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 The development of wind farms requires an optimal design of wind turbines layout. The main 

goal of this optimization is to minimize the wake effect through the optimal placement of the 

wind turbines. The current study aims to standardize the wake losses among all wind turbines 

in the wind farm and bringing their losses to a similar level. An objective function was 

developed for this purpose, and used by the genetic algorithm to maximize the farm energy 

output and prevent the wake concentration on specific wind turbines. The proposed method 

has been applied to the Gasiri Wind farm through a simulation approach. The applied 

optimization process has shown very promising results characterized by a 17% possible 

energy gain after the adoption of the optimized layout. The study has also shown that the 

new positions of wind turbines characterized by a high rated power, are more on a forward 

position following the wind direction compared to the original ones. The study has also 

shown that there is a significant reduction of mechanical fatigue on the wind turbines blades. 
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1. Introduction   

     Increasingly growing efforts have been deployed in recent years 

to increase the share of clean energy production worldwide. This 

unprecedented interest in sustainable energy production derives 

from a serious ambition to prevent environment degradation and 

provide the much-needed equilibrium with the depletion of 

traditional energy resources. serious ambition to prevent 

environmental degradation and provide the necessary balance with 

the depletion of traditional energy resources. Wind power in 

particular is today considered one of the green sources in 

development in the world today. Governments across the globe are 

according more and more interest to the wind energy, exploiting 

recent industrial advances. The statistics given by the Wind Power 

Association clearly show that [1], wind farms represent 63% of 

European investments in renewable energies in recent years. These 

investments represent large-scale wind power harnessing farms 

requiring large sites and hundreds of wind turbines. Therefore, the 

optimization of wind farms is key component for an efficient 

exploitation of wind energy.  

     The objective of the proposed optimization in this paper is the 

maximization of energy and the reduction of energy losses. In 

order to achieve this goal, we propose to reduce the wake effects 

since they significantly contribute to the recorded energy losses 

[2]. In fact, when crossing the rotors blades of a wind turbine, a 

certain amount of energy is lost, wind speed decreases behind the 

turbines, this phenomenon reduces the yields of downstream wind 

turbines [3]. Indeed, the quality of the energy production produced 

by the wind farm is generally affected by several factors which 

contribute to significant energy losses [4]. Efficient wind farms 

design and development remains the best strategy to minimize 

these energy losses [5]. The main objective of our work is to 

establish an algorithm capable of reducing and standardizing the 

wake effect through all the turbines of the studied wind farm. 

Numerous articles have addressed this optimization problem using 

different types of algorithms such as genetic algorithms [6], [7], 

evolutionary algorithms [8], and the particle swarm optimization 

algorithm [9]. 

Generally, the computational domains for modeling wind farms 

are classified into two main categories, discrete representations 

using a grid which contains the coordinates and continuous 

representations with degrees of freedom greater than the discrete 

representation[10]. The continuous representation is highly 

beneficial because the wind turbines can be installed freely on the 

wind farm according to the 2D coordinates [11], [12]. In this case 

study, the genetic algorithm was chosen because of the binary 

coding method used. 
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Many research works have studied the optimized layout of wind 

farms using genetic algorithms, such as the work carried out in 

[13], [14]. However, most of these studies use the energy or cost 

as optimization objective. In some cases, we combine the two 

optimization criteria cost and energy, other studies developed by 

the authors in [15] have also made an optimization of the layout 

taking into account the effects of the consolidation of nearby 

offshore wind farms, which have been very developed recently. In 

[16], authors propose an optimization layout aiming to reduce the 

cost of arranging substations and cables in the offshore wind farm 

by exploiting an objective function that uses the level production 

cost. In [17], authors are used a multi-objective optimization of 

the layout in order to satisfy several design objectives. 

The main interest of a wind farm optimization is the 

maximization of the energy. However, in the case of a small size 

land, some wind turbines can be significantly affected by the wake 

effect compared to other wind turbines, resulting in increased 

turbulence, and consequently fatigue of the wind turbine blades 

and reduced energy produced by the wind farm[18]. In order to 

address these problems an objective function has been established, 

aiming to maximize energy and avoid the influence of wake effect 

on specific wind turbines. 

    In this paper, we will start with the modeling of the wind farm 

and the used wake model, the following parts will present the 

objective function and the optimization algorithm applied to the 

Gasiri wind farm, finally a discussion of the results and conclusion 

are proposed. 

