle optimization technique is considered in which the wind direction’s probability of occurrence is considered. So, here a probability density function   ρ ( θ )   is considered and the corresponding objective function is given by the following equation.


   X  o p t    ( ρ  ( θ )  )  =  argmax X   ∫  0   2 π    ρ ( θ )   ∑  n = 1   N T    P n   (  x 1  ,  x 2  , . . . . . . ,  x n  , θ )  d θ  



(9)




where   ρ ( θ )   denotes the probability density function.



This is a gradient-based method designed for continuous objective and constraint functions with continuous first derivatives; it looks for the minimum of constrained multi-variable function. The cost function is the whole wind farm power output in Equation (9) while the control variables, i.e., yaw angle and axial induction factor, are the ones altered to optimize the objective function. The lower and upper bounds of the optimization variables are the only constraints imposed. The lower and upper bounds of the yaw angle are 0° and 30°, respectively, and those of the axial induction are 0 and 1/3, respectively.





4. Simulation Results and Discussion


The WFSim is implemented using MATLAB. First, a virtual wind farm with two turbines is studied with 3D to 10D spacing between the turbines, and an increase in power is estimated when the WRC approach stated in Section 3.1.2 is applied for different spacing. Second, when the optimal WRC and AIC procedures described in Section 3.1 are utilized, a real-life offshore wind farm with 20 turbines is investigated.



4.1. Two-Turbine Case


In this case, the wind farm of two turbines discussed in Section 2.2 is considered. The diameter of the wind turbine is 126.4 m and the simulation is performed at 8 m/s [26]. In this paper, the wind farm of two turbines is only developed to investigate the impact of varying the spacing between turbines on the wind farm power production with and without incorporating the WRC. The results are included in Table 1. When the spacing between the turbines is increased, the power production increases as expected. However, because of space constraints and other economic considerations, increasing the distance between turbines beyond a certain point is not feasible. The percentage gain in power can be improved while the WRC is in action.



In Figure 12, dynamic simulation results for two-turbine wind farm with 4D spacing under normal operating conditions and when the WRC strategy is used are compared. When WRC is used, the wind speed approaching the downstream turbine increases, as seen in the diagram. Figure 13 shows the flow field diagram and wind speed curve for the two-turbine wind farm with and without WRC for 8D spacing. According to the figure, the mean wind speed is reduced between the turbines because of the wake effect, and under WRC the mean wind speed is improved.




4.2. Offshore Wind Farm Case


A real-life offshore 20-turbine wind farm layout is designed in WFSim in Section 2.3 and it is assumed that the wind incident is perpendicular to the wind farm rows. In this paper, it is assumed that the wind direction stays intact. This wind farm configuration uses the AIC and WRC control methods discussed in Section 3. The lower and upper bounds of the yaw misalignment angle are 0° and 30°, respectively, while the lower and upper bounds of the axial induction factor are 0 and 1/3, respectively. Simulations are carried out and outcomes are tabulated for various mean wind speeds, i.e., 5, 6, 7, and 8 m/s, in Table 2.



From Table 2, it is inferred that the wind farm power output is improved by adopting WRC or by combining the WRC and AIC methods. In all scenarios in which wind speed is taken into account, the percentage increase in power output is around 17%. The power gain is not as noticeable when AIC is used. However, some studies [17] suggest that AIC could boost the power output on its own, and thus more research is needed.



The real-life wind farm flow field diagram is shown in Figure 14 for the optimized control methods in place. In the figure, the upstream turbines are T5, T10, T15 and T20. Without WRC, the wake effect on the downstream turbines is more severe as can be seen in the flow field figure. Meanwhile, the wake is steered away from the downstream turbines with WRC, resulting in improved overall performance.



In Figure 15, the corresponding power output from each turbine in the wind farm is presented when WRC is used in comparison to when WRC is not used. It is clear from the figure that the upstream turbine power has been reduced due to WRC; however, at the same time, considerable power improvement is observed by the downstream turbine as expected. Thus, the total wind farm power output production is increased.



Figure 16 shows the corresponding time response of power produced by individual turbines in the wind farm with and without WRC. The green curve represents the power generated by the upstream turbine, which sacrifices its power generation for the downstream turbines while WRC is in operation; that is, when WRC is employed, the power produced by the upstream turbine decreases, but the power produced by downstream turbines increases as shown in Figure 16.





5. Conclusions and Future Work


The wake effect is among the major concerns in wind farm control, because it influences the overall power production. To develop and test wind farm control strategies, developing an accurate dynamic wind farm model is essential to capture the varying conditions and wake effects occurring at wind farms. Such a dynamic wind farm model, i.e., WFSim, developed by Delft University of Technology, is reported in this paper. To reduce the wake effect, active wake control methods such as WRC and AIC are used. The goal of this work is to design a wind farm controller that incorporates WRC and AIC to maximize the wind farm power output. The wake effect on a virtual two-turbine wind farm and a real-life offshore wind farm is explored in this study using WRC, AIC, or both.



In the two-turbine wind farm, without and with WRC, the overall power production is compared for various distances between turbines. The overall power output by the virtual two-turbine wind farm demonstrates improvement in power when the WRC is in operation. It is also worth noting that the power output improves further when the spacing between the turbines increases from 3D to 10D.



