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Abstract

:

Optimal design of wind turbine placement in a wind farm is one of the most effective tools to reduce wake power losses by alleviating the wake effect in the wind farm. In comparison to the discrete grid-based wind farm design method, the continuous coordinate method has the property of continuously varying the placement of wind turbines, and hence, is far more capable of obtaining the global optimum solutions. In this paper, the coordinate method was applied to optimize the layout of a real offshore wind farm for both simplified and realistic wind conditions. A new analytical wake model (Jensen-Gaussian model) taking into account the wake velocity variation in the radial direction was employed for the optimization study. The means of handling the irregular real wind farm boundary were proposed to guarantee that the optimized wind turbine positions are feasible within the wind farm boundary, and the discretization method was applied for the evaluation of wind farm power output under Weibull distribution. By investigating the wind farm layout optimization under different wind conditions, it showed that the total wind farm power output increased linearly with an increasing number of wind turbines. Under some particular wind conditions (e.g., constant wind speed and wind direction, and Weibull distribution), almost the same power losses were obtained under the wake effect of some adjacent wind turbine numbers. A common feature of the wind turbine placements regardless of the wind conditions was that they were distributed along the wind farm boundary as much as possible in order to alleviate the wake effect.
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1. Introduction


After an upstream wind turbine extracts kinetic energy from wind, it propagates towards downstream wind direction forming a large wake area characterized with lower wind speed and more intensive wind turbulence. This is called the wake effect [1]. When another wind turbine is located inside the wake-affected zone, its power output will be reduced to a large extent with a high fatigue load [2]. According to the real engineering observational data, this wake-affected area can cover dozens of kilometers downstream the incoming wind direction [3]. Though the wake effect is unlikely to be completely negated for downstream wind turbines, it can be alleviated by the optimal placement of wind turbines inside a wind farm. Consequently, great power losses can be regained and the cost of power production can be reduced [4].



Back in 1994, Mosetti et al. [5] studied the wind farm layout optimization problem for an ideal square-shape wind farm using the grid-based design method. The method divides the wind farm area into a number of identical small square grids and the wind turbine can only be positioned at the center point of a specific grid. In this research, the wind farm performance under three different wind conditions (constant wind speed and constant wind direction, constant wind speed and variable wind directions, and variable wind speeds and variable wind directions) were evaluated by comparison to the random wind farm layouts, and the improvements of wind farm power output were reported for all tested wind conditions. After this pioneer work, Beyer et al. [6] investigated the wind farm layout optimization problem using the unrestricted coordinate wind farm design method. For this method, the Cartesian coordinates of wind turbines were directly used to represent the wind turbine locations rather than using the grids for the grid-based method. The ‘expert guess’ wind farm layouts, which employ a typical area value of 3–4 square rotor diameter per wind turbine, were introduced to qualitatively compare the improvements of wind farm performance with the optimized layouts. The comparative results indicated a larger increase of wind farm power output and wind farm efficiency after optimization. As the two most commonly applied wind farm design methods, the grid-based method is known as a discrete method due to the restrained and limited locations for wind turbine placements, while the unrestricted coordinate method is known as a continuous method with a continuous variation of wind turbine placements. The comparison of effectiveness of these two methods has been reported in literature [7], which claims that the coordinate method is more superior than the grid method with more flexibility of wind turbine placements and less computational cost. In recent years, a large number of studies on the wind farm layout optimization using the coordinate method have been published. Perez et al. [8] applied the coordinate method for an offshore wind farm layout optimization study using mathematical programming techniques. Feng and Shen [9] proposed the random search algorithm for layout optimization of the Horns Rev wind farm. In a paper by Chen et al. [10], a multi-objective genetic algorithm was applied for the wind farm layout optimization studies with two optimization objectives: maximizing the wind farm efficiency and minimizing the cost of power production.