2. Wind Farm Modeling 

2.1. Wake modeling  

    The speed of the wind crossing the upstream Wind turbines 

(WT) is modified by the wake effect phenomenon. The 

manifestation of growing effects is marked by a reduction in wind 

speed and a maximization of turbulence in the windiest region. 

Indeed, the wind turbines placed in the wake zone generate a 

minimum of energy and more maintenance activities compared to 

upstream WT. Therefore, wake effect modeling can play à key role 

in determining the placement of WT. It also should be seriously 

considered during Wind farm design layout optimization 

(WFDLO). 

Figure 1: Jensen wake model [19] 

    Indeed, different wake models have been used to show the 

properties of wind speed losses [20], [21]. There are two main 

categories: analytical wake models and computer wake models 

which are at the origin of the resolution of the Navier-Stokes 

equation and which are more precise compared to other models. 

They require however more computation and higher cost which 

makes their use in WFDLO impossible [22]. Alternatively, the 

analytical wind speed solution is the basis of analytical wake 

models, they are widely used in optimization methods, often for 

large WFs with a large number of WTs [23], [24]. The most used 

wake model is Jensen's with a linear expansion of the wake as an 

assumption [25]. Figure 1 describes the principle of the model 

developed by Jensen. The high efficiency of these models results 

from the power losses reliability and prediction with reasonable 

accuracy compared to other models as shown in [25]. Therefore, in 

this study, we adopt the Jensen model to calculate different wind 

speeds. So, the speed deficit is expressed as follows: 

 𝑉𝑑𝑓 = 𝑉𝑓  [(1 − √1 − 𝐶𝑇) (
𝐷

𝐷𝑤𝑎𝑘𝑒
)

2
]                                                  (1) 

where, 

  𝐷: Rotor Diameter (m) 

 𝐷𝑤𝑎𝑘𝑒: Wake diameter (m) 

 𝐶𝑇: Trust coefficient 

 𝑉𝑓:  Free incoming wind speed (m/s) 

 𝑉𝑑𝑓: Wind velocity deficit (m/s) 

    The Wake diameter varies depending on rotor diameter and 

wake minimization coefficient, considered as constant throughout 

the whole study, the calculation of this coefficient is detailed 

in[26], [27]. 

2.2. Modeling of Energy Production 

    The estimation of energy production under the wake effect 

requires the calculation of the power of each wind turbine.  

Different expressions are commonly used to estimate the power of 

WT were carried out in [28]. Thus, the energy production of WT 

is calculated approximately as follows: 

    𝑃𝑊𝑇 =
1

2
ρπ

𝐷2

4
𝐶𝐸𝐹(𝑉𝑓 − 𝑉𝑑𝑓)3                                          (2) 

where, 

 𝐶𝐸𝐹 represents the efficiency factor expressed by:                                                   

  𝐶𝐸𝐹 = 𝐶𝑝𝜂𝑚𝜂𝑔                                                                    (3) 

    In this study, the   𝐶𝐸𝐹 is assumed to be 40%. The total power 

produced by wind turbines operating under the wake effect is: 

  𝑃𝑊𝐹=∑ 𝑃𝑊𝑇
𝑁𝑡
𝑖=1                                                                     (4) 

    The efficiency of the wind farm is expressed by the following 

equation:       
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  𝜂𝑊𝐹 =
𝑃𝑊𝐹

(
1
2

ρπ
𝐷2

4
𝐶𝐸𝐹𝑉𝑓

3)
                                                       (5) 

      In order to facilitate the optimization of the studied wind farm, 

the positions of the wind turbines are designated by the Cartesian 

coordinates (x,y), the distances between the turbines and the 

calculation of the total wind speed deficit considering the 

overlapping zones are detailed. In [29][18], the total velocity 

deficit expression is expressed by: 

𝑉𝑑𝑓𝑡 = √∑ (
𝐴𝑂𝑉

𝐴
) (𝑉𝑑𝑓)2𝑁𝑢𝑝

𝑖=1                                                      (6)  

where, 𝐴𝑂𝑉 is the Overlap area (𝑚2), 𝐴  represents the Swept area 

of wind turbines (𝑚2) and 𝑁𝑢𝑝 is the number of upstream wind 

turbines. 