In the real-life wind farm, WRC or AIC or both methods are also applied to reduce wake and thereby enhance the wind farm power output. In this paper, constant wind directions are assumed, but in the future, more realistic, varying wind directions will be considered. For determining the optimal value of the yaw angle or axial induction factor, a power production optimizer is used, which considers ambient wind conditions, wind farm layout, wake effect, wind direction probability of occurrence, and so on. When WRC or a combination of WRC and AIC is applied to the real-life wind farm model, the simulation results show an increase in power. The results show a 17% increase in power production.



An optimization-based wake redirection strategy tested on an operational wind farm in [16] has shown a power increment of 7–13% for site average wind speed and 28–47% for low wind speed. In this work, the percentage power increment is about 17% for the site average wind speed (6.85 m/s). It is also worth noting that when WRC is used, the power produced by upstream turbines is lowered, but the performance of the remaining downstream turbines improves, resulting in a rise in overall wind farm power production. As demonstrated in [17], AIC resulted in a less significant increase in power than WRC; that is, the result show that WRC is more effective than AIC.



In the future, all possible wind directions need to be considered to analyze the effectiveness of these control strategies more realistically. These control strategies may have a negative effect on structural loadings, which should be thoroughly investigated. The study carried out in [35] illustrates that the turbulence intensity and atmospheric stability conditions have a significant impact on wind farm power production, and these factors will also be taken into account. Moreover, the real-time adaptive optimization discussed in this paper will be improved further to be more suitable for larger wind farms. Finally, the real-time optimization algorithms will be validated using SOWFA followed by actual wind farm data that will be available towards the end of this ongoing project.
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Figure 1. Wake of wind turbine. 






Figure 1. Wake of wind turbine.
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Figure 2. Block diagram of wind farm simulator. 
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Figure 3. Top view illustration of turbine showing yaw angle  γ  and inflow angle  ϕ . 






Figure 3. Top view illustration of turbine showing yaw angle  γ  and inflow angle  ϕ .



[image: Applsci 12 04013 g003]







[image: Applsci 12 04013 g004 550] 





Figure 4. Offshore wind farm: Google Maps site view. 
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Figure 5. Global Wind Atlas: Mean wind speed at site. 
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Figure 6. Global Wind Atlas: Wind Speed Rose at site. 
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Figure 7. Global Wind Atlas: Wind speed variability. 
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Figure 8. Flowchart of dynamic wind farm controller. 
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Figure 9. Normalized power along Horns Rev wind farm row. 
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Figure 10. Schematic representation of axial induction control strategy. 
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Figure 11. Schematic representation of wake redirection control strategy. 






Figure 11. Schematic representation of wake redirection control strategy.



[image: Applsci 12 04013 g011]







[image: Applsci 12 04013 g012 550] 





Figure 12. Two-turbine case with and without WRC for 4D spacing. 
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Figure 13. Two-turbine case with and without WRC for 8D spacing. 
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Figure 14. Flow field diagram from WFSim for real-life wind farm at 6 m/s mean wind speed. 
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Figure 15. Power produced by individual turbine with and without WRC. 
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Figure 16. Time response of power produced by individual turbine with and without WRC. 
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Table 1. Wind farm power for 3D to 10D spacing between the turbines.
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	Control Method
	3D
	4D
	5D
	6D





	Without WRC
	1.7507 MW
	1.7504 MW
	1.7591 MW
	1.7589 MW



	With WRC
	1.7605 MW
	1.7737 MW
	1.7920 MW
	1.8259 MW



	Percentage Increase
	0.56%
	1.33%
	1.87%
	3.81%



	Control Method
	7D
	8D
	9D
	10D



	Without WRC
	1.7711 MW
	1.7730 MW
	1.7873 MW
	1.7979 MW



	With WRC
	1.8488 MW
	1.8856 MW
	1.9101 MW
	1.9539 MW



	Percentage Increase
	4.39%
	6.35%
	6.87%
	8.68%
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Table 2. Wind farm power at various wind speeds under various control methods.
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	Wind Speed—5 m/s
	Farm Power
	Wind Speed—6 m/s
	Farm Power





	Without Control
	7.2927 MW
	Without Control
	12.602 MW



	With WRC
	8.5491 MW
	With WRC
	14.805 MW



	With WRC-AIC
	8.5195 MW
	With WRC-AIC
	14.784 MW



	With AIC
	7.2917 MW
	With AIC
	12.600 MW



	Percentage Increase *
	17.2281%
	Percentage Increase
	17.4813%



	Wind Speed—7 m/s
	Farm Power
	Wind Speed—8 m/s
	Farm Power



	Without Control
	20.011 MW
	Without Control
	29.871 MW



	With WRC
	23.475 MW
	With WRC
	34.993 MW



	With WRC-AIC
	23.462 MW
	With WRC-AIC
	34.997 MW



	With AIC
	20.007 MW
	With AIC
	29.866 MW



	Percentage Increase
	17.3104%
	Percentage Increase
	17.1470%







* Percentage increase is calculated between without control and with WRC.
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