For the study of wind farm layout optimization using the coordinate method, most importantly, the constraints of wind farm boundary need to be carefully handled to ensure the optimized wind turbine locations are feasible within the wind farm boundary. In this regard, Wang et al. [11] proposed two different means of handling the irregular boundaries of real wind farms in a layout optimization study. Moreover, the selection of the wake model that quantitatively accounts for the wake effect between wind turbines is an additional challenge in the study of wind farm layout optimization. Given the high computational cost demand for the optimization problem, the selected wake model needs to facilitate the optimization to progress smoothly while maintaining a high level of computational accuracy. In this regard, Kuo et al. [12,13] proposed a mechanistic semi-empirical wake model and an integrated Computational Fluid Dynamics (CFD) wake model for solving the two-dimensional and three-dimensional wind farm layout optimization problems, respectively. Parada et al. [14] evaluated the performance of a new Gaussian-based wake model by comparison to the results presented in the typical wind farm layout optimization studies. Moreover, the evaluation of wind farm power output under realistic wind condition by Weibull distribution is a problem to be solved for accurately calculating the fitness of objective function in layout optimization study. Kusiak et al. [15] initially studied the wind farm layout optimization under the Weibull distribution wind condition. The means of calculating the total wind farm power output under the Weibull distribution were formulated using the wind speed discretization method. Followed by the work, Eroglu et al. [16] and Bansal et al. [17] applied the same discretization method to study the wind farm layout optimization problem with more advanced optimization algorithms. The idea of the discretization method was to divide the wind speed region into a certain number of bins with constant interval, and then the power output was calculated as an integral of wind speed using the approximate average wind speeds of different bins [18,19].



In this paper, a real offshore wind farm layout optimization using the unrestricted coordinate method was conducted under different wind scenarios, including the simplified wind conditions and a realistic Weibull distribution wind condition. A recently developed analytical wake model, which has a great balance of the computation cost and calculation accuracy, was employed for the optimization study. The means of handling irregular boundary of real offshore wind farm were proposed along with the discretization method applied for calculating the wind farm power output under Weibull distribution wind condition. The remainder of this paper has been organized as follows. Section 2 presents the modelling and methodology applied in the study of wind farm layout optimization, which includes the wind turbine model, wind farm model, wind condition models, wake model, wind farm boundary handling, and objective function fitness evaluation techniques. Section 3 discusses the optimization results and Section 4 concludes the research work.




2. Modelling and Methodology


2.1. Wind Turbine and Wind Farm Models


The real wind farm model studied in this paper is an offshore wind farm situated in Northern Europe. According to the reference [20], the Bonus 1 MW wind turbine was installed in the wind farm and the wind turbine properties are shown in Table 1 (Pi  is the individual wind turbine power output and vi the incoming wind speed).



According to the reference [20], the target wind farm has an irregular boundary shape as indicated in Figure 1. According to the wind farm boundary features, it generally consists of two portions: the left portion of a curved boundary line and the right portion of a polyline boundary. In order to increase the accuracy of mathematical representation of the left portion boundary line, it was further divided into two interpolated curves of y1(x) (blue color in the figure) and y2(x) (green color in the figure) with polynomial approximation. The right portion polyline p {(X1, Y1), (X2, Y2), …, (X7, Y7)} was defined by vertex points, which have been marked by the red points in Figure 1. Assuming a given wind turbine has an X-axis coordinate of xi, the feasible Y-axis coordinate interval that is located inside the wind farm boundary can be represented by:


C(xi)={z|yL(xi)≤z≤yU(xi)}



(1)




where yL(xi) and yU(xi) are the lower and upper bounds at coordinate xi, and they are determined by the mathematical expression of the wind farm boundary. The feasible y coordinates are the union of all feasible Y-axis coordinate intervals as given by:


Y(X,i)=∪C(xi)



(2)




where X=[x1y1 x2y2…xNyN] consists of x and y coordinates of N number of wind turbines and has a total of 2N variables. The viable wind farm layout must guarantee all wind turbines are positioned among the feasible intervals, which meets:


∑i=0Nϕ(X,i)=0 



(3)







The term is further defined by:


ϕ(X,i)={1 yi∉Y(X,i)0 yi∈Y(X,i) 



(4)




where yi is the wind turbine Y-axis coordinate, Y(X,i) is the feasible Y-axis coordinate intervals defined in Equation (2).