3. Methodology 

3.1. Objective function 

     The main objective is to increase the wind farm output in terms 

of power and to standardize the wake losses for each wind turbine 

in the wind farm. 

      Indeed, some turbines of a wind farm are exposed to more wake 

effects than others, so they tend to have more problems during 

operation with a reduced lifespan. The objective function proposed 

below maximizes the energy production of WF and reduces the 

standard deviation of wake losses to which wind turbines are 

exposed. 

     The objective function denoted FOBJ is obtained as follows: 

     FOBJ = max (
𝑃𝑊𝐹

1−√
1

𝑁𝑡
∑ (𝑊𝑎−𝑊𝑖)2𝑁𝑡

𝑖=1

)                      (7) 

Where 𝑊𝑎 is the Mean wake loss, 𝑊𝑖  means the Wake loss of 

each turbine and  𝑁𝑡  is the number of wind turbines on the wind 

farm. 

3.2.  Optimization Algorithm 

      Due to the optimization difficulties, the wind farm design, and 

the limits of the approach to test errors and deterministic methods, 

the heuristic methods are chosen, being the most appropriate to 

solve this type of design problems. Besides, in the presented work 

we choose to use genetic algorithms to optimize the wind farm. 

     The choice to use genetic algorithms is due to the fact that these 

algorithms are considered to be: 

• A flexible method to use and configure. 

• Efficient in its ability to overcome the difficulty of local 

optima while exploring the design research space to      

converge towards the global optimum. 

      The flowchart of Figure 2 shows the optimization steps 

adopted to optimize a wind farm. In the MATLAB © software, we 

entered the data and models established in the previous part, the 

optimization process begins to search for an optimal solution. GA 

research techniques include the following main steps: 

• Step 1: Random population generation of some turbines while 

respecting the constraints of the problem treated. 

• Step 2: Evaluation of objective function WF layouts through 

the objective function. 

• Step 3: Contribution to the next generation population by the 

selection of individuals. The probability of selection in the 

current generation results in a selection of good individuals. 

The objective of the crossover operator is to alter two pairs of 

genes (position) in order to generate another optimization as 

being a crossover function, the modification of a gene in 

another position is managed by random activation of the 

mutation with a determined probability. 

• Step 4: production of a new location of the wind turbines in 

the park by the genetic algorithm (GA) which changes the 

previous population. The above steps are iterated until the 

maximum number of iterations is reached. The data 

parameters of our algorithm are shown in Table 1. 

Table 1: Defined parameters of genetic algorithm 

GA Parameter Value  

Size of initial population 150 

Selection pressure 3 

Crossover probability 0.25 

Mutation Probability 0.75 

Iteration number 350 

    Table 2 contains basic features of the wind turbine (HS50, U50, 

HJWT77) used in the Gasiri wind farm. 
 

Table 2: Basic information of three types WTs 
 

Wind turbines features HS50 U50 HJWT77 

Rated power (kW) 750 750 1500 

Hub height (m) 50 50 70 

Rotor diameter (m) 50 50 77 

Cut-in wind speed (m/s) 3.5 3 3.5 

Rated wind speed (m/s) 12 12.5 13 

Cut-out wind speed (m/s) 25 25 25 

    It is mandatory to initialize the proposed algorithm by 

information on the characteristics of the wind farm and the model 

chosen for the present study. Table 3 summarizes the data needed 

to successfully kickstart the genetic algorithm. 

3.1. Case Study: Gasiri Wind Farm 

     In this part, the study focuses on optimizing the layout of wind 

turbines in the case of the Gasiri wind farm using the objective 

function described previously. The results obtained in this study 

will be compared with other results from the same wind farm [30]. 
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Table 3: Input data for the genetic algorithm  
 

Site characteristics 
Matrix of design 

variables 
Models 

Wind speed and 

direction 
Configuration Wake model 

Wf size 
Limit distance 

between 
Power model 

Roughness 
WT design 

variables 

WT design 

variables 

 Gasiri wind farm is located in South Korea, precisely on Jeju 

Island; the distribution of the wind turbines and the wind rose are 

depicted in Figure 3. The Gasiri wind farm, contains 13 wind 

turbines of three types (HS50-750 kW, U50-750 kW, HJWT77- 

1500 kW). In figure 3, the wind turbines are placed in a grid 

following the NNW direction, this direction is considered to be the 

dominant direction of the wind on the Gasiri wind farm. 