2.2. Wind Condition Models


The statistical features of wind condition are typically described by two elements: wind speed and wind direction. Various types of wind conditions, which can be categorized into the simplified wind condition and the realistic wind condition, were investigated in this paper. The simplified wind condition includes three different scenarios of discrete wind speed and wind direction, namely, the constant wind speed and wind directions, constant wind speed and variable wind directions, and the variable wind speeds and variable wind directions, which are described in detail in Section 3. The realistic wind condition was based on measured wind data, for which the wind speed data was continuously changing. It has been well recognized that the real wind speed variation across the world can be represented by Weibull distribution which is given by [21]:


p(v)=kc(vc)k−1exp(−(vc)k)



(5)




where p(v) is the probability density of occurrence for a specific wind speed v, c is the scale parameter, and k is the shape parameter. The cumulative Weibull distribution P(v), which shows the probability of wind speed less than or equal to a certain speed value v, is given by:


P(v)=1−exp(−(vc)k)



(6)








2.3. Two-Dimensional Analytical Wake Model


The popular PARK model was initially proposed by Jensen [22] and was further tuned by Katic et al. [23] for the clustered wind turbine research. The improved PARK model has been mostly applied in literature for the wind farm layout optimization study [24]. Figure 2 shows the general properties of the PARK model, which assumes a linear wake propagation behind the upstream wind turbine rotor and notice that the radial wind speed distribution inside the wake is set to be constant.



The wake-affected wind speed at the downstream x distance (horizontally in Figure 2) towards the dominant wind direction is given by:


vx=v0[1−2a(r0r0+α·x)2]



(7)




where v0 is the undisturbed wind speed, vx is the wake wind speed, and r0 is the downstream rotor radius. According to the actuator disk theory, r0 is calculated based on the wind turbine rotor radius R as:


r0=R1−a1−2a 



(8)




in which, a is axial induction factor calculated as the percentage of reduction from free-stream wind speed to the rotor-plane wind speed. In Equation (8), α is an entrainment constant, which is determined by the relative surface roughness length (z0) and wind turbine hub height (h) in the empirical mathematical form as [25]:


α=0.5ln(hz0) 



(9)







In Figure 2, rx is the wake radius which is linearly expressed with the form of:


rx=r0+α·x



(10)







As mentioned above, Jensen’s wake model is one-dimensional assuming the wake velocity only related to the axial distance towards the dominant wind direction. Further research showed that the wind speed variation in the wake occurs not only in the axial direction (horizontal wind direction in Figure 2), but in the radial wind direction (vertical wind direction in Figure 2) as well. It has been reported that the wind speed profile exhibits an approximately Gaussian axisymmetric shape [26,27]. Hence, a two-dimensional Gaussian wake model was applied for the wind farm layout optimization in this paper and since the model was based on the Jensen’s model, it was named Gaussian-Jensen wake model. The new wake model equation is given by:


ux=A(1σ2πe−r22σ2 )+B



(11)




where ux is the wake wind speed in the Gaussian-Jensen wake model and σ is the standard deviation. According to reference [28], the following equations of equality are formulated:


{σ=rx2.58A(2.58r2πe−2.582)+B=v0A+2B·r=2r·vx



(12)




by solving the equation with extra simplification, the arguments of A, B, and σ are obtained as:


{σ=rx2.58B=v0A=2rx·(vx−v0) 



(13)







The final wake velocity expression for the Jensen-Gaussian wake model is represented by below formula, and the comparison of wind speed contours between the Jensen’s wake model and the Jensen-Gaussian wake model is shown in Figure 3. As can be seen, Figure 3a shows the Jensen’s model with the constant wind speed in the radial direction while the speed in the radial direction is variable for the Jensen-Gaussian wake model in Figure 3b.


vx=v0(1−10.32a2π (r0r0+α·x)2·e−r22·(2.58rx)2)



(14)







For single wake, the velocity deficit is determined according to the wake interaction patterns with a uniform representation formula:


Deficit=10.32a2π (r0r0+α·x)2·e−r22·(2.58rx)2AoverlapArotor 



(15)




where Aoverlap is the overlapping area between the wind turbine wake and the wind turbine rotor. For the partial wake pattern, it was calculated according to the relative wind turbine positions. For the full wake pattern, it was equal to the rotor area Arotor.



For the i-th wind turbine influenced by multiple wakes of N wind turbines, its velocity deficit is represented by:


Deficiti=∑i=1N(10.32a2π (r0r0+α·x)2·e−r22·(2.58rx)2AoverlapiAoverlapi)2, i=1, 2, …, N



(16)







Under simplified wind condition with uniform incoming wind speed v0, the final approaching wind speed vi of the wake-affected wind turbine is calculated by:


vi=v0(1−Deficiti) , i=1, 2, …, N



(17)







Under Weibull distribution wind condition with the wind speed magnitude continuously changing, it has been reported that only the scale parameter of Weibull distribution is affected by the wake effect for wind turbine power output calculation, which gives [29]:


ci=c(1−Deficiti), i=1, 2, …, N



(18)




where ci is the scale parameter of the Weibull distribution for the wake-affected wind turbine.




2.4. Objective Function Fitness Evaluation


In this paper, the optimization objective was to maximize the total wind farm energy production (Ptotal) by taking into account the wake interactions between wind turbine using the wake effect model. Under the simplified wind condition with discrete wind speed and wind direction, the individual wind turbine power output can be directly calculated based on the wake-effected wind speed vi and the wind turbine power curve.



For the realistic wind condition of Weibull distribution with continuous wind speed variation, the means of discretization evaluation method was applied for calculating the wake-affected wind turbine power output as follows.



The discretization method tries to discretize the wind speed into a number of small bins in the same manner as the division of wind direction into several sectors. When the wind turbine produces constant rated power, the produced power P1 under Weibull distribution equals to Prated∫02πp(θ)dθ∫vratedvcut−outk(θ)c(θ)(vc(θ))k(θ)−1e−(vc(θ))k(θ)dv. By further operations of discretizing the wind speed region and wind direction region, the discrete mathematical expression is given by:


P1=Prated∑l=1Nθωl−1{e−(2·vratedc(l−1)+c(l))k(l−1)+k(l)2−e−(2·vcut−outc(l−1)+c(l))k(l−1)+k(l)2}



(19)




in which, Prated is the wind turbine rated power, vrated is the rated wind speed, vcut−out is the cut out wind speed. The wind direction region [0, 2π] is uniformly divided into Nθ bins with a constant interval of 2π/Nθ. Each divided wind direction bin has been assigned with a value (ω) to indicate the probability of occurrence that wind comes amongst that particular wind direction sector, and the dividing points are marked as θ0, θ1, …, θNθ−1 with corresponding probability values as ω0, ω1, …, θNθ−1. The indices of shape parameter and the scale parameter in each wind direction sector are represented by k and c, respectively.



When the produced power increases with the wind speed, the power P2 under Weibull distrubution equals to ∫02πp(θ)dθ∫vcut−invrated0.2963·v3k(θ)c(θ)(vc(θ))k(θ)−1e−(vc(θ))k(θ)dv. By further discretization of the wind speed region and wind direction region, the discrete mathematical expression is represented by:


P2=∑j=1Nv0.2963·(vj−1+vj2)3∑l=1Nθωl−1{e−(2·vj−1c(l−1)+c(l))k(l−1)+k(l)2−e−(2·vjc(l−1)+c(l))k(l−1)+k(l)2}



(20)




apart from the discretization of wind direction, the region between cut in wind speed and rated wind speed is divided into Nv bins with the constant interval of (vrated−vcut−in)/Nv. The dividing points of the wind speed region were assumed to be v0, v1,…, vNv−1,vNv and the forward difference method was applied to calculate the integral of the power output function. Evidently, the calculation accuracy is dependent on the interval density of the discretization. Just like the means of calculating the integral with calculus theory, a smaller discretization interval will increase the accuracy of the wind farm power output calculation by approximation.