 

Figure 2: Genetic algorithm for WFDLO 

 The optimization of the wind farm requires a MATLAB code 

using the wind data, mentioned in Figure 3, Table 1, Table 2 and 

Table 3. 

 The calculation results of the annual AEP energy production 

are compared with the collected electricity production data in the 

Gasiri wind farm, as shown in Figure 4, there is a little difference 

between the real data and the calculated results but significantly 

more accurate than previous results obtained in the literature [30] 

using other types of algorithms. The difference is mainly due to the 

choice of the used wake model and the actual operation of each 

wind turbine. Equally large 750 kW wind turbines are not taken 

into account in the calculation because they have a low recovery 

rate due to the data collected. Figure 5 summarizes the results 

collected and calculated. 

The calculation of the annual production of the wind farm is 

based on the operating assumption of 365 days per year which is 

equal to 8760 hours. 

 
Figure 3: Arrangement of wind turbines and wind rose in the Gasiri wind farm 

[30] 

 The expression to calculate the annual production is expressed 

as follows: 

 𝐴𝐸𝑃 = 8760 ∑ ∑ ∑ 𝐹(𝑈𝑖𝑗𝑘
𝑁𝑠
𝑘=1

𝑁𝑑
𝑗=1

𝑁𝑡
𝑖=1 )𝑃(𝑈𝑖𝑘)   (8) 

where 𝐹(𝑈𝑖𝑗𝑘) is the probability of wind blowing in speed bin k of 

turbine i at direction sector j, 𝑃(𝑈𝑖𝑘)  is the power of wind turbine 

i at wind speed bin k, and 𝑁𝑑  and 𝑁𝑠 represent the division by 

direction interval of total bearing and the value determined by 

dividing the range of speed (3-25 m/s) by the range of wind speed 

respectively. 

 
Figure 4: Comparison of the AEPs collected from Gasiri wind farm with the 

computed AEPs 

http://www.astesj.com/


A. Bellat et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 6, No. 1, 309-315 (2021) 

www.astesj.com     313 

 

Figure 5: Difference in annual energy production between collected and 

computed energy 

4. Results and Discussion 

     Figure 6 describes the variation of the objective function. We 

can clearly see that the total performance of the process of our 

algorithm improves and converges from 350 iterations. The 

objective function has a high value to be applied, because of the 

relative size of the value of the objective function which is not 

related to the accuracy of the optimal layout. 

    The difference in annual energy production between the 

collected energy data and the calculated energy is presented in 

Figure 5, the obtained results shows that the calculation of the sum 

of the annual production of wind turbines is equal to 23.51. 

Furthermore, in the case where the collected information on the 

production is equal to 23.48, this small difference of 0.03 is due to 

the simplifying assumptions and the uncertainties of the used wake 

model. 

 

Figure 6: FOBJ evaluation using GA (genetic algorithm) 

 

The calculation domain of our wind farm is delimited as 

mentioned in Figure 7. The spacing between the wind turbines is 

set at 230m in order to guarantee the minimum of 3 * D (rotor 

diameter). Therefore, to improve the free arrangement of wind 

turbines, the wind turbine location area has been divided into 120 

* 110 cells having dimensions of 10m * 10m with respect for 

prohibited placement zones. 

     The optimization of the Gasiri wind farm is obtained using the 

algorithm in figure 8, then is compared by the position of the 

existing layout. Note that the HJWT77 type wind turbines which 

have a high rated power value tend to move forward following the 

direction of the wind. This can also be explained by the fact that 

the loss of wakes becomes minimal in the forward positions as 

shown in Figure 8. 

 

Figure 7: Coordinates of the wind turbines of the Gasiri wind farm 

 
Figure 8: Gasiri wind farm layout optimization results obtained using objective 

function 

 
Figure 9: Annual energy production for existing layout and optimized layout 

obtained using objective function 

     It can be also seen that low-capacity wind turbines tend to 

move from their positions in the existing configuration and follow 

the direction of the prevailing wind in accordance with [30] who 

used the optimization with the simulated annealing algorithm but 

at levels of annual production the proposed optimization 
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technique is eventually much more accurate than [30]. The annual 

energy production of wind turbines 7, 8, 9, 10, 11, 12 and 13, has 

increased while turbine number 1 has decreased from the current 

state Figure 9. 