The final individual wind turbine power was calculated by summing up the separate power parts as: Pi=P1+P2. On top of the calculated individual wind turbine power output Pi, the total wind farm power production (Ptotal) which is calculated as the sum of individual wind turbine power production (Pi):


Ptotal=∑i=1NPi



(21)




where N is the total number of wind turbines in the wind farm.





3. Results and Discussion


In this paper, the results of wind farm layout optimization under both simplified and realistic wind conditions were presented. Three commonly tested simplified wind conditions in literature were studied, i.e., (i) constant wind speed and constant wind direction; (ii) constant wind speed and variable wind directions; and (iii) variable wind speeds and variable wind directions. Note that due to the lack of detailed wind farm operation information, the continuous number of wind turbine from 40 to 46 was selected for the layout optimization study in this paper to better display the pattern of total wind farm power and power loss variations.



3.1. Constant Wind Speed and Constant Wind Direction


First, the optimization results of a constant 12 m/s wind speed blowing from 0° wind direction were discussed. Figure 4 presents the total wind farm power output and the total wind farm power losses as a function of wind turbine number from 40 to 46. As the number of wind turbines increased, the total power output showed an almost linear increase. However, the power losses increase was relatively small with turbine numbers from 40 to 44. When the number of turbines further increased, large power losses were identified. Figure 5 shows the optimal wind farm layout with 40 wind turbines optimized. The wind direction was 0° which is from the left-hand side to the right-hand side of the figure. As can be seen, most of the wind turbines were distributed along the wind farm boundary. The rest of the wind turbines were spread near to the wind farm boundary, while the center area of the wind farm was free of turbines. Along the wind direction, the distribution of wind turbines showed a staggered pattern in order to avoid the upstream wind turbine wake as much as possible. The minimum distance apart for any two wind turbines was 7 turbine diameters and the average distance of all wind turbines was 37.3 turbine diameters.




3.2. Constant Wind Speed and Variable Wind Directions


Next, the ideal wind condition of constant wind speed and variable wind directions was studied. The wind condition is shown in Figure 6, and the optimization results of total wind farm power output and power losses as a function of wind turbine number are shown in Figure 7. As can be seen, unlike the above case, both the total wind farm power output and total power losses showed a linear increase with an increasing number of wind turbines. Figure 8 shows the optimal wind farm layout with 40 wind turbines optimized. In general, the wind turbines were uniformly distributed inside the wind farm. The wind farm boundary was fully saturated with distributed wind turbines while the rest of the wind turbines were staggered inside the wind farm area. Due to the characteristics of this ideal wind condition with the equal probability of 360° wind direction, overall the optimal wind turbine distribution seemed much more uniform than the above case. Similar to the above case, minimum distance apart for any two wind turbines was 7 turbine diameters and the average distance of all wind turbines was 36.27 turbine diameters.




3.3. Variable Wind Speeds and Variable Wind Directions


The ideal wind condition of variable wind speeds and variable wind directions was studied, as shown in Figure 9. As can be seen, three different wind speeds i.e., 8 m/s, 12 m/s, and 17 m/s were considered and each wind speed on each wind direction were assigned a particular value indicating its probability of occurrence. Figure 10 shows the optimization results of total wind farm power output and power losses. As the number of wind turbines increased, the total wind farm power output increased linearly and the total power output losses showed a general linearly increasing pattern. Figure 11 shows the optimal wind farm layout with 40 wind turbines optimized. Under this particular wind condition, the wind turbines were distributed all across the wind farm area while they were more aligned to each other compared to the optimal wind farm layouts of the above two cases. The minimum distance apart for any two wind turbines was 7.28 turbine diameters and the average distance of all wind turbines was 36.1 turbine diameters.




3.4. Weibull Distribution Wind Scenario


Finally, a realistic wind condition of Weibull distribution was studied for the wind farm layout optimization. The properties of the Weibull distribution are shown in Table 2. As can be seen, 360° wind direction was equally divided into 24 sections with a 15° interval. In each of the 24 sections, the wind speed variation was represented by the Weibull distribution, where the probability of occurrence of wind blowing amongst that section is indicated by ω. From the table, it is obvious that the predominated wind direction is from 75° to 105°.