This significant increase for the turbines mentioned above is 

mainly due to the new designated positions following the windiest 

direction. The net annual energy production is summarized in the 

Table 4, we can also observe that the difference in the net AEP of 

the wind farm in the optimized case is 5.68 which is greater than 

the case of the existing configuration. 

      However, this annual power increase, in the case of the Gasiri 

wind farm, shows that the used objective function has achieved 

the expected goals of minimizing the undesirable effects of wake 

for all wind turbines which are exposed to these losses and of 

maximizing the power of the wind farm. 

 
Figure 10: wake losses for the existing layout and the optimized layout 

  Figure 10, shows a comparison of wake losses between the 

existing layout and the optimized layout, we can clearly note that 

there is a significant reduction in wake loss for the optimized 

layout. This significant improvement justifies the benefice of 

using the proposed objective function in the genetic algorithm. 

Such choice leads to finding an optimal arrangement which 

maximizes the production of energy and standardizes the wake 

losses for all the wind turbines of the Gasiri wind farm. 

Table 4: Comparison of annual energy production among existing layout and 

optimized layout 
 

Wind Turbine 

number 

Net AEP/Gross AEP 

Existing layout Optimized layout 

1 1.45/1.52 1.41/1.60 

2 1.59/1.69 1.73/1.8 

3 1.47/1.56 1.51/1.58 

4 1.54/1.58 1.66/1.75 

5 1.42/1.55 1.41/1.56 

6 1.38/1.54 1.52/1.65 

7 3.72/4.15 4.05/4.85 

8 3.50/4.06 4.51/5.10 

9 3.35/4.00 4.23/5.00 

10 3.33/4.00 4.28/4.85 

11 3.48/4.00 4.14/4.88 

12 3.34/3.88 4.05/4.50 

13 3.35/3.91 4.10/4.73 

Total 32.92/37.50 38.6/43.85 

difference (+)5.68 

    By examining more in details, the results of Figure 11, we can 

see that the level of wake loss becomes more or less uniform in all 

the wind turbines, this prevents the difference in energy losses 

between the different wind turbines of the Gasiri wind farm.  

 
 

Figure 11: uniformity of wake losses for optimized layout 

    Moreover, such measures maximize the energy production. 

Table 5 presents a comparison of the wake losses between the 

existing layout and the optimized layout. It can be noticed that 

there is a significant reduction in the level of wake losses which is 

-18.67 %, this reduction is the result of the new optimized 

arrangement of the wind turbines which prevents the interference 

generated between the upstream and downstream turbines. 

Furthermore, we see a small difference between the wake loss 

results in the case of an optimized layout which indicates that the 

wake loss variable follows a uniform law. 

Table 5: wake loss percentage values between the existing layout and the 

optimized layout 

Wind turbine 

number 

Wake loss (%) 

Existing layout Optimized layout 

1 5.16 10.02 

2 5.72 8.10 

3 6.13 9.02 

4 2.32 9.8 

5 8.13 9.06 

6 10.06 7.05 

7 10.39 8.50 

8 13.87 8.3 

9 16.17 12.1 

10 17.83 11.13 

11 13.04 7.09 

12 13.87 10.17 

13 14.38 8.06 

Total 137.07 118.4 

Difference (-)18.67 

5. Conclusion 

In this article, a study of the optimization of a wind farm using 

a new approach is presented. An objective function was adopted 

trough the mean of a genetic algorithm in order to optimize the 

wind turbines layout. This method aims to maximize the energy 
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production and minimize the wake losses for all wind turbines in 

the wind farm. The presented method applied to the Gasiri wind 

farm has shown promising results, it didn’t just minimize the wake 

losses but also uniformizes it among the wind turbines in the farm. 

The new layout shows that optimized positions of the wind 

turbines with higher rated power tend to slide forward with the 

wind direction. Moreover, the analysis of the simulation results in 

the current study indicates that the adoption of this optimized 

layout grants a 17% energy gain compared to the existing layout 

and ensure a considerable reduction in levels of wake losses 

estimated at -18%.  

The layout optimization in this study was primarily based on 

a cost function targeting the minimization of wake losses. In future 

studies we aspire to study the correlation between the arrangement 

of wind turbines using a multi-objective function and the cost 

related to this optimization. 
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