Figure 12 shows the optimization results of total wind farm power output and total power losses under Weibull distribution wind condition. Though the total power output still showed a linear increasing trend with the increasing number of wind turbines, the change of total power losses showed a very different pattern from above cases. In general, the total power losses increased but at some particular numbers of wind turbines (e.g., 41 and 42 wind turbines and 45 and 46 wind turbines), the change of power losses was trivial. The optimal wind farm layout of 40 optimized wind turbines is shown in Figure 13 and the predominant wind direction is from bottom side to the top side. As can be seen, the wind turbines were staggered towards the dominant wind direction to avoid the wake effect as much as possible. Most of the wind turbines were distributed along or near to the wind farm boundary, and part of the inner wind farm area was free of wind turbines in order to enlarge the distance of wind turbines between each other along the dominant wind direction. The minimum distance apart for any two wind turbines was 7 turbine diameters and the average distance of all wind turbines was 35.2 turbine diameters.



In order to demonstrate the effectiveness of the wind farm layout optimization, the results of optimized wind farm layout and rule of thumb layout (fixed spacing on the cross-wind direction) were compared for the Weibull distribution. Figure 14 shows the schematic of wind farm rule of thumb layout, which had fixed spacing of adjacent wind turbines on the cross-wind direction. The potential wind turbine placements are shown by the dashed lines in Figure 14. Table 3 shows the comparison of total wind farm power output between the rule of thumb layout and optimized layout of wind farm with different number of wind turbines. Evidently, the optimized wind farm layout obtained a larger power production than the rule of thumb layout under this wind characteristic. By comparing to the rule of thumb layout, the power output of the optimized layout improved approximately 17.3%. The properties of optimized wind farm layouts for all tested different wind scenarios are tabulated and compared in Table 4. As can be seen, the minimum distance between wind turbines were the same as the predefined proximity constraint distance (7D) for all scenarios except for the scenario of variable wind speeds and directions, which was slightly larger (7.28D). As the complexity of wind scenario increased, the average distance of wind turbines decreased, indicating a more compact distribution of wind turbines locations. A possible reason for this phenomenon is that a more complex wind scenario demands wind turbines to be placed more “wisely” to mitigate the wake effect, while merely spreading wind turbines over the wind farm area is sufficient to escape the wake effect for a simple wind scenario.





4. Conclusions


In this paper, a real two-dimensional wind farm layout optimization was carried out using the superior unrestricted coordinate method with continuous variation of wind turbine placements. In order to verify the effectiveness of wind farm layout optimization on improving the total output power, different wind conditions including the ideal and realistic wind scenarios were investigated. The ideal wind scenario included constant wind speed and constant wind direction, constant wind speed and variable wind directions, and variable wind speeds and variable wind directions. The realistic wind scenario included a Weibull distribution. A newly developed Jensen-Gaussian wake model, which considers the variation of wake velocity in the radial direction as Gaussian distribution, was employed for the optimization study. The means of handling the irregular wind farm boundary were proposed in conjunction with the discretization method to calculate the wind farm power output under the Weibull distribution. The results showed that as the number of wind turbine increased from 40 to 46, the total wind farm power output showed a linearly increasing pattern. In comparison, the total wind farm power losses variation as a function of the number of wind turbines was dependent on the wind conditions. In general, the total power losses increased with more installed wind turbines. However, for some particular wind conditions, e.g., the Weibull distribution, it showed a different trend with nearly the same power losses when an adjacent number (41 and 42, 45 and 46) of wind turbines were installed. By imposing the boundary constraint on the objective function for optimization, all the optimized wind turbine positions were inside the wind farm boundary. The distribution of wind turbines was dependent on the wind conditions. A common feature of wind turbine positions regardless of wind conditions was that they are distributed along the wind farm boundary as much as possible to alleviate the wake effect.
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Figure 1. Diagram of the irregular wind farm boundary representation. 






Figure 1. Diagram of the irregular wind farm boundary representation.



[image: Applsci 08 02660 g001]







[image: Applsci 08 02660 g002 550]





Figure 2. Diagram of one-dimensional Jensen’s wake model. 
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Figure 3. Comparison of the normalized wind speed contours in the wake calculated by: (a) one-dimensional Jensen wake model and (b) two-dimensional Jensen-Gaussian wake model. 
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Figure 4. Results of wind farm layout optimization with different number of wind turbines under constant wind speed and constant wind direction: (a) wind farm power production and (b) wind farm power losses. 
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Figure 5. Optimal wind farm layout with 40 wind turbines under constant wind speed and constant wind direction. 
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Figure 6. Probability of constant wind speed and variable wind directions. 
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Figure 7. Results of wind farm layout optimization with different number of wind turbines under constant wind speed and variable wind directions: (a) wind farm power production and (b) wind farm power losses. 
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Figure 8. Optimal wind farm layout with 40 wind turbines under constant wind speed and variable wind directions. 
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Figure 9. Probability of variable wind speeds and variable wind directions. 
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Figure 10. Results of wind farm layout optimization with different number of wind turbines under variable wind speeds and variable wind directions: (a) wind farm power production and (b) wind farm power losses. 
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Figure 11. Optimal wind farm layout with 40 wind turbines under variable wind speeds and variable wind directions. 
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Figure 12. Results of wind farm layout optimization with different number of wind turbines under Weibull distribution wind condition: (a) wind farm power production and (b) wind farm power losses. 
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Figure 13. Optimal wind farm layout with 40 wind turbines under Weibull distribution wind condition. 
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Figure 14. Rule of thumb layout of wind farm with fixed spacing of potential wind turbine locations on the cross-wind direction. 
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Table 1. Properties of the wind turbine model for the real offshore wind farm.
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	Parameters
	Values





	Rated power
	1000 kW



	Rotor diameter
	54 m



	Hub height
	60 m



	Cut-in wind speed
	3 m/s



	Rated wind speed
	15 m/s



	Cut-out wind speed
	25 m/s



	Cubic power curve
	P = 0.2963vi3 kW
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Table 2. Detail of the Weibull distribution wind condition.
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	Direction
	k
	c
	ω
	Direction
	k
	c
	ω





	0°~15°
	2
	9
	0
	180°~195°
	2
	9
	0.01



	15°~30°
	2
	9
	0.01
	195°~210°
	2
	9
	0.01



	30°~45°
	2
	9
	0.01
	210°~225°
	2
	9
	0.01



	45°~60°
	2
	9
	0.01
	225°~240°
	2
	9
	0.01



	60°~75°
	2
	9
	0.01
	240°~255°
	2
	9
	0.01



	75°~90°
	2
	9
	0.2
	255°~270°
	2
	9
	0.01



	90°~105°
	2
	9
	0.6
	270°~285°
	2
	9
	0.01



	105°~120°
	2
	9
	0.01
	285°~300°
	2
	9
	0.01



	120°~135°
	2
	9
	0.01
	300°~315°
	2
	9
	0.01



	135°~150°
	2
	9
	0.01
	315°~330°
	2
	9
	0.01



	150°~165°
	2
	9
	0.01
	330°~345°
	2
	9
	0.01



	165°~180°
	2
	9
	0.01
	345°~0°
	2
	9
	0.01
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Table 3. Comparison of total wind farm power output (in kW) with different number of wind turbines for rule of thumb layout and optimized wind farm layout.
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Number

	
40

	
41

	
42

	
43

	
44

	
45

	
46




	
Layout

	






	
Rule of thumb

	
8373

	
8584

	
8785

	
8982

	
9199

	
9395

	
9598




	
Optimized

	
9821

	
10,056

	
10,303

	
10,540

	
10,782

	
11,017

	
11,263
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Table 4. Comparison of optimized wind farm layouts in terms of minimum and average distances between wind turbines (in the unit of turbine diameter, D) for different wind scenarios studied.
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Layout Properties

	
Minimum Distance of Wind Turbines

	
Average Distance of Wind Turbines




	
Wind Scenario

	






	
Constant speed and direction

	
7D

	
37.3D




	
Constant speed and variable directions

	
7

	
36.27D




	
Variable speeds and directions

	
7.28D

	
36.1D




	
Weibull distribution

	
7D

	
35.2D
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